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PREFACE ! ' r

The Engineering Design Handbooks of the U S Army Materiel Command C S °
are .a coordinated series of handbook: containing basic. information -and S
fundamental data useful 1n the design and dévelopment of Army materiel )
and systems, |
In the last several decades—certainly since World War II—a, great deal of :
work, both experimental and theoretical, has béen performed on explosives i
and ‘their effects. There did not -exist in. -any language 4 satisfactory, :
comprehensive compilation presenting a unified, self-consistent, theoretically
competent treatment of this inaterial. Also, a large':number .of interésting { y
contributions from Governmentsupported and Govermnment lsboratories, : BN
which have now béen declassified and should provxde valuable information, ; ) o
was comparatively inaccessible to the average scientist and engineer. : o
This. Handbook attempts to correct the gtuation. Presented ‘s a unified
treatment of the ifaportant open literature in whxch iis included not only
articles in professional journals but also the available military reports. of : .
importance, Original contributions' also have béen made to the theoretical ! o ]
portions, Much current research on. explonon phenomena-involves nuimerical ) BN
solutions to complex mathematical equations of fluid dynamica, chemical
kinetics, thérmodynamiics; and.heat transport. For this reason a description
of some of the novel computatmnal techniques. (computer ¢odes) that have
been. déveloped for these purposes is ificluded.. While the-Handbook is ot a i
-comprehensive treatise on explosives, it does: discuss at length. topic areas ‘
that are considered to be-of greatest value in an exposition of the principles
f explosive behavior of liquid and solid explosivés, and thus: ,ua'-".dw 2 :
teadily ajcessible .collection of important theorétical and experimental i Co
results-on.explosives and explosive effects. c = :
The Handbook does not cover the synthesis of explosivé substaiices, C B
compilation of properties of explosives, or the manufacture .of
explosives—these topics are the subjects of existing handbooks.

-~

approved for release and sale, and those classified for security reasons. The:
Army Materiel Command policy is to release these Engineering Design Hand-
books to other DOD activities and their cortractors and other-Government )
agencies in accordance with cu.rent Army Regulation 70- 31, dated 9 : B f
September 1966, It will be note that the majority of these Handbooks can R
be obtained from the Natioral Technical Infcrmation Service (NTIS). ' ‘ -

Procedures for acquiring these Handbooks follow: . ‘ .

The Engineering Design Handbooks fall into two basic categories, those o 1
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PREFACE (Cont'd)

a. Activities within AMC, DOD -agencies, and Government agencies other:

‘than DOD having need.for the Haiidbooks should diréct their request on an
official form to:
Commanding Officer
Letterkenny Army Depot
ATTN: AMXLE-ATD )
Chamibérsbiirg, Pennsylvania 17201
b. Contractors and universities must forward their requests to:
National Technical IfffgmatiopSe,rvice
Department of Commerce
‘Springfield, Virginia 22151
(Regiests for classified documens mu.t. be sent, with anpropriate “Need to
Know" justification, to Letterkeriny Arity‘Depot.)
Cominents-arid suggestioris on this:Handbook are welcome and'should be
addressed to:
U 'S Army-Materiel Command
ATTN: AMCRD-TV
Washingto;; D C 20315

(DA Forms 2028 (Recommended Changes: to Publications), which

are available through normal publications supply channels,
may be used for comménts/suggestions.}
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CHAPTER 1 INTRODUCTION

11 INTRODUCTORY REMARKS

Explosives ‘have been known and used for a
very long time. Black 'powder—a mixture of
potassium or sodium nitrate, sulfur, and carbon
black—has been employed as an explosive since
ancient times. Nitroglycerin, discovored in 1846
by Sombrero, and the invention of
nitroglycerin-based dynamite .by Nobel in 1867
can be considered as the start of the era of high
explosive technology. This.era which extends to
current times has been the develcpment of a vast
number of military and commercial explosives
and explosive applications.

The devélopment of a fundamental theory of
detonation also had its beginnings in the latter
part of the 19th century, starting with the
investigations by Mallard and L» Chatelier
(1881) and of Berthelot and Vieille (1882) on
gaseous explosions. They found that the
explosion process consisted of a progressing
wave of chemical reaction and distinguished two
types of reaction waves. The first type is a
relatively slow moving flame having linear
velocities on the order of 1 to 10 em/sec, and
the secord, a very much faster wave (i.e, a
detonation wave} moving on the order of the
speed of sound (10* to 10% cm/sec). In 1893
Shuster suggested that there is an analogy
between a detonation wave, which is supported
by energy release from chemical reaction, and a
nonreactive shock wave, which has to be
supported by a piston or similar mechanical
source of energy. Shock waves had been
theoretically described in detail by Riemann
(1860), Lord Rayleigh, and others, and a
physical model consisting of a moving
discontinuity in pressure had been shown
satisfactorily to account for the observed
properties of shock waves. The laws of mass,
momentum, and energy conservation across a
discontinuous shock front had already been
deduced by Rankine in 1870 and by Hugoniot
in 1889, The suggestion of Shuster that a
detonation wave is a reactive shock formed the
basis for the development by Chapman (1899)
and by Jouguet (1905) .of the classical
hydrodynamic-thermodynamic theory of

steady-state datonation. This theory employs-an
idealized one-dimensional model in which it
is ussumed that the explosion energy s
instantaneously, released in a discontinudu,
shock front. across which the .conservaticn
conditions of Rankine-Hugoniot apply. The
velocity of the detonation wave- was assumed {c
be the minimum velocity -compatible with the

-hydrodynamic conservation equations. The

Chapman-Jouguet (C-J) theory thus defined a
unigue steady-state detonation velocity which
could be compared with experimentally
observed velocities, and detailed. calculations-To
gaseous detonations were shown to be i
excellent agreement with experiment.

In the period 1940-1943, Zeldovich (USSR),
von Neumann (USA), and Déering (Germany),
each working independently, refined the C-J
theory and exiended it to the case where
chemical reaction occuss in a finite zone behind
the front of the detonation wave. This work was

stimulated by the eventls of World War II, which:

Mso gave great impetus to the development of
sauily of the modern high-speed eélecironic and
photographic techniques for stndying details of
explosion phenomena,

At the present iime there exists a substantial.

corpus of theory and experimental data. that can
be said to provide a good desctiption of many
aspects of explosion processes. The theory s,
‘however, incomplete in many respects in that it
deals, in the raain; with idealized configurations
not met with in practice and does not treat at ail
some of theevents.upon which the performance
of an explosive depends: If we use the existing
theory as a point of .departure, there are-many
areas which can be fruitfully explored in the
theoretical and experimenta} investigations,

In this handbook an attempt has bcen made to
describe the principles «of explosive behavior as
they apply to condensed explosives. It has been
the principal aim i present a comprehensive
treatment of those tapics that are necessary for
an appreciation of the literature reporting the
results of current research. The authors have
developed most of the important relations of
thermodynamics and hydrodynamics upon
which the theoretical trcatment of explosion

11
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phenomena is based. The classical theory is

developed rigorously and in detail, since this.

theory is the basis both for an understanding of
actual explosion phenomena and for the
theoretical investigations that are currently in
progress. The treatment of topics for which
theory is incomplete is necessarily more
qualitative and relies heavily on discussions of
experimental data and simple physical models.
The techniques: employed in obtaining the
experimental data are thercfore discussed in
some: detail: Much-current research on expiosion
phenomena involves numerical solutions to
complex mathematical equations of tluid
dynamics, chemical Kkinetics, thermodynamics,
hydrodynamics, and heat transport. For this
reason some of the mnovel computational
techniques (computer codes) which have been
developed for these purposes have been
described:

It has. not %o the aim of the authors to
provide a coinprehensive treatise on explosives,
but rather to-discuss at length topic areas which
are thought to be of greatest value in an
exposition of the principles of behavior of liguid
and solid explosives.

12 DESCRIPTION OF EXPLOSIVE
PROCESSES.

Explosives are substances or mixtures of
substances which are capable of undergoing
exothermic chemical reaction at extremely fast
rates to produce gaseous and/or solid reaction
products at high pressure and temperature. In
the -case of a typical “CHNO” explosive such as
TN'I' the molecule—which contains carben,
hyd:ogen, nitrogen, and oxygeu (see Table 1.1)
undergoes a decomposition reaction foilowed by
reduction-oxidation reactions which eventually
Jead to low molecular weight detonstion
products such as CO,, CO, H,0, N; .and solid
carkon (cf. Chapter 3). The chemical reuctions
occur in microseconds with an energy release of
= 10° .cal/g. For cast TNT this can result in a
‘detonation wave with pressure, temperature, and
velocity of = 200,000 atm,~ 3000°K and =
7000 m/sec, respectively. The large =nergy
release and. fast velocity of the detonation wave
represent a tremendous power level of energy
conversion, ® 5 X 10° W per sq cm of
detonation front, This value can be compared

2

with the total United States electric generating
capacity of &3 X 10" W. It is the high power
level and Ligh reaction pressure generated which
give rise to the primary application of
explosives, namely, as compact sources of
energy for blasting. Other applications (e.g.,
welding) relate to the st.ong shock wave that is
associated with the detonation front.

Since the performance of an explosive
depends strongly on its energy rélease in
detonation, considerable ‘theoretical and
experimental effort has been carried out to
predict and to measure the energy of
detonation. The thermodynamic' theory
developed in: Chapter 2 and the discussions in
Chapter 3 relste directly-to this subject.

Observation of a detonation wave progressing
along a long cylindrical charge of explosive will
show that the wave meves at constant velocity.
In the more energetic military explosives this
velocity may ‘be as ‘high as 8000 m/sec, The
detonation velocity is relatively easy to measure
and for many years was virtually the only
expenmenta] data aviilable, However, with the'
advent ¢ high speed electronic recuidiiig
equipment, streak camera photography; flash
X-ray, and manganin ‘pressure gages, having time
‘resolutions of ~ 10'® sec, it has been possible-to
measure detonation: ‘pressures as high a$ 460,000
atm, and' particle velocities at the detonation
front fecf, Chapter 5). Unfortunately,
experimental teéchiniques for relisble
measurement of détonation ‘temperature have
not as yet beed déveloped.

The constancy of the speed of detonation can
be readily -explained in terms of
Chapman-Jouguet (CJ) theory -and the
Zeldovich-von INeumann-Déering (ZND) model,
which are developed in detail in Chapters 6-8, In
this approach, the detonation wave may be
considered as a strong shock wave supported by
energy release in a small zone of chemical
reaction just behind the front of the shock, i.e.,
the detonation froni. The almost instantaneous
compression and heating of the explosive as it
passes through the detonation front triggers the
supporting chemical reacticns.

The stable detonation velocity as deséribed by
classical C-J theory represents an upper limit oy
ideal detonation velocity, and strictly refers to a
planar detonation wave. Such waves are indeed
found to be approached in cylindrical charges of




Cad

g
j

LI ey N T 1 Y USRIV o g 1 . U P L i i BT e Ve, A e g A g i o T ks gl gt
e

L

AMCP 708-180

large- diazdeter. In practice, however, it is found
that in small diameter cylindrical charges the
detonation front is curved, and its velocity
depends upon the degree of charge confineme: ¢
and charge diameter. Also it is observed that for
each explosive there is a critical value of charge
dismeter d, below which a steady-state
detonation will not propagate. For example, d,
is about 1 em for cast TNT, about 10 cm for
ammonium nitrate, and about 160 cm for some
types of rubber-base composite 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 burn
(deflagrate) with a linear velonity of =1 cm/sec.
However, if we strongly shock the explosive it
will detonate at = 7 X 10° cm/sec. It'can also ke
observed that if a burning explosive is confined
or if the explosive is porous, a deflagration to
detonation transition will occur somé 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 differcnt explosives, or
éven the same explosive at different bulk
densities, react diffevently to initiating
stimuli—e.g., shock, impact, friction, spark, heat,
ete,? {he need to design reliable detonation
initiation devices and to prevent accidental
initiations lent early impetus to studies devoted
to characterizing the ease of initiation 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 si:ock, impact, and spark
cause heating of the explosive and the creation
ol thermal explosion—sometimes in small
localized regions of the explosive charge, ie.,
hot spots, The thermal explosion, if it is of
suffivient intensity, will propagate a deflagration
and/oy shock wave which eventually leads to the
formation of a. detonation wave. The factors
which determine whether or not 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
detonation initiation are given in Chapters 10-12.

As indicated earlier, one of the main
applications of condensed explosives is as an
energy source for blasting. The transniission of
detonation energy to the medium surrounding
an explosive relates-not cnly to the properties of
the medium but also to the properties of the
explosive; e.g., detonation velocity, -energy,
pressure, product composition, etc. The theory
of blast propagation in air and water from an
spherical explosive charge is described in detail
in Chapter 13. The theory is of significance in'a
‘book on explosive behavior since it sets. the
foundation and limitatioris of the concept of
“TNT Equivalent” which i often used -in

evaluating explosive performance, as well 2

forming the basis of some of the experimental
determinations of the energy-of detonation (cf.
Chapter 3).

Finally in Chapter 14 we discuss some of the
equilibrium thermodynamic and time dependent
hydrodynamic computer codes which are
currently being used in calculating explosive
propeities ana explosives’ behavior.

1-3 TYPES OF EXPLOSIVE

It has become traditional ‘o distinguish
between various types of explosives. Most
military explosives consist of pure compounds
or of relatively simple mixtures of explosive
compounds. In such compourids the oxygen is
normally bound in nitro- or nitrate-groups, and
the explosion reaction conuists of the
decomposition of the molecule of the explosive
substance. Many commercial explosives consist
of mixtures of various kinds. The mizs.ii¢ may
consist of a substance which itself is an explosive
to which are added various materials which may
sorve as added fuel, added oxidizer, or inerts.
When inerts are present, their function is usually
to serve as a thermal ballast and thus to
maoderate the energy available for useful work or
the temperature of the gaseous products. It one
or more of the ingradients of such raixtures is an
explosive substance, it is useful to call the
mixture a hybrid explosive. Commercial
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 meet a 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 substsnces none of which of
themselves are explosives. These may be called
composite explosives. Typically- they -consist of
mixtures of a subslance serving as fuel and a
substance serving as oxidizer. Mixtures of the
oxidizer ammonium nitrate, which can only be
exploded with..geat difficulty, and fuel oil are
examples of this type which 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 materiuls
are called secondary ev >losives. Typical of this
clasg ave the military explosives TNT, RDX, and
the commercial dynamites. To provide reliable
initiation, the charge will contain- an initiator
employing a2 substence easily initiated by a
thermal source or by mechanical shock but
whose energy and pressure of explosion are too
low for use as a main-charge, These materijals 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 initiates
by the primaxy explosive and which
accomplishes the initiation of the main charge.
The booster, therefore, serves as an intermediate
step in the detonation of the main charge. The
more sensitive secondary explosives are
employed as boosters, Tetryl and PETN are
frequently used for this purpose. Blasting caps
are themselves explosive trains, containing a
small amount of primary explosive and a booster
charge ‘which today is often PETN.

Some typical explosive compounds are listed
in T'able 1-1. Table 1-2 gives the compositions of
some explosive mixtures.

1-4 SOME DEFINITIONS

We wish here to define the mean.ng of several
terms that are employed in the discussion of the

14

properties and behavior of explosive substances.
Some of thege terms are in everyday use with
meanings that are in varying degrees of
imprecision. Some are not even. capahle of
precise definition but are in such common use as
to have a more or less established meaning
through usage. The word “explosion” is in this
cafegoty as Is, for example, the word “fire”,
Some terms are susceptible to exact definition
but are frequently misused; such a the werd
‘‘detonation”, which should only be used in the
case of reaction by a detonation wave.

JAn explosive can be loosely defined as a
substance capable of undergoing an explosion.
More precisely we shaill employ the word as we
have in par. 1-2 to designate a substance or
mixture of substances capable of undergoing
exothermic.chamical reaction with the evolution
of gaseous products at an extremely high rate,
Explosives may be in the gaseous, liquid, ar solid
state of aggregation. In this handbook we shail
be mainly concernéd with condensed explosives:
that are either liquid or solid,

An explosion is literally the sudden outward
projection of a quantity of matter. The férm is,
for exampie, applied to the event following the
xupture of a steam boiler in which steam and
possibly hoiler 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 substantially in excess of the
boiling point of water. As » final example, the
term applies to the event resuliing from the
overpressurization of any container. All of these
meanings are endorsed by everyday use.
However, in this handbook we shail employ the
word in a more restricted serise to refer to the
overall process 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 products (cf, Chapter
8). If the rate of these reactions is so siow that
high temperature and high pressore are not
obtained, the process is not an explosion,

The term thermal explosion is used in a special
sense that is fully discussed in Chapter 10. It is
the result of runaway exothermlc chemical

reaction which occurs when the rate <°
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4 CONFINEMENT ( METAL)

'

MAIN CHARGE OF SECONDARY
HIGH EXPLOSIVE (TNT)

—— BOOSTER CHARGE (TETRYL)

i} INITIATING CHARGE OF PRIMARY
[T EXPLOSIVE (LEAD AZIDED

Yo NITIATION ‘STIMULUS (BRIDGEWIRE)

Figure 1-1. Model.of Explosive Charge

evolution of heat within a reacting volumie is
greater than the rate at which that volume can
lose heat by conduction to a heat sink which
surrounds the volume. This is a precisely defined
process that can be fully déscribed by the laws
of chemical reaction rates and heat conduction.

For the present we wish only to.note that itis a

process that occurs in a static system, does not
involve the flow-of éither reactants or products,
and in consequence does not depend upon the
laws of hydrodynamics,

. If a substance is capable of undexgoing an

eacthermic reaction, which we are calling an

explosive, and if such a reaction is initiated in
some local region of a laxger mass of material,
then a reaction wave may propagate from the
point, of initiation throughout the mass. Under

these circumstunces the chemical reaction takes
place within the wave. Even if the mass is
initially. static, the propagating wave: induces
flow in the material and thus is govirned by
hydrodynamical as well as c¢hemical
considerations. If the propagation velocity is
constant, the wave may be said to be
st.ady-state (even ‘though the associated' flow
may not be stationary everywhere in gny frame
of reference). In general, two flow rigimes are
observed, If the propagation velocity (i.e., the
rate at which the wave advances into unreacted
material) is less than the velocity of sound in the
unreacted material, ‘the reaction wave is said to
be a deflagration. If a deflagration wave is held
stationary-by a flameholder such as a.pburner rim
and the unreacted material flows through it, the

15
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TABLE 1-2 COMPOSITIONS OF SUME EXPLOSIVE MIXTURES

M Composition
Amatol Mixture of TNT and AN (80% AN, 20% TNT is typxual)
Ammonium Nitrate Dynamite- 10% NG, 80% AN, 10% carbonaceotis material is typical
Rezutol 67% Barium nitrate, 33% TNT
{Blasting Gelatin 92% NG, 8% nitrocellulose
‘Composition B 60% RDX, 40% TNT(with 1% wax)
Lyclotol Mixture of RDX and TNT (50% RDX, 50% TNT is typical)
Dynamite Mixture of NG, sodium or potassiuin nitrate, and wood pulp

* (40% NG is.typical)

PBX 9404 Plastic bonded HMX (94% HMX)
Pentolite Mixture of TNT and PETN (50% TNT, 50% PETN is typical)

deflagration ‘wave is the familiar flame. The

propagation rate of a deflagration wave is called
sither the deflagrahon velocity oOr more

customarily;, in combustion literature, the
burning velocity, If the propagation velocity of
the reactioni wave is. supersonic “with respect to
the -unreacted material, the wave is called a

.détonation wave and its velocity of propagation

is called the detonation velocity. )

It is 'worth noting,that a process involving a
detoriation wave can always be called “an
explosion. However, not all explosions involve a
detonation wive since the explosion m,ly result
from a deflagration ‘wave or a thermal explosion,

In. citing various typical explosives we have
noted that they are frequently broadly classified
into .primary and secondary explosives, and that
some secondary explosives are employed a8
boosters. This is a working classification ‘based
upon the use to which the substance i$ normally
put in an explosive system or train and which is
based upon a property of the material called the
sensitivity. Primary explosives are used because
they can be initiated by thermal sources such as
hof wires or flames. As a class they can also be
initiated by relatively mild blows. Such

explosives are said to have a high sensitivity. In
contrast, secondary explosives, as a clsiss, are

-difficult to 'initiate: from ‘thefmal sources.-and’

require a relatively severe impact to initiate
explosion., These explosives are considered to
have a low sensitivity.

The concept of sensitivity is, at least
historically, a cpialitative one. Sensitivity has
usually been .ineasured by a variety of different
empirical tests in which samples.of explosive are
subjected te controlled and measurable
initiation stimuli, Typlcal of such. tests is one in
which the sensitivity is measured /by the distance
of travel of a failmg weight, ontu a small mass of
explosive, that is required to produce an
explosion. Thus, the impact sensitivity of an
explosive is its response to an impact test in a
specific drop-weight apparatus. Similarly, the
friction sensitivity is the vresponse fo an
empirical friction test. Test results depend on
the test method and also upon a variety of
physical and chemical properties of the
explosive in a way that is not usually well
defined. In consequence; different methods of
evaluating sensitivity may not place explosives in
the same order of sensitivity.
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CHAPTER 2 THEORETICAL BACKGROUND

2-1 INTRODUCTION

The theoretical description of explosion
phenomena has relied mainly on the science of
thermodynamics to provide a (‘escription of the
properties of the product of the decomposition
of an explosive and on the science of
hydrodynamics to formulate the laws governing
the motion of these products. It is the intention
of this chapter to present the resulis. of these
sciences that are required in the later
develupment of the topics covered in this
handbook, and to state the assumptions that are
made in order to apply the methods of these
sciences to the description of explosion
phenomena. The topics discussed in this chapter
may be pursued in greater detail in standard
treaties on ’ch(-n;modynamics‘'z * and
hydrodynamms

Although this chapl:er and others are replete
with mathematical formulas and notation, the
nonmathematician will find the text material
amply rewarding for the time spent in reading
it—it is not essential that one be a
mathematician to understand the text.

2-2 DESCRIPTION OF THE COMPOSITION

In this paragraph is defined the notation used
to describe the unreacted explosive and the
explosion products. As an example of the
reaction equations to- be considered, let us
consider decomposition of the explosive TNT,
C,H,O,N,. The predominant products are
expectedtobeC CO, H,, and N,. A
conventional decomposition equatlon for Ti*l'l‘ is

GHO,N, - C + 6CO +—r12 +—N2 (2-1a)

which provides an approximation to the
composition of the explosion products. A more
general decomposition equation is

C,HyO;N,»M (g, C + q,CO + q,H,
+ N, +¢;CO,
+ ¢, H,0 + ¢, H)

* Superscript numbers refer to references at the end of
a chapter.

(2-1b)

where-g indicates the quantity (moles/gram) of a
product and M is the gram-molecular weight.of

the explosive. It is often assumed that the

compogition of the mixture remaiiis “frozen”
during the flow following deccmposition, i:e.,
that each ¢ is constant. In-the more generel case
considered here, each g is-allowed to vary within
the constraints. of chemical equilibrium. In.
preparation for this treatment, we intrcdice a
notation which allows development of the:
thermodynamics and hydrodynamics in -géneral:
terms without restriction to:the chemical nature
of the mixtures. 7

We consider a mixture of s differerit chiemical
species or constituents and employ the index i-(i
=1, 2, ... 8) as a constituent index, Thus, for
example, xf the list of chemical species-is- C Co,
etc., the index i = 1 designates the species C, the
mdex i = 2 designates the species‘CO, etc. The
composition of the gas phase of a mixture of
many constituents can be described by the mole
numbers n, (i # 1, 2, .. 38), ~where n,
(moles/gram) is-the number of moles of the i-th
constituent in -unit weight (e.g., ohe gram) of
mixture. We shall assume that any condénsed
phase in the mixture js a puré phase, thus
excluding consideration of  solid or liguid'
solutions, and we dencte by net and #,;{*) the

number of moles of liquid and'solid- species i in

unit weight of the mixture. The composition of
the mixture is thus described by the numbers n,,
nf%, and nie (i =1, 2; ... 8). The phase rule
imposes a restriction on the number of the
quantities n‘(!) and n"’ that may be nonzero.
In mixtures of practlcal interest, most of these
quantities will 'be zero. If they are all zero, the
system is homogeneous, consisting of a gas phase
only.

We designate by ¢ the number of different
chemical elements contained in ‘the s different
species comprising the mixture and employ ar
index, k(k = 1, 2, ... ¢), as an element index.
Thus, for example, if the list of elements is C, H,

etc,, the index k = 1 designates the element C,

the index k = 2 designates the element H, etc.
The gross composition of the system can be
descnbed by the quantities g, 'k(k=1,2 ..0),
where g, is the number of gram -atomic wexghts
of the k-th element contained in unit weight of
the mixture. If the gross composition of the

21
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system ‘of interest is described by some other set
of parameters, the quantitiés. q can always be
obtained by simple conslderation of
stoichiometry, and we assume that this has been
done, For example, the TNT formula referred to
in Eq. 2-1a is associated with the set of nuxnb«rs
which can be- represented by the vector ¢' =
/M, 5/M, 6/M, 3/M).

In a system containing n.any constituents, it is
possible to select a set of constituents which are
sufficient for the complete. description of the
.gross composition.“l‘h)js if the mixture consisted
of the selected constituents only, the amounts
of each .element prezent in the hypothetical
system would be the same as those in the system
of interest. The constituents thus sufficient to
describe the system are called the components of
the system, One possible set of components for
the reaction products of TNT s given in Eq.
2-1a. The. number of.components is usually, but
not necessarily, equal to the rumber of
elements. For the development here in which
the explosion producte as well as the explosive
are expressed as a sum of the componénts, the
number of components ¢ is set equal to the
number of clements. We employ an index, jij-=
1, 2, ... ¢), as a component index. Thus, for
example, if the list of components is:C, CO, etc.,
the index j = 1 designates the component C, the
index j =2 designates the component CO, ete.

The molecular formula of the i-th constituent
or chemical species of the mixture of explosion
products can.be formally represented by

P ax® ex® -39 @)

where X*) is the symbol -of the k-th element

and o, 1 18 the subscript (which may be ze.o) to
this symbol in the forumla of the i-th specxes
For every species i, the array o, (k=1,2,..0)
defines a vector

Yy = (0 e Qs e ) (2-3)
that can he called the formula vector of the i-th
substance, As shown by Brinkiey® it is a
necessary condition for the selection of a proper
set of components that the formula vectors of
the selected constituents be linearly
independént, which implies that the determinant
|a",| does not vanish.

22

We denote by q, (moles/gram) the number of
moles of the j-th component in unit weight of
the hypothetical systam consisting of
components only. The quan iities 9 U=1,2,.
¢) are called the stoichiomet.-ic comtants of the
system for a particular choice -of components,
For a proper set of components we require that
the stoichiometric constants ¢, be greater than
zero for all j, The stoichiometri¢ -constants
indicate the quantity of each component
without regard to phasé; hence, they are'sums of
the mole nvmbers:

- (%) () 24
g =n+n +n (2-4)

Since this hypothetical system is to have the
same gross composition as the system of
interest, then the quantity of each elemerni must
be the same in each system. Hence

c LB
PAL e g, fork=1,2 .c (25
The g, provide a specification -of the gross
compoutlon of the system that is an altemative
to that provided by the- q

A choice of components is generally. not
unique. If it is arbitrarily assumed that the
chemical elercénts in their standard states (e.g.,
C, 0,, N, ...) are members of the system (even

ou@x tfxe concentrations of the elementary
species may be so low as to be neghglble), the
elements constitute a proper choice of
components. The elements as -atoms .(ie., in
dissociated forms) always constitute a proper set
of components even though they may be present
in negligible concentrations. Then ¢ = ¢'.
However, use a set of components other than
the elements is advantageous if the hypothetical
system of components is a good approximation
to the system of interest. This will be tkie case if
it is possible to select as components the
predominant species of the mixture and if the
concentrations of the species that are not
selected are small enough to be neglected as a
reasonable approximation.

If the hypothetica! system of components is
an adequate representation for the mixture
resulting from the decomposition of an
explosive, the equation for the decomposition
reaction can be written from stoichiometric
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considerations alone. An example of such a
simple reaction is given as Eq. 2-1a. We can
-generalize the decomposition of an explosive by
the equation

XL x™ x> M>5 oY’ (26)
::1 .L’ #

where (x, ... x, ...x ) is the formula vector of the
exploswe of gxam-moleculat weight M, and Y/
represent the formulas of the constxtuents of a
hypothetical mixture of products satisfying the
critera of a proper set of components The: g; of
Eq. 2-6 satisfy Eqs. 25w1thq -x/M A
decomposition equation of the form of itq '2-6
is called a conuventional decomposition equation.
Conventional decomposition equations have
been widely .employed to obtain approximate
‘descriptions.of the composition of the products
of tie decomposition of explosives. The validity
of ‘the approximation cannot be judged a priori.
In general, it is necessary to compare the results
with those of a bei’:r approximation such as
that resulting from the assurnptlon that the
éxpiosion products are in thermodynamic
equilibrium,

The calculation of the composition at
equilibrium of a system of many constituents is
carried out by .4 method of successive
approXimatiohs, The procedure requires the
specification. of an initial approxiination: If4he
calculation is to be carried out on a computex,
the initial approximation must be specified in a
well-defined manner. The epproximation
provided by the hypothetical set of components
is well-suited for this purpose. It leads to-a more
rapid convergence of the successive
approximations to the equilibrium composition
than is obtained with a physically less realistic
initial approximation:

We now introduce the algebra required to
express the constituents in terms of the
components. Then the method of calculating
equilibrium composition of the product mixture
can be discussed. The formula vector of the i-th
constituent can be expressed as a linear
combination of the formula vectors of the
components

21 pﬂyj =y(=12 .38 (2-7a)
where ¥ = formula vector of the j-th
component. If the dissociated elements are

.gram-moleculat wei

taken to be the components, 6‘ =0 To each of

Egs. 2-7a there corresponds a chemxcal reaction

that can be represented formally by

< _ { ¥

1§1 8, Yo = y¥ (2-7b)
resulting in the formation of each of the
constituents of the mixture from the
components.

For a given choice of components, the
reactions in the form of Eqgs. 2-Tb can-always be
written by inspection, using the customary. rules
for balancing chemical equations. The- formal
discussion of this paragrnph is intended'only to
display the meaning of the coefficients ISU, since
it is possible to formulate a computer-program
that will construct & table (matrix) of the

.coefficients ﬁ,, from the coefficients oy, .

The conservation of mass by the reactions of

Eqs. 2-7b can be expressed by the relations-

/-1 ﬁ” 4 @)

(grams/mole) are -the
ta of the i-th: onstituent
and j-th component, respectively. The
conservation :of mass in the system as a whole
requires thai

where M, and

Aan ("-) (s)" = ®
(U + i T! )M 2 qJMI (2 9)
On substituting Egs. 2-7b mto Eq. 2-9 and
equating the coefficients of MJ, there. are
obtained

35‘4-

L)
2 Bylny * ¥ 4 nfly =g (2:10)
=12, ..
conditions.
According to the phase rule, the number -of
condensed phases is at most ¢ + 1 (and this
number of condensed phases can .cocxist in
equilibrium with a gas phase only for a uniquely
specified set of stoichiometric constanis at a
uniquely specified temperature and pressure).
We simplify Eqs. 2-10 by making the assumption
that any condensed phest is 2 pure component
whose state of aggregation (solid or liquid) is
known., More gereral threatments. of
heterogeneous systems present’ no special
difficulty but result in a considérable
amplification of the notation required for a

). Egs. 2-10.are the stoichiometric
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general discussion. The systems of interest in
this handbook are all compatible with this
resiriction. With this ussumption, Egs. 2-10 can
be written

' $ _ o
mrERM {#11)

where nj is the numbér of moles of condensed
(solid or liquid) component j in unit weight of
the mixture.

If the equilibrium composition of a mixture is
to: be -determined, the constituenits to be
considered. must be chosen a priori. The
selection will usually imply the neglect of
certain species whose concentirations. at
equilibrium can be -expected to be negligibly
small. In general, the correctness -of the choice
can only by confirmed a posteriori by a
¢aiculation demonstrating that the
concentrations of the neglected species are in
fact negligible. In some applications, additional
species may be arbitrarily excluded from
consideration even though their equilibrium
‘concentrations may be significant, provided
kinetic consideratons imply that the:rate of their
formation is too small to be significant under
the conditions of their application.

We may illustrate the rJtation of this section
by considering the deccmposition products of
TNT. We assume @ priori that the products
consist of a mixture of solid carbon with a gas
phase comprised of C, CO, H,, N_, CO,, H,0,
H. In this list we have arbxfranly negfecte%i a
number of possible dissociation products; they
can be included if desired. Because of the
9xygen deficit in the TNT molecule, we expect
the most abundant speczes tobeC, CO, H,,
+nd wesselect these species as- components The
coefficients o, of the formula vectors.and g -of
Eqgs. 2-7 are collected. in Fig..2-1. The first four
rows of the array (matrix) of the B, correspond
to the identities resulting from the choice of
components. The remaining rows represent the
chemical reactions of Egs. 2-7.

200-C =CO,
H,+C0 -~ C = H,0

%H, =H
by means of which those constituents that are

not components are-formed from those that are.

For TNT, C,H,O,N,,

24

9 = UM; q, = 6/M; 4, = 5/M; ¢, = 3/M

where M = 228,18 is. the molecular weight of
TNT. The solution of Egs. 2-3 is-

, = 1/M; 9, = 6/M; g, = 5[2M; q, = 3/2M
2-3 THE LAWS OF THERMODYNAMICS

Thermodynarmcs is. an exact mathematical
science, based upon a small number of ba.mc
premises or postulates from which all the results
of the science are deduced by logical processés.
Application of the science to physical systems
always involves . \ditional hypotheses separate
from the science itself. It is necessary to assume
the relevance of the mathematical model to the
physlcal system to the one-to-one correlation of
quantities. employed by the science to physncally
measurable properties of the system. It is also
necessary, except in trivial ¢ases, to appeal either
to experiment or to other theory tp eviluate the
various functions required by the dpplication of
thermodynemics in their dependence upon the
indépendent variables of the physical system.

A thermodynamic system :(closed system) i§
oné that interacts with the suifoundings by
exchanging heat and work through its boundary;
an isolated system is one that does not interact
mth the surroundings. The state of a-system is
determined by the values of its various
properties, the nature and necessary number of
which are to be détermined. A sysiein is
composed of a finite number of homogeneous
parts, called phases, For some applications, it
may be necessary to consider the finite number
of nonhomogeneous regions forming the
boundaries between pairs of homogeneous
phases; for most cases, the extent of such
regions is small and they can be neglected in
couiparison to the homogeneous regions. Some
properties of the homogeneous phases are
regarded as fundamental; i.e,, temperature,
internal energy, pressure, entropy, and volune.

Properties such as internal energy, volume and
entropy are called extensive because their values
for a given phase are proportional {o the mass of
the phase. The value of an extensive property of
an entire system is the sum of the values of eac
of the constituent phases, The molar value of an
extensive property is that for a suitably defined
gram-molecular weight or mole of material. The
specific valueof an extensive property is that for
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unit weight (e.g.; one gram of material. We will
generally employ a capital letter to designate an
extensive property for weight M of material,
where M may be a suitably defined
gram-molecular weight, and the lower case letter
designates the value of the extensive property
for unit weight. A property is called intensive if
its value for a given phase is independentiof the
mass of the phase. The temperature and jiressure
are such intensive:properties.

_A thermodynanmiic process is said to have taken
place if a change is observed to have taken place
in any macroscopic property of the system. An
infinitesimal proceu is ‘a process in which there
is only an infinitesimal change in ‘any
.macroscopic property of the systéem. A natural
.process is an infinitesimal process that cccurs
spontaneously in real systems; an unnatural
process is.one that cannot occur spontaneously
in real systems. Reversible processes are cither
natural or unnatural: processes which can occur
in- either direction between two states of
equilibrium.

The first law of thermodynamics for an
isolated system can be stated-as follows: There-

-exists a. function of the state of a uniform phise

calléd thé enérgy which is conserved for any
process over all the phases participating in :the
process, For an infinitesimal’ process, the first
law is )

gtm“" = (2-12)
where E(*/ i3 the énergy of the k-th phase,
Note that 2 now refers to the phase (solid,
liquid, or gas), nol to the élement as in the
preceding paragraph. Because energy is an
extensive property, the energy of the whole
system.is defined by

E= :‘EE"” (2-13)
We shall here limit consideration to the case in
which all of the work done on a phase is
produced by the pressure exerted on the phase.
We suppose that the phase is in pressure
equilibrium with its' surroundings in the sense
that if the pressure exerted by the phase on its
surroundings is p, the pressure exerted by the
suxroundings is p + dp or p - dp. Under these

26

circumstances the external work verformed on
the k-th phase is reversible, equals p/*) duf*,
and
dE ™ = qu_ prk)dv(k) (2-14)

where 8g*) is the heat abrorbed by thé-k-:n
phase, p{®’ is the pressure of. the k-th phuse;-and

dV*! js the differential increase in volume of
the .phase during the process producing. the
change dE™) in.E™)

The second:- law of thermodynamics for an
isolated system can be stated as follows: There

exists a function of the state of aﬂ'unifofm:phase"

called the entropy which is conserved for arny
reversible process and ivhich increcses for any
irreversible process over .ail of the phases
participating in the process, For an-infinitesimal
process

E;‘ds“" >0 #4183

where S/ is the entropy of the k-th-phase. The
equality sign refers to a reversible process ana:

the inequality sxgn to an irrevérsible -one.
Because entropy is an extensive propérty, the
entropy of the whele.sysfend; delined By

s = zs™ (2:16)

The statement of the second lav ..campleted
by the further assumption that ror a particular
phase participating in a reversible process
das™ = .s_g.{_k.)
T(k)
where T(*! s the temperature of the uniform
k th phase and 57 is theeat absorbed by the
phase from its sarroundings in the reversible
‘process producmg the change dS(*) in S(*,
Then Eq. 2-14 can be written

= T”"dS‘k) - pdem (2-18)

dg™

for a reversible process.

Note that the summation of Eqs. 2-12 and
2-15 is over all of the phases performing work or
exchanging heal during the process, and the
total system described by these equations is an
isolated system for which the total volume is

{2:17)
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constant and thov~h the boundary of which no
heat flows,

In textbooks on thérmodynamics, it-is shown
that a general (reveni‘)le or meversxble)
intinitesimal change in the energy E® of a
phase k can be written.

dElk) - T(k)ds(k) - p""de

k) 4 (k)
+M1’5}#, dn;

(219)

where M i§ the total mast of the system (not the
gram-molecular welght as in the previous
paragraph) u/*) is called the chemical potential
of the kth phase of the -th- constituent.
Equation 2-19 can be shown ‘o be compatible
with the first and second laws of

‘thermodynamics.

It independent variables other than the
enfxopy and. volume are to be employed for a
particular system, it is convenient to define new
extensive variables: enthalpy, Helmholtz free
energy, and Gibbs free energy. The new atate
variables are defined in terms of quantities
already introduced; they do not provide
additional information concerning the state, The
characteristic function for the independent
variables entropy, pressure, and the mole
numbers is called the enthalpy, denoted by H,
and detined for a phase k by

H* = EM 4 pRyik)

For the independent variables—temperature,
volume, and the mole numbers—the
characteristic function is called the Fslmholtz
freé energy, denoted by I, and defined for a
phase k by

T{H S(k)

For the independent variables—temperature,
pressure, and the mole numbers—the
characteristic function is called the Gibbs ixce
energy, denoted by G, and defined for a phuse &
by

F™ g™ - (2-21)

T(i) s( k)

For any infinitesimal process of the whole
systom the extensive properties satisfy the
equations

6™ = g™ - (222)

(2-20)

ds = £ds™ ,.dH = 2™ |
L] 13

dv= Edv“" ,dF = :IdF"" (2-23)

dE = de"‘) ,dG = %dG"”

When the definitions of Eqgs. 2-20, 2-21, and
2-22 are differentiated and combined with Eq.
2-19, we-obtain

a™ -
AF® - sm“m . p""dV"'" s M?“,‘h].d',':.)

sm “m +

™as™ + vWap™ + meyMan )

 (2-24)

dG™ = - V™ap®™ + zutan

For & particular phue, the chemical potential
csn be defined by aiy one of the nlahom

o=l l
i), ] -l J

I the system consists of asingle pure phase,
Eqs. 219 and 2-24 can be writien

dE = TdS ~ pdV

dH - TdS + Vdp ’ ‘(226)

dF = - SdT -~ paV

dG = - SdT + Vdp
whers it is unnecessary-to relain the superscript
label of tho phme, These expressions, for any
infinitesimal process involving only 4 single ptire
phase, satisfy thé fimt and second laws =
expnued:’::y Eq. 2-18,

The varialions of Eqs. 2-23, with Eqs. 2-19
and 2-24 are axbitrury, except that the variations
dn{” must satisfy the stoich...etric
conditions, Eqs. 2-10, which we write in the
form,

22p,dn" =0 (227)
When the assuriiption is made that a process
occurs at fixed composition, these connections
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are automatically satisfied since

anf® =0 (2-28)
for all i and k by definition.

The equilibrium.conditions are the conditions
under wiich a process in an isolated system-as
described by Egs. 2-23 and 2-24, and subject to
the stoichiometric constraints of Eq. 2-27--is a
reversible process, i.e., satisfies Eqs. 2-12 and-
2-15. The analysis for the case of fixed

composition is given in standard
thermodynamics textbooks, é.g., that of
Guggenheim?. The analysis, when the

stoichiometric conditions are eitpressed in the
form of Eq. 2-27, has beén published by
Brinkley®,

Both under constant composition constraint
and under the constraint expressed by Eq. 2-27,
the mechanical and thermal equilibrium
conditions are obtained in the form

P =p

™ =7

where p and T -are the uniform. pressure -and
temperature, respectively, of the whole s7stem.
Foir the general stoichiometric conditions
expressed by Eq. 2-27, the chemical equilibrium
conditions can be obtained in the form

(2-29)

(k) o .
Hy RTII&‘{}")\’ (2-30)
‘where the )\ are parameters that can be
eliminated between Egs. 2-27 and 2-30.

In the derivation of Eqs., 2-29 and 2-30 that
has beati outlined, a process occurring at
constant totsl volume and constant total
entropy in an isolated system was considered.
The analysis can be extended to cases where the
system of interest exchanges heat with its
surroundings or performs work on its

surroundings by conceiving of an isolated system

consisting of the system of interest surrounded
by an additional phase snd separated from it by
8, membrane impermeable to the exchange of
matter ‘but through which heat can be
transferred or upon which work can be
performed, or both, If the added phase is
assumed to be so large that the exchange of heat
results in a negligible change in its pressure, then
the process occurring in the system of interest

2-8

may be at constant temperaturé, or constant
pressure, or both. It can then be showni that Egs.
2-29 and 2-30 are the conditions that a process
be reversible when the process occurs .at
constant entropy and pressure, at constant
temperature and volume, or at constant
temperature and pressure of the sysiem of
interest. Eqs. 2-29 and 2-30 -are thus the
conditions for any infinitesimal process to be a

tevéysible process and they are thus the gerneral

couditions fc. equilibrium.

When Eqs. 2-28 and 229 are satisfied, the
system is in mechanical and thermal enuilibrium,
but is constrained to constant compsition, It is
a state of partial equilibxium thet'may provide a
good approximation to tb~ atate of a iransient
system if relaxaticn time; for equilibration of
temperature and pressare we short and
relaxation times foi  equilibration of

-composition. are long cimpared ‘o the time

characterizing the transient nszéire of -the
system, When E' . 2-28 and ©2:29 are satisfied,
Eqgs. 2-19, 2-23, and 2-24 can be writters

dE = TdS - pdV

dH = TdS + Vdp
. (2-31)
dF = - SdT - pdV

dG = - SdT + Vdp

Eqs. 2-31 are identical with Eqs. 2-26 {or a-pure
single phase. We conclude that the equaticns for
an infinitesimal process in a mixture—which
maintaing thermal and mechanical equilibrium
during the procees and clse is constrained to
congtant compositicn—are {denticel with those
for a single pure phase. .

When Egs. 2-29 and 2-30 are satisfied, th
system is in a state of complete equilibrium. It
may provide a good approximation to-the state
of a transient system if relaxation times fou
equilibration of temperature, pressure, and
composition are al! short compared to the time
characterizing the transient nature of the
system, When Egs. 2-29 and 2-30 are satisfied,
Eq. 2-19 and the third of Egs. 2-23 can be
combined to give

= " . g tk)
4E = TdS - pdV + RTMEN G,

In view of Eq, 2-27, this expression reduces‘to

ft
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dE = TdS ~ pdV \2-32)

Similarly, Eqs. 2-23 and 2-24 result in the
expression

dH = TdS + Vdp

dF = ~ SdT - pdV (2-33)

dG = - 8dT + Vdp

Eqgs; 2-32 and 2-33 -are identicdl with Eqs. 2-26
for-a pure singie phase, We conclude that the
equations for an infinitesimal process <n a
‘mixfure that maintains equilibrium during the
process are identical with those for a single pure
phase.

Using Eqs. 2-29 and the extensive nature of
the enthalpy iind free energy functions, we can
also write

H=E +pV
F=E-~-TS (2-34)
G=H-~ TS

for a mixture. These expressicns have the same
form as the definitions given by Eqgs. 2-20, 2-21,
and 2-22 for a single phase.

The energy and enthalpy are undefined to the
extent of an arbitrary additive constant. The
enfropy is indefined (o the extent of an
additional: arbitrary additive constant. The free
energies are thus undefined to the extent.of an
additive constant.and an additive linear function
of témperature. In practice, this lack of
definition occasions no difficulty since one is
always concemed vith the energy or entropy
difference between two states and these
differences are completely defined. Tke lack of
definition can be removed by defining for each
conttituent of a mixtuse a standard state in
which energy and entropy are arbitrarily
assigned the value zero. It is not necessary that
the standard state be physically accessible,
provided a process can be defined that will
produce the state of interest from the standard
state and for which the change in energy and
entropy can be calculated.

Now suppose that the entropy and volume are
known as functions of the independent variables
pressure, temperature, and the mole numbers n,,
i.e., that the functions represented by,

s=s(p, Tyn;,n)

v=ulp, T: Ry, n')

are known. The the sake of definiteness, we
employ the specific entropy and specific
volume. If {1) the system is a single pure phase,
if (2) the system is a mixture constrained to
constant composition, or if (3) the composition
of the systém satisfies the equilibfium and
stoichiometric conditions at.all values of p and’
T; we may regard the eniropy and volume as
implicitly presczibed functions of p and T only,

ie.,
s =3s(p, T)

v=up T)
If a standard state.has been defined, the third of
Egs. 2-33 &nd the information summarized by
Egs. 2-35 suffice to evaluate the Gibbs free
energy as a function of pressure and
temperature. Theréfore, the function
g=ap, T)

may be regarded. as known, wherc g is the
specific Gibbs free energy. The other
thermodynamic properties-are then also known.
In particular, the specific :energy can be regarded
a known function .of pressure and, temperature
as expressed by

' (2:35)

e T) = glp, T) + Ts(p, T) - pu(p,T) (2-36)

Similarly, it may be supposed that the entropy
and pressure are known s functions of the
independent variables volume, temperature, and
the mole numberzn,,

s=38(v, Tin,n)

p=p@ T;ng,n)

Under these circumstances, we may regard the
entropy and pressure as implicitly prescribed
functions of v and T only, i.e.,

s=3sv, 1

1 (2-37)

p=pu 1)
If a standeld state has been defined, the second
of Eqs. 2-33 and the information summarized by
Egs. 2-37 suffice to determine the specific
Helmholtz free energy as a function of volume
and temperature

f=fb, T)
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The other thermodynamic properties are then
also known. In particular, the specific energy
cai bé regarded: a known function of volume
and temperature, as expressed by

e(v, T) = fiv, T) - Ts(v, T (2-38)
Either of the expressions
v=up, T; n,, ...na)
(2-39)

r=p, T; n,-n)
ripresent a relation between pressure, volurie,
and temperature that is called an equation of
state. Either of the expressions

s =s(p, Ty ny,nen)

(2-40)
& =8(v; Ty nyyoent) .

can be evaluated if an equation of state and
certain thermal data, to beé specified later, are
known., The information summarized by Eqs.
2-4/4 ia.sometimes called the caloric equation of
state, although these- data cannot usually be
expressed in analytical form.

A similar discussion results if the pairs (s,p)
and (s,v) are considered as independent
variables. Thé energy is most naturally, from a
purely thermodynamic standpoint, considered a
variable of the latter pair. However, except in an
approximation to be noted later, equation of
state and thermal data are always presented in
the forms summarized by Egs. 2-39 and 2-40 so
that the enetgy, regarded a function of entropy
and volume, is determined parametrically by Eq.
2-38 or by-Eys. 2-36 and 2-37.

We conclude that the thermodynamic state of
a system is uniquely determined by the values of
two independent properties of the system (state
variables) if the laws of thermodynamics, an
equation of state, and the thermal data
summarized by one of Egs. 2-40 are
simultaneously satisfied and if the system
consists of a single pure phasg, a mixture
constrained to constant composition, or a
mixture whose composition satisfies tha
stoichiometric and equilibrium conditions at all
values of the independent state variables. The
state of a system is uniquely specified in this
way from purely thermodynamic considerations
under no other circumstances.

210

24 GENERAL THERMODYNAMIC
IDENTITIES

To determine the thermodynamic properties
(such as energy, pressure, enthalpy, temperature;
specific heat, etc.) of an actual system, it is first
nécessary to define or to determine its
composition. It is aleo-necessiry to know the
equation of state of t'.¢ gaseous mixture and the
equation of siuw -of each phase presen{. Then
the thermodynamic properties are determined
by the general relations.to be summarized in this
paragraph. These relations are déscribed by
partial derivgtives of thermodynamic quantities.
To determine the properties themselves, the
derivatives must be integrated along some
thermodynamic path. Examples -of such
integrated expressions are presented in
Appendix A,

The general thermodynamic relations are
derived for a heterogeneous mixture. First the
partial .derivatives of volume with respect to
temperature and pressure,. ..re derived »xd then
the derivaiives of ‘pressure withe Tespect 4o
volume: and temperature are dérived. Then
specific heats, and derivatives of entropy,
energy, enthalpy, and chemical potential are
considered, Finally the adiabatic expor:nt and
the sound speeds,are derived.

The equation of state of a heterogeneous
mixture is constructed from the p-v-T relations
for each of the constituent phasvs, muking use
of the fact that the volame of a mixture is the
sum of the volumes of its constituent phases, We
will let v denote the' specific volume of a
mixture, V; the molar volume of the j-th
condensed component, and 7 the volume-of the
gas phase for unit weight of mixture. For a
homogeneous system consisting of a gas phase
only, v = 7. In general, we consider

v=1+Zny (2-43)
since we have restricted our discussion to
mictures in which o~y condensed phase consists
of:a pure component.

The equation of state of a pure condensed
phase is an expression giving

Vi=vw 7)

The dependence of the molar volume of a pure

(2:42)
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condensed phase on pressure and temperature is
usually determined for each sgubstance by
experimental measurements, and the data have
been represented by a variety of empirical
equations. Without such data, the molar volume
of a pure cordensed component may be
regarded—as an -approximation—a constant, and
at temperatures and pressures far removed from
ordinary values treated as an adjustable
parameter,

The equation of staté of a gas phase may be an

-expression giving

T =1(p, Ting,--n) (2-43)

Later we consider the case where pressure is a
funclion of 7, T, and the n’s. The partial molar
volume of the i-th gaseous constituent is defined

b
oy - g
P \on, (2-44)
».T

In.general T dea funchon of the form Utn T:
n,, ..n,). In textbooks.ox thermodynamics, it is

shown that
T=Z2nY (2-45)
Therefore, Eq. 2-41 can be written
v=2nV + InV (2-46)
it J (M)

when the-equation of state of the gas phase is
explicit in temperature and pressure. The partial
derivatives of the volume with respect to
temperature and pressure and at constant
composition are

du 6'17[ . OVI'
(—— = Zn\=—] +3n T
aT pn ! aT P ! T P
av, GA
Ll = Zn,(——) + }Jn;(——l>
Pl TNy, TNOP

where the subscript »# means that the
differentiation is to be performed at constant
composition. Equilibrium partial derivatives of
the volume with respect to temperature and
pressure are related to the derivatives at constant
composition by

]
™

(2:47)

<

f’_". - ai »,g,,_,m 4&,’:2

7, 8T, T\ or ), T\OT
v i) o [0y (o
5‘) " *W‘T‘> Ay
Piy Pt P [y P fr

where the equilibrium nature of the derivative is
indicated by omitting the subscript 5. The
derivatives of the mole numbers with respect to
{temperature -and- pressure are to be defermirad
from the variation of the .equilibrium
composition with temperature and pressure,
Their explicit evaluation is described in
Appendix B.

Altematively, the equation of state of a gas
phase may be an expression giving

 (2-48)

» = plr, Trny,-n) (2-49)

If the system consists only of a gas phase, so
that v = .1 the avalustion of the equilibvdum.
partial derivatives of pressure with respect to
temperature and mixture volume s
straightforward. It is convenient to define

=[%2
= \om, (2-50)
T

(p, & not a partial molar quantity). From the
ordinary rules of -differentiation, we obtain. the
relations,

AW N CLL
0Tf, T/, T\ 9T /p
.a_p. = Q + 3 iff_r—l!
or), \or) I\ or

7 T.n T

The derivatives of the mole nunbers with

(2-51)

respect to temperature and gas velume are to be

determined f{rom the variction of the
equilibrium composition for changes in these
variables. If the mixture is heterogeneous, the
xpressions for the partial derivatives of the
pressure  with respect to temperature and
mixture volume are of an awkward form because
of the mixed character of the equations of state.
To evaluate them, we first evaluate the
quantities
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(i3 v
a—u- =);,,;(_‘_9+ _a_p_> znlr(_’> :
T/ en [ ilTp a'.r,_n/ \3p /..

Eqs. 2:62 are obtained b;' differentiation of Eq.
2-41. Then .the fixed composition partial
defivatives of the pressure with respect to
temperature and mixture volume can be
obtainéd:from identities.

oD\ _ (o) ffa
Wl \O gl O
7
) _ (%) _ (%) (%]
a7 o a7, Tn ov) - T n

Wa. mrocoad. in a-cimilar mannay fo.evaluata tha
equiljbrium partial derivatives. From Eq. 2-41,
we obtain

, av;‘\ , 3nl ]
B) -0 5 - () -
, . }(2-54)
w AW S AT &) (
- r) (G @),

Then the equilibriura partial derivatives of
pressuré with respect to. temperature and
mixtur¢ volume can be obtained from the
identities: of KEgs. 2-51, written for the
equilibrium derivatives by the éiimination of the
subscript n.

A secondary thermodynamic property is the
heat capacity. If a system is heated from
temperature T to T + dT, the heat absorbed &g
by unit weight of the system is evidently
proportional to d7'

bq = cdT
where ¢ is the heat capacity per ‘unit weight. If
the changes taking place in the heating process
are reversible, we may employ Eqgs. 2-16, 2-17,
and the second of Eqgs. 2-29 to wtite

8q=}58q ' = Tds = cdT

where s is the specific entropy. If the volume is
held constant during the heating process, the

212

(2-562)

quantity ¢ is called the specific heat capacity at
constant volume and denoted by ¢,. If ihe
pressure is held constant during the heating
process, the constant ¢ is cailed the specific heat
at constant pressure and denoted by~ <,

%= "(a‘r
’ (2:55)

» "\t

If in addition to préssure or volume the
composition is assumed: to remain fixed during
the heating process, the heat capacities are.called
the heat capacities for constant.composition, or
more shortly, the “frozen’*heat capacities. They
can be denoted by-¢, | ore, ., where

)
cl',ﬂ aT on

D A 5 \
on T(:T)P ]

The expressions for specific energy e and
specific enthalpy h (from Egs. 2-26) can be
written

de = ¢dT ~ pdv , dh = ¢dT + vdp

valid either for a change between equilibrium
states or for a change at constant composition.
It {ollows that alternate-definitions fot the heat
capacities are given by the expressions

(%) . (%
%" \or), " T \om),,
Y ) IR A
o Nor), * e o),

To evaluate the frozen heat capacity at
constant volume for a heterogeneous system, we
introduce the abbreviation

3 256)

(2-57)

_ foe ‘
e, = -a? (2-58)
Tin
and employ the identity

vt T.n or - AT, n or - (2-59)
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Expressions for the quantities c. =~ and
(de/dt) are given in. Appendix A and
expresslons for the derivatives of the mixture
volume are given by Eqs 2-52.

To calculate the equilibritin heat capacxty at

employ. the quantlty [

(&3 8 fnn\

= — = 5 E s

o = o), = o A ( ),
, anl

where we have introduced the abbreviation

E - <9i> (261)

(2-60)

an

and where E| is the molaf energy of the j-th
condensed componént. The quantity E, is not a
povtial molar auantity. An expression for E, is
given in Appendlx A. Then ¢, can be obtamed
from the identity of Eq. 2- 5!5 written for the
equilibrium derivatives by the elimination of the
subscript n.

An expression connecting the frozen and
equilibrium. heat capacities at constant pressure
can be written'in the form

a fn n)
¢, =c, + Z’)M‘HI_ —E—F—-
1.p

Bn}
+ \"H" n
7T )

where H is the partial molar enthalpy of the i-th
gaseous constituent ]

| (2-62)

H={— (2-63)
L o1

and where H is the molar enithalpy of ‘he j-th
condensed component Expressions for tae <,
and A, are given in Appendix A

We shall have occasion to employ the fixed
composition partial derivatives of several
thermodynamic functions with respect fo
temperature and pressure or with respect to
temperature and volume. They can all easily be
obtained from the définitions of the functions

Wn

and the thermodynamics laws by application of
the rules for partial differentiation. For purposes
of reference, we list certain of these relations
without .derivation. The derivativés. of entropy,
with respect to pressure and volume at constant
temperature are

(& .z
\2Y 5.0 \ot/,,,
(ap >-T,n )

The derivatives of energy and enthalpy with
respect to volume-and pressure, respectively, at

‘constant temperature are

(g%>r,n - T@")&,ﬁ" | .
7( ‘; 1 (2-65)
= %@ -

\0}7’1‘ g V‘/p,n ’

Eqs. 2-64 and 2-65 complement Egs. 2-56 and
2-57. The partial derivatives of the chemical
potential of the i-th gaseous constituent can be

written
(o8 v
\ apv o H

a5\
o7 -;r."_

bt 1

Similar relations npply to the chemical potentml'
of a pure condensed phase,

op /n

[a(u /7)]
TN HIT*

=yt
=Y
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Deérivations of these relations can be found in
thermodynamics textbooks.

A relation between the fixed composition heat
-capacity at. constant pressure- and’ that at
.¢onstant volume can be obtained'in either-of the
-equivalent forms

o2V ()
T‘v,n p/ft'.'n
1),

the first of which is convenient for the
independent variables i and. T, arid the second of
which. is convenient for the independent
variables p and T. It can be shown that an
expreision of the same form connects the
equilibrium heat capacities

¢ - cy = T<gg—>’ %v,))
- ()

where: the équilibrium de.ivatives of pressire: or
volume are employed in evaluating the
right-hand side of the equations.

The ratio of the heat capacity v at constant
pressure to that at constant volumé can be
defined for either the frozen:heat.capacities or
for the equilibrium hest capacltm We define
the quantities vy =cle

g v

(2-70)
7, = ¢,/

pntun
Using Egs. 2-68 and 269, we obtain the
following useful relations:

266
AT F7 /5
a1 H

The adiabatic exponent k.is defined by’

v (0p
K== (;;J) : (2412)

This-exponent is.used to describe the.adiabatic
expansion of gas”s; For detonation products k¥
has a value of apiproximately 3, and. for perfect:
gases K =, )

By use of the thermodynammic identity

Be-e-ree
),

Eq. 2-72 can be written

TRE, e

An adiabatic exponent for flxed compoemonx,,

e m B LAuJ”““M Boer.

Caaas-oTrQlunsa:y

AN () W CAW( 1 :
K, = p(aa>‘ 7()( /“ (2:74)

If Egs. 2-73 and 2-74 are combined: with Egs.
2-71, we obtain the useful'éxpressions

G, o G2
\OV, o PO 3T o
), pT (Bu)
Tin a7/
o (3p\*
pe, ’aTu
__B(w) _pT (av)
v ap ve, an

The sound velocity ¢ is defined by

¢t = (3‘1) = kpy (2-76)
30/,

where p = 1/v is the density of the mixture, A
fixed composition or frozeti sound velocity °,
can.be similarly defined by

b et e g e ey e e e e
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Egs: 2-75 can be combined with the definition

of the sound velocity tO0 obtain useful

expressions relating this quantity to the
derivatites of the equation of state, We obtain
the relations

s .

2 (dv) T (Z)v\

= -y v + — =
_-':’p e G ”I/p.nv o

(2-78)

-

\dp/ . e, aT)b

Physically, the frozen sound velocity
corresponds to the -velocity of propagation of
sound waves in & limit -attained at high
friequency and the equilibrium. sound velocity

corresponds to the propagation velocity of

sound waves in a limit attained at low
fréquency.

A differential coefficient which is
complementary to-the adiabatic exponent k and
which is useful in analysis where volume and
entropy are taken as independent variables can
be dafined for an equilibrium'system by

g = E.(?ﬂ) (2-79)
T \os/,

and for a system  consirained to fixed
compeition by

g =2 (% (2:86)
" T \3s vn

These quantities are related to derivatives of the
equation of state by

- (o
e (aa)
v [dp
B ===

c, <BT> ’

It is sometimes useful fo regard the energy as a
function of pressure and volume; with the
partial derivatives

(?f_> _P <¢'>_> .2 (@82)
a,, N\, A

which define the -coefficient A; for a system
constrained to fixed composition and the
coefficient A for an equilibrium system. The
corresponding :dexivatives of ‘the energy with
respect to the prefsure are '

(2:81)

. \
(a_%) L fee) LY (2:83)
o5/ v 0’3,, \ep/-;, £
The coefficients A,8, and k are:not independent,
but are related by the expression
K= B(—% + 1> (2-84)

An analogous relation exists between the
corresponding coefficients for a system -of fixed’
composition, ‘

Integrated-expressions for the thermodynamic
properties of a gas mixture, of a.condensed
phase, and of a composite heterogeneous system
are d-rived in Appendix A. Thesé expressions
give the property of interest as.the sum of two
terms: the first is the value for an ideal system
and the second is the contribution arising from
the nonideal nature of the actual system. Terms
of the second type involved integrals of ithe
equation of state. In Appendix D, we list the gas
imperfection contributions to the various
thermodynamic properties as evaluated for
several equations of state that have been
empioyed to describe properties of the
explosion products of explosives.

It has been noted that the equilibrium mixture
is often employed {o represent the composition
of real mixtures of explosion products. The
composition of this mixture is determined by
the stoichiometric conditions, Eqs. 2-10, and by

2-16
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the chemical equilibrium conditions, Egs. 2-30.
Because Eqs. 2-10 are linear in tiieé mole
numbers, while Eqs. 2-30 are linear in the
logarithms of the mole numbers, an iterative
procedure must be employed to determine the
‘equilibrium mixture. A general method to solve
tiese algebraic equations is formulated in
Appendix B. This method can be employed as
the-basis. for.a computer program of very broad
application, but it'is not well adapted for hand
calculations, In Appendix C, there is presented a
simplified méthod' of computation for systems
containing componnds of carbon, hydrogen,
oxygen, and nitfogen in which, with the
chemical nature of the system ‘specified, it is
possible to achieve a partial separation of the
variables -and thus to simplify markedly -the
computational process.

25 APPROXIMAT:ONS FOR THE
THERMODYNAMIC PROPERTIES ON
AN ISENTROPE

1t is possible to perform an exect calculation
of all of the properties of the system, provided
that the equations of state exist for the various
phases comprising the system. This calculation,
however, involves a large number of successive
numerical steps, and the dependence of a
property such as the energy on the independent
state variables such .as.entropy and volume, i.e.,
the hinction e(v,s) is obtained impuicitly and not
analytically. For some theoretical investigations,
there is a need for approximate analytical
-expressions of such functions.

For an ideal gas of-constant: composition, the
adiabatic exponent defined by Eq. 2-74 is equal
to the ratio of the heat capacity at constant
pressure. {o that at constant volume, x = v, The
ther  jroperties nf'an ideal gas are frequently
represented with sufficient accuracy by the
assumption Liat v is a constant. Such a gas is
called an ideal polytropic gas. The
thermodynamic properties -of such gases can be
expressed in relatively simple form and the
approximeation has been extensively employéd in
the development of the hydrodynamics of
compressible fluids such as air for which at
moderate temperatures and pressures the
polytropic assumption is a good approximation.

For the products of condensed explosives, it
has been experimentally found that the

218

adiabatic exponent v is, to a good
approximation, independent of the density and
a function of entropy only for a considerable
range of pressure. It seems proper to designate as
a nonideal polytropic gas.any gas-for which k is
constant on an isentrope.

If the adiabatic exponent js a function of
entropy only, Eq. 2-72 can be integrated alonga
path-of constant entropy with the result

p=Ar"=ap" (2-85)
where p =1/v is the density and A = A(sj is a

function of eniropy only. Eq. 2-85 can also-be
expressed‘in the form

p(vs') = p'(v'Iv) = p'(p/p") (2-86)
where p' = p(v',s") and k = k(s’). From Eq. 2:22,

(3e/dv), = - p. Using Eq. 2-86- and integrating
along a path of constant entropy, we obtain

4 TS pv |
€ = = + B - + B
k-1 k-1
‘where B = B(s) is a function -of entropy cdly.
Eq. 2-87:car siso be expressed in the form
1
k-1
where ¢’ = e()',s'). The enthalpy h = e + pv is
given by
K -
h={——1]pv +B
K- 1) P

e=¢ +

A (2-89)
=R+ = (v = )

where h’ = h(p's’). By using Eq. 2-76, the sound
velocity ¢ can be introduced into Egs. 2-87 and
2-89 with the result

¢? = kpv = k(k ~ 1)(e - B)

2-90
= (k- 1){h - B) (250

26 HY.DRODYNAMICS OF REACTING

CONTINUA

The fundamental differential equations of
motion for a reacting fluid are derived in this
paragraph. For one-dimensional problims they
are simplified to the usual Eulejjan and
Lagrangian equations. In par, 2-7 the riethod of

(pv - p'v') 12:88)
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characteristics is applied to the one-dimensional
problem. The {reatment of shock waves as
discontinuities is given in par. 2-8.

In the macroscopic description of a physical
system, the information concerning the state at
one instant of time may be considered adequate
if one can obtain from it a rezsonable
description. of the state at some later time. It is
assumed that the process can be performed in
series (making each estimate from the previous
estimate) over subintervals of the desired time
interval with the final result insensitive to the
length of the subinterval. One expects the
procedure to fail fo. information of a given type
if the subintervals become much smaller than a
critical time interval, characteristic of the system
and of the type of information, which can he
called the “time resolution”. This paragraph is
confined to the consideration of systems and of
time resolutions for which adequate information
consivy of a knowledge of theé spatial
distribution of the following densities:

() ‘Tné concentrations. pn, expressed’ in'moies
per unit volume »>f each of the chemical
constituents: of the system, where.p is the mass
density .

(2) The momentum density 7 = pt, where I is
the (vector) particle velocity

(3) The total energy density pfe + u?/2),
where e is the specific energy as measured by an
observer moving with the fluid and u?/2, u? =

2, is the cpecific kinetic energy of mass
motion.as measured by a fixed observer,

We simplify the system at the outset by
making several assumptions:

(1) The velocity of each individual species is
that of the mixture; therefore the diffusion of
gaseous species is neglected and any condensed
species is completely entrained in the flow.

(2) Heat conduction is neglected.

(8). The fluid is inviscid; hence no energy is
dissipated. by mechanical processes except across
shock discontinuities,

(4) The ounly force acting on the fluid. is- the
hydrostatic pressure (gravity and other body
forces are neglected).

These {our assumptions produce a valid model
for the flows with which we are principally
concerned, where the bulk velocity of the fluid
is Jarge compared to relative velocities of heal
and diffusicn, The model without heat
conduction or diffusion is not an accurate one

for the flow associated with ordinary flame
propagation. For derivations of the flow
equations in which these simplifying
assumptions are not made, reference is made to
areview by Richardson and Brinkley®.

The next step is the derivation of the rate of
change of any property of the fluid. Consider
any vector or scalar property -of position and
time, G(T,t), where 7 is the position vector and V
is a movile volume whose surface ¢ moves with
velocity @. Now, the total rate of change is
separated into a partisl derivative with respéct.to.
time and a convective term (for this derivation,
see Band® , for example)

dfdeV f —""dV +eru da (2-91)
d

where da’ = 1 da, # is an outward pointing
normal to the surface, da is a differential surface
area and GU is mterpreted as a dyadic if G'is a
vector (see Gibbsl® for an .infroduction. to
dyadics). The leff hand term expresses the time
rate of the quantity G averaged over the volime
V. 1t is equal to the sum of the:(:ontxibutiq‘ns of
each stationary volume element dV and the
changes associated with the movement of the
surface. If the velocity vector 7 is- -defined
everywhere in the volume, the surface integral
may be transformed with the aid of the Gauss
integral theorem and we obtain the general
kinematical relction,

2 deV [[—-—+V (uG:ldV (2-92)

consxder an arbitrary mobile voluine ¥ whose
surface moves with the particle velocity u. In the
absence of diffusion, the time rate of change of
the species i in V can be written

d
@ f pny dV = f RdV (2-93)
v \'4

where X, is the reaction rate. Using Eq. 2-92, we
have

Alon,) N
f " + V. (upn) - R [dV =0 (2-94)
v

Since the surface of the volume moves with
velocity 7, the total mass in V is conserved
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dt f f [“ +v. (p?t’)]dv= 0 (2:95)

Considering again the mobile volume V
previously defined, one can obtain the equation
for momentum transport by a straightforward
application of Newton’s second law of-motion.
According to this law, the total force acting on
the mass of fluid in V is <jual to the rate of
change of linear momentum of the fluid in V.
For an inviscid fluid in the absence of body
forces, we have

—fpd? ’-“g‘fﬂ!?dV (2-96)

since the force normal to the area da’ is -pn
Using Eq. 2-92 with G = pu we have

fﬁ“’i’ + V. @oid) + Vp] av =0 (297
v Lar

where the integral of the pressure over the
surface is transformed to a volume integral by
the use of Gauss’ theorem. The time rate of
change.of the total energy is equal to-the rate at
which work is performed on the material in V if
the conduicfion of heat is neglected. Thus,

aifp(e + u?/u) =fp u.da (2-98)
¢ \ 4 a
Again using Eq. 2-92 and Gauss’ theorem to
transform the surfacé integral, we obtain
S i%rp(e sut2) V. Bie + i)
v

V.@ml{dv=0

The volume V of Eqgs. 2-94, 2.97, 2-99, and
2-98, is arbitrary. Therefore, the integrands of
each expression must equal zero, giving

{2-99)

2 .
-3:3 +9. (@p) = 0 mass conservation

3(9 )

+ V., (upu) =-yp momen/iu
conser. atlon

2 (2100)
3 [ote + w12

+ V. Eple +uP2) = - gl (i@p)

energy conservation
d(pn)

at
2-18

+ 9 @on) = B,

The equation of mass ‘conservation is used to
simplify the other three éguations, and the
energy equation is further siinplifiid by-using
the momentum equation, After some
manipulation, Eqs. 2-100 beccome

21y @ -
I'f - =
— 4y VU =
t (2101)
B e =-Py
ot p
a‘ll

A more familiar form oi these equatlons of
hydxodynamxcs iz obtained by introducing a
total time derivative by-the definition

d a - .

e’
by means of which the rates of change are
measured by an observer moving with the fluid.
Then Egs. 2-101 become

(2102)

dp mass
a eV Z=0 conservation
>
ii.‘i ¥ _!: wp =0 momentum
dt p conservation ¢ .
, (2-103)
de 1_’_ di 0 energy
dt  p*dt conservation
dn,
[r—=% R
dt  ° il

and the last equation can be taken as a
definition of the quantity R,. RatesR, of
production .of the constituents of the mixtire
are not all' independent but most obey the
stoichiomettic conditions of par. 2-2. Thus; only
8 - ¢ of the quantities. R, may be regarded as
independent. .

The further development of the theory of
irreversible processes of nonuniform systems.
that are not in equilibrium is based on two
assumptions: (1) temperature T and chemical
potentials g, can be defined as functions of the
fundamental‘ densities pn,, pit, and pfe + u 212);
(2) T and g, can, to a good approximation, be
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regarded as point functions of the fundamental
densities. To simplify the development, we shall
assume initally that all infinitesimal processes,
including chemical ,ones, in a given volume
element are reversible, (Later, we shall-explors
the analysis without this.assumption.) With tzis
assumption of revirsibility we can regard & given
volume element as being in equilibrium. The
assumption of local reversibility -makes it
posdible to employ the thermodynamic relation
between the various state variables in a
nonuniform system.

Eq. 2-19 for a general change in the energy can
be written

de B\ p [dp, 1
o) (1
dt t/ p* dt) p 7

(For simplicity, we assume that the system is a
gas mixture. Our conclusions are unchangea- «f
condensed phases are present, although the
as.umptions of this paragraph require that such
phases be completely entrained in the:flow.) The
reactionn rates must satisfy the stoichiometric
conditions, Eqs. 2-27, and therefore

(3-104)

%1,;2, =0 (=1, 2 ..c) (2-105)

Now, if chemical changes in tro svstem are
revessible, the equilibrium conditions, Eqgs. 2-30,
are satisfied, and Eq. 2:104 can be written

ds dp\ . RT . .
)+ 5 Tmnewe

Therefore, il all of the changes, including
cliemical ones, are reversible,
de da)
AN ol
dt dt, dt
Combining this equation with the energy
transport equation 2-103, it follows that
P {2:108)
di
Eq. 2-108 states that the eniropy contsined in
an element of fluid. does not change as the
elemant moves il diffuxion and heat conduction
are negh  od, if the dissipative effects of
viscosity ¢ negiected, and if all changes in state
of the elemiént are reversible.
1¢ the processes represented by Eq. 2.104 are
not reversible, the assumption of local
ayuilibrium i3 no longer possible. In considering

+ 5; (d-?-) (2:107)-

i 4

a single element of volame one must now
employ a quasi-iiermodynamics, the
justification of which is beyond the scope of this
paragraph, However, the results are that orie can
define a specific entropy s such that for a fixed
volume element

Td(pt) = d(pe) - Zud(on) (2-109j

in which T and g, are calculated as though the
element were in thumodynam!c equilibrium.
This expression can be transformed to

1

P -
Tds = de - (;l.-)‘dp - L‘u‘ dn,
vhere  p' = p(Ts - e + Sy dn))

The dquantity p" ir evidently the
thermodynamically ‘deiinéd rressure. In general,
it differs from the dynamici 1y defined quantity
of this paragraph because ©f the irreversible:
chemical reacitons. It is wusislly a good
approximation to asshme that the
thermodynamic and dynar . pressures are
identical. Then the equation for entropy
transport becomes

(2-310)

s\ KR,
. (dt) T 70
If chemical xesdctions are irreversible, the
entropy contained in .an dlement of fluid
changes in accord with Eq. 2-111 u a
consequence of the entropy increase during an
irreversible process.

A stéady flow is defineC as one in which all of
the partial derivatives with respect to time-are
zero, A flow is. called subsonie, sonic, or
supersonic at a polntas u = |G| is less than,
equal to, or greater than the velocity of sound ¢
at that peint in the particular coordinate system
being used,

7iqs, 2-103 are to be solved subject to initial
and' boundary conditions and fo a specification
of the state of the fluid, i.e., a knowledge of the
function

(2111)

e~ e(p p; et anud)

If all of the processes occurring are reversible, so
that the energy transport equation can be
replaced by the entropy iransport equation as
expressed by R, 2-108, then the state of the
system is suffic: atly specified if the function

P = plp, s)
219
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is known. Under these cifcumstances,Eqe 2-103
can ulso be expressed in the form

-1-(22)1» =0
¢ \dt PV

(2-112)

9@3(& .o
at ] p} vy =

a‘a \
z -

which involves derivatives of only the pressure
and particle velocity.

Eqgs. 2-103, and their alternative forms are
calied the Eulerian equations of
hydrodynamics, When supplemented—as
previously mentivned by initial and boundary
conditions and by an equation of state, they can
in- principle be: solved to determine p, p,andd
régarded as functions of position and time. The
initial conditions consist of a knowledge of these
quantities as functions of position at zome time
which is taken as the initial instant. Boundary
conditions are of two types, kinematical
(velocity and displacement conditions) and
physical (pressure). A kinematical condition is
the requirement that the components of velocity
normal to an interface be equel on both sides of
the-interface. A physical conditinn that must.be
salisfied by an inviscid fluid in contact with a
rigid boundary is that the pressure shal]l be
normal to the houndary. In the case of two
inviscid fluids presenting a surface of separation,
the physical condition to be- satisfjed is that the
pressure shall be continuous at the boundary in
passing from one side & the-other. The suriace
separating two fluide or the same fluid at
diiferent densities is called a contact surface.

The equations of hydrodynamics comprise a
system of partial differential equations of the
first order that sre quasi-linear, i.e., the partial
derivatives appear linearly. Formal solutions of
there equations can be obtained only in special
cases.

As ay example, the Eulerian equations of
hydrodynamics for nondissipative (ds/dt = 0}
flow van be written for mation in one dimexnsion

intheform gp (au)
— —
dt 4 9, =0

(2-113)
1 (@)
dt  p ax)

2:20

where u is the particle velocity in the
x-direction. The Eulerian equations for
one-Cimensional radial flow with spherical
symrhetry can be written.

do, (B, 2w
d!*ﬂ [y]

de 1)
dt  p \ex

where u is now the particle velocity in the
direction of the radial coordinate .

There is- another mode of expression of the
fundamental -equations culled the Lagrangian
form. The label coordinates -of a point may
consist of its position- coordinates or Eulerian
coordinates at the initial instant of time. Thus &
pariial derivative with respect to time at
constant values of the label coordinates has the

(2-114)

"same meaning as the operator d/dt in Eulerian

coordinates, and
.
BT
where 7is the position vector of a point at time
t. The Lagrangian representation is especially
useful for problems in which interfs.es and
boundaries must be preserved,and in which high
precision. in the conservation of mass and
momentum: it desired. Lagrangian is generlly
superior to Eulerian for gne-dimensional
problems but not necessarily for two- or
three-dimensional probleins,

As an example of:the Lagrange representation,
we may consider the cage of plane flow inone
dimension and let the label coordinate of a
particte x| to be the value of its position
(Eulerian) coordinate x at ¢ = 0. The particle
velocity is given by

u = (3x[t), (2-115)

The form taken by the equation of continuity in
Lagrangian coordinates is mest easily deduced
for the particular initial circumstances of the
fluid. Suppose that the fluid is initially uniform
with constant density p,. The consexvation of
mass can be expressed by

xfxa‘ t) )
x.p, = f o(x, t)dx (2-116)

0
xfo, t)
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where «(x ,t) is the Eulerian coordinate at time
t of the point whose Eulerian coordinate at £ = 0
was x_, and x(0,t) is the Eulerian coordinate of
the point that was on a plane through-the origin
at t = 0. Differentiating this expression with
respect to x, at constant t, we obtain the
Lagrangian equation of continuity for plane
flow of an initially uniform fluid in the fcrm

(91’) Z e
dx /; P

‘The Lagrangian equation of motion for the same
fluid in plane flow can be obtaised: from the
second of Eqgs. 2-113 by the use of Egs. 2-116
and:2-117. We obtain

(2”::\ P L(BY

‘a‘zy*, p ax”

{2:117)

(2-118)

o "

For nondissipative flow, the entropy transport.
equation has the form

G, o
atlx,,

The Lajrangian form envisages the possibility
of ¢btaining'a description of the properties of
the''flow; including the Eulerian coordinates, as
functions of the-time and the )abel coordinates..

(2-119)

27 UNIFORMLY ISENTROPIC FLOW [N
ONE DIMENSION

We will consider an application of the
fundamental equation to a flow for which a
formal solution is possible. The flow is
considered to be in one direction—e.g., the
x-direction—which means that the properties of
the flow are functions of the x-coordinate only
and independent of the y- and z-coordinates in
a recigngular cocrdinate system. Whenever there
is a poriion of the x-t plane in which all the
material is on the-same isentrope—i.e., when the
matexial is uniformly isentropic or
homentropic—it is possible to transform the
fundamental equations of par. 2.6 to ancther
form that is due to Riemann.

For nondissipative flow as described by the
entropy transport eguation in the form of Eq.
2-108, the pressure and the sound velocity vary
withiin the flow as functions of the density only.
It is. *hen convenient to introduce the quantity

o = [ (clp)dp
(90/0p), = c/p

where the integral is along a path of constant
entropy and where ¢ i the sound velocity,
defined by Eq. 2:76. The quantity ¢ is
undefined to the exténi vl an additive constant
which can be arbitrarily 1ssigned for
convenience of ca’culation by the awsignment of
a lower limit ol iptegration. Then Egs. 2-113
and 2-108 can be written:

2—‘-7-4' u(?—q) + c(?ﬁ) = Q
ot Ox ox

M, (9."-) o2 =0
ot o Ax

05 (aa)

— —] =

a e T
Addition and subtraction of the first twe of
these equations yiclds the new set

(2-120

1 (2421)

—?-+(u+c)—?-:|(o+ = (
Lot 0x. ¥

_a.' - )—a—] - wo
e (u ) o (c-u) =0

:a- +Uu —a—.] = ()
ot~ ox ?

which is due to Riemann, The form of Egs.
2-122 suggusts the definition of three
characteristic directions—labeled C,, C., end
Co"-by the definitions

(2122)

'_}dx =Uu+e

+ dt
du«

C i~ =y~ 2-123
gy Tute (2:123)
dx

Cpim— =

°° dt

A characteristic curve in the x,t plane is defined
as one that is tangent at every point to a
chazacteristic direction. Thus, Eqs. 2-123 are the
equations for the characteristic curves. The
chatacteristics C, are evidently the parlicle

2-21
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‘Egs. 2-122 can be interpreted as stating that on
characteristic curves C,,

while on the particle paths. C,. the entropy is
constant. The enlropy '.‘mnsport equativi states
that it the entropy is initially constant, it will
remain constant for flow without discontinuities
in the x-t plane,

The quantities ¥ and ¥ are called the Riémeann
invariants, If they are known at.a given point,
then u and o are kniown there, i.e.,

o= (r+8)/2

( " (2-1286)

u=(r-3/2 ]
From these, the density. :an be obta.ned from
Eq. 2-120 and the pressure from the equation of
state. For materials with a constant adiabatic
exponent, as described in par. »-6

0= 2¢/(k - 1)
An éspecially simple case occurs for k = 3, since
then o = ¢, T = ¢ + u, and ¥ c -, The first two
of Eqs. 2-123 become

point on- the x-¢ plane,
(2) If curves of a given type having different
values of the invariant associated with that type

in &, .p; ete. at that point,

(3) If, in a given region, ¥ has the same vaiue
along adjacent C_ curves, the C, curves are
straight lines in that region. For ¥ is constant
along a C, curve which will cross the C_ curves
and if ¥ is also constant along the C, Ccur,ves,
both u and o, therefore u and ¢, and therefore
the slope of the C+ curves must be constant.

{(4) bimilarly, if 7 has the samié value along
adjacent C_. curves in a given teglon, the C_
curves are smught lines in that region,

(5) A weak discontinuity (not a shock), i.e., a
discontinuity in a derivative of a function
without a change in the function itself, is

-propagated into the flow from a boundary along

a characteristic curve.

If both- the density and the particle velocity
are known along a line in the %-¢ plane, then ¥
and 7 and the two characteristic directions can
be caiculated for each point aloiig the line. Such
a line may be the x-axis, in which case the
informaticn on the line describes the initial state

. C : Lad =7 | of the fluid. Information may also be given as to
*dt one or more properties of the flow along

- (k = 3) (2-127)  gdditional paths in the x:¢ plane. For example,

. ! , - tke path of a piston msy be prescribed along

! c: a s which the velocity u ic known. Simiiarly, the

e

A e e o e e v e

Since ¥ is: constant along curves .. and ¥ is
conitant along lines C_, Eqs, 2-127 can be
integrated to give

C, :x = Ft + constant

C :x =~ st + constant

so that the characteristic curves of each kind are
straight lines for k = 3. This case is of practical
interest because the explosion produsts for
condensed explosives have an adiabatic
exponent tha: is near the value 38 and,
consequently, flows for wuich & = 3 present, the
qualitative feature of tha flows of such gases.

In general, the characteristic curves have the
following useful properties:

222

path of a shock wave may be given along which,
as we shall see, the density and particle velecity
are known, It is neceseary to consider bijefly the
amount of initial and boundary information-that
is required, from which the propagation
equations—Eqs. 2-124, 2.126, and
2-126—uniquely determine the flow, If a point
following i given curve in the x-t plane moves
supersonically with respect to the local flow,

e,
! ldvfdt - ul> ¢

then the curve is called spacelike; if such a point
moves subsonically with respect to the local
flow, ie.,

ldefdt -~ ul < ¢

then it is called timelike, and if such u point

W'.

r = 3+ u = constant (2-124) tersect at a point, the flow cannot remain ;

continuous because different vidlues of the 4
I on characteristic curves C_ dependent variables would be obtained if .one
: characteristic or the other were used in
5 =0 - u = constant (2-125)  computation. Thus, there will be a discontinuity
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moves sonically with respect to the local flow,

ie.,
Idefdt ~ ul=c

then ‘the curve is a characteristic. In general, the
characteristic cutves are not perpendicular to the
direction: of flow. There is, therefore, a
dowristréam  direction on the characteristic
curves of each type. If an initial vslue curve is
spacelike, it lies outside the regmn between the
directions of the two characteristic curves; it it is
timelike, it lies inside the region between the
directions of the characteristic curves. If an
initial value curve coincides with a characteristic,
a point moving along the curve moves. with
respect to the local fiow with the velogity of

sound, i.e.,.
ldx/dt] = ¢

The x-axis is spacelike. The path of a pigtun
moving subsonically with scapect to- the local
flow is timelike.

If the values. of the dependent variables u and
0 (or Fand 7) are changed at.d particular point,
this . change can only affect the properties of the
flow in a region of irfluence of that point,
which is the angular region between the
characteristics through the point. The region cf
influénce of a point P is sketched in Fig. 2-2.
Now, consider the arc AB of a spacelike im "{

td

valué-curve, as shown in Fig. 2-3. It is evident
that points in the x-t plane lying outside of the
region enclosed by the C, characteristic through
A, the C_ characteristic through 2 and the arc
AB are unatfected by the values of the
‘dependent vanabla on the are AB. The region
thus enclosed is called the domain of
dependence of' the spacelike arc AB since this
region contains all of the flow determined by
the given initial values.on AB, including the end
points, -then the flow is-unique:dnd- continudus
in the domain of dependznce, including; its.
boundaries. If the arc' AB is on a timelike curve,
a second intersecting curve—which may-be either
another timelike curve or a characteristic
cufve~is required, as shown in Fig. 24, to
obtain a downstream domain' of dependence, It
can be shown that only one dependent variable
must be specified on each such timelike or
characteristic curve (both being-known at th "~
intersection) to obtain a unigue flow in. the.
domain of independence.

In certain. flows, the invariant s is- constant
over & certain region. The C; charscteristic
curves are then siraight lixies, as has already been
mentioned. Flows of this type are -calied
progressive simple waves. As an example:of this
type of flow, consider the case of an infinite

Figure 2-2.

Y

Region of Influence of a Point P

2-23
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tube closed at one end by a piston initially at
rest. At the initial instant of time, the material
iin the- cylinder is .at rest with u = ¢ = 0 (the:
lower .imit of integration of Eq. 2-120 is here
taken to be p , the density of the undisturbed
material). Thus, on the spacelike:x-axis, 7 = §=
0: Therefore; boils kirds of characteristic curves
originating oh the x-axis :are straight lines. ‘Che
C.. charazteristics ‘through points on the x-axis
cover the whole x-t plane since the tube is
supposed to.be-infinitely Jong. Therefore, if 5 =
0 on the -axis; ¥ = 0, u = g, and T = 2u
everywhere, end the C, characteristics are
straight lines everywhere. :‘Suppose .as- shown in

" TFig. 26, 'that the piston begins: to move in the

negative x-direction at-the initial instant of time
thus ‘initiating-a rarefaction wave moving cown
the tube in' the-positive x-direction. The particle
velocity on the piston path is équal to the piston
velocity and ris known on this path, Since the
C. characteristics are straight lines, theix slope is
constant. Since ¥ is changing from. ote C,
characteristic to. another, the slopes of the C,

characteristics increasé in moving backward into
the flow and the C_characteristics are curved. If
the piston path is specified, an-analytic solution
of the flow equations.is easily.constructed. Now
suppose that -the acceleration of the piston
ceases and its (backward) velocity becomes
constant. The characteristics of both types
originating on this-part of the piston path are
then straight lines. The flow in the a-t plane thus
consisis of three regions:

{1} The-initial-undisturbed region -of uniform:
density and zero particle velocity between the
x-axis and. the C, characteristic labeled A in Fig.
2-5.

(2) The simple wave generated by the
accelerating piaton in the region between the G4
charactenistics labeled A and B.

(3) The final state in the region to ‘the left of
the C, characteristic labeled B. of uniform
density and particle velocity accommodated to
the-piston velocity.

It will be noticed that the front. of ‘the
rérefaction wave-propagates with the velocity of

*y

Figure 2-3, Domain of Dependence of Arc AB of a Spacelike Initial

Value Curve
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gound in the undisturbed medium while the rear
of the wave propagates with the velocity of
sound ‘in the final medium of reduced density
plus the (negative) particle velocity in the fingd
medium, Therefore, the rarefaction wave
broadens as it passes down the tube, and no
strong discontinuities occur. If the piston had
been instantaneously accelerated to ifs final
velocity, all of the C, characteristics in the wave
region would have emerged from the point at
which the pisfon motion began. Such:a wave is
called a centered simple wave.

Now, in contrast to the flow just dissussed,
suppose that. the direction of the piston is in the
positive x-direction, as shown in Fig. 26,

Jenerating a progressivé compression wave, The-

tesullting. flow remains a simple wave with ¥ =0
everywhere and, consequenilly, with C,
characteristics that ave straight lines. In this case,
however, the C, characteristics originating on
the piston path do not diverge but converge, and

they must in consequence interse2t. It has been
noted that the flow cannot remein continuous if
two characteristics of the same type overtake
each oti.er, for different values of the flow
variables obtain on eack: of the intersecting
characteristics. The discontinuity that appearsin
a.progressive compression wave is called ashock
wave and, in any such compression wave, shock
waves form in the body of the fluid. The
boundary between a region where characteristics

-of the sarie type intersect and-one where they

do not is an envelope of these characteristics.
Intersecting characteristics of the same type
being. physically imppssible, the shock wave
begins at the first point of that envelope. If the
piston is instantanequsly accelerated to some

final finite velocity. 'the envelope begins on the

piston path, ,

It can be concluded that compression-waves of
finite amplitide cannot propagate witk@ut the
formation of shock waves, Each of the two

c.

e

>

 §

Figure 2.4, Domain of Dépendence of Arc AB of a Timclike Initial
Value -Curve and Arc BC of a Timelike or Charadteristic

Initial Value Curve
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characteristic curves passing through a point
corresponds to a sound wave, the one to a
forward-moving wave and the other to a

‘backward-moving wave. The intersection of two

C, characteristics corresponds physically to the
overtaking ‘of one forward-moving sound wave
by a later one with higher velocity. When later
sound ‘waves overtake earlier ones, there is .a
steepening of wave profiles until discontinuities
of the dependent.quantities velocity, pressure,
and density are formed. That such

.discontinuities should form in the case of

compression.-waves:supported: by. an. accelexating
piston is .apparent in the ‘fact that the sound
velocity is greater in the cotnpressed,
-adiabatically heated medium resulting from the
piston -motion ‘than in the-undisturbed medium.

The one-dimensional unsteady flow equations
that have: been discussed in this paragraph are-an
cxample of a general case involving two

simultaneous Srst order partial differential

equations for which two real characteristic

directions can be defined and which, for that
reason, are said to form a hyperbolic system. I{
the equations are lihear, 25 in the example of
this paragraph, they.aze said to be reducikie. The
equatiohs for {wo-dimensional, steady,
irrotational, uniformly isentropic flow form
such a reducible hyperbolic system. The theory
of hyperbolic systems of equations is treated in
detail by Courant and Friedrichs®.

28 CONSERVATION 'CONDITIONS A* A
DISCONTINUITY. THE HUGONIOT
EQUATION:

A shock wave consists of a very thinregion’in
which the properties of the undisturbed medium
very rapidly become those of the ‘shocked
medium. The structure of this region is:
deteriined by the viscosity of ‘he mediuni.end
is affécted by the irfeversible process of hedt
conduction along ‘the very steep tempersture

e

SHOCK
PATH

UNFORM STATE
AT_REST -

Figurs 2-6. Intgrsecving Straight

Compression Wave

Characteristics C, During
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gradient existing in the transition region. In the
mathematical trealment of shock waves, it is
usual to idealize them by supposing that the
dependent variables change discontinuously
from their initial o their final states at a
mathematical surface of zero thickness. It can be
assumed that (1) the flow involving such a
discontinuity is determined Ly the laws of
conservation of mass, momentum, and energy;
and. that (2) the irreversible nature of tue

-discontinuous: prcess is -described by the

condition. that. the “mtropy does not decrease.
Apart from the discontinuity, the flow car be
described by the differertial equations for

continuous flow described in par. 2-6. A more

complete discussion of shock waves is. given by
Rice, McQueen, and Walsh*? .
We-consider a shock wave propagating in one

-dimension in the-direction. of increasing values

of the coordinate x, and we denote its velocity
with respect to the undisturbed material by U.
Employing the notation exemplified in Fig. 2-7,
we fix the crigin of the x-coordinate in the
moving shock wave and denote the velocity of
undisturbed  material and shocked material with
respect to this origin and in the direction of
increasing x by w_ and w,, .sspectively. If u_
and u, are the corresponding velocities relative
to a fixed coordinate system,

w, =- U, w =u -u, ~-U (2-128)

The undisturbed medium is at pressure p ,
densily p,, and has specific énergy ¢ ; and the

'shocked material is ai pressure p,, density o, .

and has specific enesgy e, .
In a time dt, an amount of mass -powﬂdt is
brought up to a unit avea of the moving

discontinuity from the right and an amount of
mass - p, w, dt is removed from unit area to trie
left. When dt is made very small so that the
layers.-on either side of the discontinuity are
infinitesimal, the mass brought up on the right
must equal that removed to L., left, so that
p W, = pw (2-129)
even if U is-not a constant. Similarly, the change
in mamentum of a thin slice of matter -of mass
p,w, per unit area ‘must be -equal to the
‘resultant force acting on unit area, sa that
pud - ol =p =p, (2130
even if .U is not a -constant. F‘inﬁlly, the work
done on the matter in the thin: slice by the
forces acting on it must be equal to the increase
in energy of the matter in the slice, so.that

e, +wi/t- ¢, - wif2=pu, - pu(2131)

even if U is not 2 constant. For til,e jrreversible
process at ‘the shock discontinuity, the second
law of ihermodynamics requires that

8, >3 (2-182)

By rearrangement, Egs. 2-129 and 2-130 may be
written in the form
pw, =P
) (2-133)
by - By powo(wo = wg)

Egs. 2-133 are called the mechanicak
congervation conditions. When they ave used to

SHOCKED FLUD | UNDISTURBED FLUD
t e 2
W, ! W
(ppp)) ‘ ' 2 (p,p,)
[ -
x increasing —

Figure 2-7. One-dimensional Shock Wave
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simplify Eq. 2-131, we obtain
e =g = WP+ p)U, - Y (2-134)

Eq. 2-134 was obtained by Rankine and by
Hugoniot, and it is.called the Rankine-Hugoniot
equation, It contains thermodynamic quantities
only. With thermal-dat».and an equation of state
of the material, the quantities e, = e(pl,vx) and
e, =e(p ,u ) dre determined, and therefore Eq.
2134 deucnbes 4 cutve in the-p-t plane for given
“alues of P, and v,, which is the locus of all

states (p,, v,) which satisty the conservation

condmom for a given initial undisturbed state.
Thé cuive is-called. the Hugoniot curve and it is
said to be centered on the point (p v,).

Shock waves are stable, i.e: they do not break
up into several shocks nor become a gradually
rising wave, if the isentropes satisfy the

condition
a’p
(@ > 70

When this condition is satisfied, the Hugoniot

cuive represents states which can be reached by
a shock process from the initial stete (p, W, ),
and shock wave-of rarefaction do.not exist.

If tire-state of the fluid is known on one side
of the shock ‘wave, the shock velocity and state
on thé othef side of the shock wave are
completely determined. by I}qs 2.133 and 2-134
if one additional quantity is given. The
additional quantity may be either a state
varidble, the shock wave velocity or the particle
velocity, except thatif the particle velocity is
given as the additional quantity, it is necessary
to specify which is the downstream side of the
shock wave,

Additional .properties of the shick wave can
be deduced directly from Eqs 2-133. Since p, >

,» it follows that w, > w,,ie., that:the ﬂow is
decelemted in passmg through' the st:ock front.
It-then follows that p, > , from the. first of
the mechanical con&ltlons It can zlso be
shown—ss, e.g., by Courant and Friedrichs~-that
the flow velocity relative to a shcck wave is
supersonic shead of the wave and subsonic
behind it. Thetefore, C, characteristics- through
a point hehind a shock wave overtake the wave
and the shock overtakes C, characteristics ahead
of it. Fig. 2-8 illustrates the flow in .a steady
plane shock wave supported by a piston
propagiting into a uniform fluid at rest.

For many .applications of the shock wave

.conservation equations, the undisturbéd medium

is at rest in a stationary coordinatc system. For
this case, the mechdnical cohsérvation:
conditions can be writte~-in the form

u = U1~ p,p) ;
1 (2-135)
Py =B = pul

In this case, the particle vclocity of the shocked
‘material is seento bé directed toward the shock
front.

The conservaticn equations of this paxagnph
provide relations between ‘the dependent
variablezs on the two sides. of the shock
duconiinmty, In the regions where the flow iis
continuous, it is described by the dlﬂerentnal
equatiuns of par. 2-6, The.complete flow is thus
determined by solutions of the differential
equations that -are subject to conditions
specified on the shock path which is to ‘be
regarded as a kind o* initial value curve,

229
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CHAPTER 3 ENERGY OF EXPLOSIVES

31 INTRODUCTION

Explosives are substances that rapidly liberate
their chemical -energy as heat to form gaseous
and solic decomposition products at high
pressure and temperature. The hot and very
dense detonation products produce shock waves
in the surrounding medium and upon expansion
impart kinetic energy to the surrounding
medium. The -energy released in the detonation
process and the energy available after some
degree of expansion respectively measure the
ability of the explosive to génerate shocks and
to impart motion %o the environment.
Consequently the energy of an explosive is a
measure of its performance. Moreover the heat
release in the detonation is an important
quantity, as will be shown, in the
thermo-hydrodyndmic Chapman-Jouguet (C-J)
theory of detonation (see Chapter 6 for a
discussion of the C-J theory).

32 HEAT OF DETONATION

In priaciple, @, the heat released in a
detonation, is obtained for some standard state
‘hy. Hess’ law according to

rn

Q=7 n,(AHp) ~ 3 my(AH}), (31)

where n; is the number of moles the i-th species
of detonation products whose standard heat of
formation is (AH?); and m; is the number of
moles of unreacted explosive of the j-th species
whose standard heat of formaticn is (AHp ), If
the Lewis and Randall convention is used, the
right'hand side of Eq. 3-1 would be negative for
an exothermic -eaction. However, it is
customary to have Q positive for exothermic
reactions. Thus Q@ = ~ AH . .¢on Where
AH (¢0ctionis the right hand side of Eq. 3-1. In

practice it turns out that the compositions of

the detonation products in the C.J state, or at
different degrees of expansion, are unknown.
Since chemical equilibria can be influenced by
the total pressure of the system, the product
composition and consequently Q can change as
the products expand and the total pressure
decreaces, Expansion also results in cooling and

consequent product composition change. Below
some ‘temperature, chemical reaction rates
become so slow that further temperature and
pressure decrease (expansion) produces virtually
no further change in composition, ie., the
composition is: “frozen”. Thus any calorimetric
measuryment of the heat of detonation AH,,
may not be the @ for the C-J'state, but the heat
of reaction for some expanded ‘“frozen”
equilibrium composition, Measured heats of
reaction will vary depending -on how
the calorimeter measureipzits aic made, ie., on
how much the products are allowed to expand
before the composition is frozen. This is
probably the main réason why many conflicting
values of AH,; have 'been reported. Further
confusion arises from the fact that sometimes
calorimetric heats-of detonation are “corrected”
for the heat of vaporization of water (one-of the
major detonation products in secondary
explosives). In a calorimeter measurement water
is in its liquid state, but under detonation
conditions it is in the gaseous state. Thus to
obtain @ from calorimeter measurements a heat
of vaporization corfection should be made, but
unfortunately it is not always possible to
estimate how much water was present under
detonatlon conditions even though the amount
of water formed during the reaction in. the
calorimeter has been determined.

3-3 THERMOCHEMISTRY OF HIGH
EXPLOSIVES

Thermochemical data and empirical’ formulas
for several explosives, explosive mixtures, and
ingredients of explogive mixtures are given in
Table 3-1, together with data for their major
decomposition products. These are important
quantities from which theoretical properties of
explosives can be calculated. There isno obvious
correlation between AH? or AH; and the
“stability” or “sensitivity” of an explosive. For
example, NG and PETN which are known to be
“‘sensitive” have large negative AHY’s, i.e,, these
compounds are thermally stable with respect to
their constituent elements, On the other hand
TNT which is quite “insensitive” is almost
thermoneutral with respect to its elements.
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HMX and RDX whick are certainly less
“sensitive’” than PETN or MG are thermally
unstable with respeét {o their elements.
Similarly AH;’s do not correlate with
gensitivity, e.g., tetryl is much-more “sensitive”
than nitromethane but (AHy)xu >
(AH,, Jtetrs1. Moreover it does not necessanly
follow that a positive AH? results in a large
AHd'eE (AHd)tMryl<(AHd)PETN
By far the best available determinations of
AH., and product composition are those of
Omellas’. His results are given in Table 3-2.
Note-the. excellent thermal and material balance
cbtained. Certain useful generalization can be
drawn from these data, namely: )
1, Confinement incresses AH, and
changes product composxtlon in-oxygen-negative
explogives but.not in oxygen-balanced explosives
(seepar. 3-4 and Tabie 3-6).
2. In confined oxygen-negative

explosives, at large packing density, an

-appreciable amount of solid carbon is found in
the .products even though suff cient oxygen is
available to form CO, e.g., in. HMX

3. The ﬂuotme of ﬂuopne-contaming
explosives appears as HF in the detonation
products,
" Consider the data of Omellas.{Table 3-2) for
unconfined explosives, 1f the products for
uhconfined shots expand very rapidly so that
the pressiire becomes much less than Py, at Ty,
the temperature at which equilibria are frozen,
then these products should approach perfect gas
behavior at Ty,. If we know the equilibria
involved and their ideal equilibrium constants as
a function of temperature, we can compute T;,..
Table 3.3 gives the free energy function G°/RT
for the important detonation products of CHNO*
expidsives. From these data AG°/(RT)can be
obtained for different temperatures for the
reactions of interest, and ‘ideal equilibrium
constarits computed-according to

K = - AG°/(RT) (8-2)
where
G°= stindard state Gibbs free energy
‘R = gas constant
T = absolute temperature
Let us assume that the water-gas reaction
* Since these are the explosives of military interest all

the subsequent discussion in this chapter will be
confined to CHNO explogives.

3-2

€O, +H, =CO+H,0  (a)

is the controlling equilibrium. To illustrate the
computation we will use PETN, CsHgN Oy 5; a8
an example. Let X bé the number of moles of
CO, at equilibrium, and C, H, O the originai
gram atoms of carbon, hydrogen -and oxygen
respectively. Then from mass 'balance and
Raoult’s law

C-X

Pco = n !
_P
Pcog = 1,

(3-2)
P '
PHy0 = (0-C-X) \

Pu, == (MH +C -0 +X)
t
where
n, = total number of moles of gas at equilibrium
p = partial pressure
P = total préssure at equilibrium

"The ideal equilibrium constant for reaction (a)
is
Pcuwngo  (€-X) (0-C-X)
«~ Peo,Pu,  X(ACH+C-O+X)
(%) (1-X)
X(X- 3)
For PETN with X = 2.96 correspending to T, =
1600°K:
X = 3.50.= moles CO4 per mole of PETN
C-X * 1.50 = moles CO per male of PETN
0-C-X=3, SO-moletH,Opcrmole of PETN

YH+C-O+X= Om-mdnﬂ,wmoleolPETN
N/2 = 2,00 = moles N; per mole of PETN

This equilibrium mixture matches ,almost
exactly the composition found by ‘Omellas® for
unconfined PETN (see Table 3-2). In Table 3-4
we show that for T, = 1600°K the computed
ideal gas mixtures for HMX, TNT, as well as
PETN, agree closely with the results of Omellas
for unconfined charges.

Other reactions which must be considered at
high pressures (confined charges) are

2C0 = CO, + C(s) (b)
CO + Hy = Hy0 + C(s) (o)
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At low total pressures (unconfined charges) the
data in Table 3-3 give K, ~ 9 X 10'® and K, ~ 4
X 10°5 for the equilibria (b) and (c) at T}, =
1600°K. Thus. the neglect of reactions (b) and
(c) at low pressure is entirely justified,
According to Le Chatelier’s Principle, reactions
(b) and (c) will shift to the right at high
pressure, and we should expect more CO,, H, O
and C(s) for confiied charges than for
unconfined.charges. At high pressures, the ideal
gas laws are no longer applicable and simple
computations -of equilibrium compositions are
no longer possible witiout the appropriate. PVT
equation of state for the products, Ornellas® has
made computations for CJ isentrope
compositions at 1500°K and at 1800°K using
the Becker-Kistiakowsky-Wilsan (BKW). and
Lennard-Jones Devonshire (LZD) equations of
state for the products. Agreement between
observed and computed preduct compositions is

. quite good. This suggests that T, for confined

chdrges is between 1500° and 1800°K in
agreement with Ty, = 1600°K for unconfined
charges.

At high pressures and temperatures of tne
order of 1500° to 2000°K tbe raactions

N, + 8H, = 2NH, (d)

-C(s) + 2H, =CH, (e)
are .no longer neglible if the equilibrium mixture
(hefore considering reactions (d) and (e))
contains. appreciable H,. Equilibria (a) through
(e) account for all the observed products (Table

3-2) with the exception-of very minor amounts
of:HCN.

34 COMPUTATIGN OF Q

Examination of computations for unconfined
charges (perfect gas) as well as the more
elaborate calculations for confined charges
BKW, LJD, etc.) clearly show that when an
explosive contains sufficient oxygen to convert
all its hydrogen to steam and its carbon to CO,
(oxygen-balan.ced), the water gas equilibrium
completely determines the composition of the
products. Thiz equilibrium is rather insensitive
to the total pressure at equilibrium,
Conrirmation of these theoretical computations
is found in Orneligs’ iata for confined and
unconfined PETN (Table 3-2) which show
essentially the same product composition at high

pressure and at ambient pressure. Conversely, in
oxygen deficient explosives equilibria (b)
through (e} play an important role .and as
expected, the product compositions for an
oxygen-negative explosive are very-different for
confined and unconfined charges (Table 3-2).

We now return to the question. of Q@ the heat
released in a detonation and its relationship to
AH, which is determined. calorimetrically. Q
cannot be measured directly. It can be
computed if a. PVT equation of state is known
for the dense detohation products. Since there is:
no general:agreement about the proper form of a
PVT equation of state for detonation products,
the best we can do is to compare Qs computed
with different-equations of state. This is done in
Table 3-5 using three rather-different equations
of state: Somewhat unexpectedly it tums out
that Q is quite .insensitive to the type of
equation of state used. Thus Q’s computed, for a
given explosive at a given density but using
different equations.of state, agree closely. 'What
appears to be even more remarkable is that for
explosives that are not too deficient in- oxygen:

Q =~ AH, (3-4)

and for oxygen deficient explosives
Q =~ 11AH; (3-6)

where the calorimetric measurements' AH, were
made on confined explosives. Actually this
coincidence is not ‘totally unexpectéd. In a
calorimeter water is in the liquid state.and:even
for strong confinement one might expect some
pressure drop before the thermal measurements
are completed. In the C-J state, water is gaseous
and the pressure is at its highest possible level. If
there were no pressure drop, then AH; >'Q by
the heat of vaporization
of water. However there i some pressure drop
and, consequently, the equilibria of such
reactions as (b) and (c) lie further to the right in.
the C-J state than in the calorimeter. Reactions
(b) and (c) (as well as (d) and (e) the less
important reactions) are exothermic, and their
greater degree of completion in the C-J state
tends to compensate for the effect of the heat of
vaporization of water.

Some further conclusions may be drawn from
the data in Table 3-5. As already stated, at a

3-3
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fixed density for a given explosive, Q@ does not
change with the equation of state but the
computed CJ temperatures do .change. The
computed C-J pressures (which are generally in
zeasonable agreement with experiment) do not
change appreciably with these equations of
state, but .do change strongly with initial
density. Now for & given equation of state, a
change in initial density produces a much greater
change in the computed pressure than in the
computed temperature. This computed pressure
change is confirmed hy experiment. Note that
the computed @ for 4 particular-explosive in all
cases decreases as the computed pressure
decreases but that it is fairly independent of the
computed temperatures. This same ftrend
appeared in the data of Table 3-2 where the
freeze-out temperatures for all the explosives
were about 1600°K but the cquilibrium
pressures and product compositions varied
depending on whether the explosive was
confined or unconfined. Thus it appears that
product composition (which -determines Q) is
more strongly influenced by the final pressure
than by the final temperature of the system.

The relative nondependence of @ on C-J
temperature -may be rationalized as follows. For
oxygen-balanced or oxygen-rich explosives, the
water gas equilibrium (reaction(a)) is the
primary reaction which determines the product
composition. This. equilibrium changes rather
slowly with temperature and furthermore small
changes in equilibrium composition produce
vary litile change in Q because reaction (z) is
almost thermo-neutral, ie., (AH{)co, =
(AHP)co + (AHD)y ;0. For oxygen-poor
explosives the explanation is not as apparent.
Reactions (b) and (c} are sensitive to
temperature, and they are not-thermo-neutral. It
may be that equilibria (b) and (c) lie far to the
right (as written) over wide ranges of detonation
temperature and pressure,

Two further generalizations can be made
about the resuits in Table 3-5. If we arrange
explosives according to their oxygen balance in
order of increasing unbalance, as we have done
in Table 3-6, then it becomes apparent that the
largest Q’s are obtained with balanced explosives
and that the Q’s decrease fairly slowly for
moderately oxygen-poor explosives, and more
rapidly for oxygen-rich explosives. The reader
must be warned that there are exceptions to this

34

generalization—(e.g., Explosive D and Hydrazinc
nitrate in Table 3-6).

A more fruitful approach to a priori estimates
of @ is shown in Table 3-7. It:is.clear that Q’s
based on the best available computations agree
closely with Q,’s computed solely on the basis

of initial explosive composition and
thermochemistry with the arbitrary
assumptions:

(1} Al the initially available hydrogen
forms steam.
(2) Any oxygenremaining forms:C0,.
(3) Any carbon remaiiifig appears as solid
graphite. .
_ (4)- All the nitrcgen goesto N,.
Thus quite accurate estimates of Q appear
possible if the initial explosive composition. and
? of this composition are known.

35 FRAGMENT VELOCITIES

One of the most useful functions of a
secondary explosive is its ability to prodice and
accelerite fragments formed from its immediate
environment. It seemslikely that the efficiency

of an explosive in accelérating fragments shouid

be relat:d to the enérgy contained in the
explosive. The discussior: which- follows will
show that this expectation is fulfilled.

The so-called Gurney forinulas® are very
successful in determining terminal fragment
velocities. These formulas are derived on the
basis of three-fundamental assumptions, namely:

(1) Theé chemical energy of the explosive
is converted into kinetic energy of fragments
and detonation products.

(2) The velocity distribution of the
detonation products varies linearly from zero to
the velocity of the fragment.

(8) ThA density of the products is
uniform or at lease independent of position, i.e,,
p=p(t) butp # p(x).

For cased cylindrical explosive charges these
assumptions lead to

- (/-
V=2 JTicrmi &6)
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= terminal fragme,-* velocity (no air
drag)
= empirical Guiney consiant (having
the dimensions of V)
C = weight of explosive
M = weight of casing
For the case of a plane wave detonaticn
accelerating a flat plate, the Gumey formula is

- A
v ‘/Z‘E- 1+ 5M/C + 4(M/C)? 31

‘Gurney constants compated from experimenta:
data obtained from several sources are compared
with Q in Table 3-8. On the- average (with @
-obtained from Eq. 3-4, using experimental AH);)
V2E/ \2Q ~ :0.95, however, ‘there may be a
trend for this:ratio to-decrease as p, decreases.
The results for TNT are contradictory. The only
available- information for nitromethane (NM)
makes it appear as an inefficient plate driving
explosive. Nevertheless, the data in Table 3-8
clearly show that in one-dimensional
detonations the.chemical energy of explosives is
very efficiently converted into kinetic' energy
(around 90% ccnvession) .of fragments and
explosion products.

Ei

36 AIR-BLAST

The efficiency of an. explosive in producing
air-blast is usually given in terms of equivalent
weight, i.e., the weight of TNT (or soine othes
standard explosive) to give the same air-blast
overpreéssure a8 the test explosive where both
measurements are made at a fixed distance
from the charges (see Chapter 13). For
measurements made far away from the expiosive
charge, Landau and Lifshitz? have shown that
the overpressure is proportional to the initial
energy of the explosive, i.e., to mQ where m is
the mass of explosive; consequently,

equivalent weight = m°/m = Q/Q°  (3-8)
swhere the superscript o refers to the standard
explosive.

Experimental equivalent weights are compared
to computed Q/Qryr and to experimental
AHy /(AHg)pyr in Table 3-9. Agreement
between mayy¢/m and Q/Qryr is seen to be
quite good. AH,/{AHy)py o> mopy p/m except

for Comp. B and Pentolite which contain large
propottions of TNT. This is not surprising since
it is @ and not AH,; which should correlate with
equivalent weights. Using.the approximation.of
Eq. 3-5 brings the AH, ratios into much better
agreement with theé equivalint weight ratios,
except in the case of aluminized explosives. for
which the “corrected” AH, ratio is still greater
than the equivalent weight ratio. This suggests
that in unconfined aluminized explosive charges
the .aluminum does not contribute ail its
chemical energy presumably because the

.dluminum reactions ate slower than the other

detonation reactions.

37 UNDERWATER PERFORMANCE

Price’ has suggested that a criterion: of the
underwater performance of ar explosive is given
by the sum-of thé shock wave energy (at-a-fixed
distance which is large compated to the
explosive dimensions) and the oscillating bubble
energy. To a first approximation both shock
energy. and bubble vary directly with explosive
weight, and the sum should ‘be-approximately
equal to the chemical exergy-of ‘the explosive®.
Consequently, Eq. 3-8 is .also applicable to
underwater explosions-if the m’s afe the suins of
equivalent weights for shock wave and bubble
energies. The-data.in Table 3-10 show excellent

agreement between equivalent weights and

Q/Qryyp except for two éxplosives (TNETB.and
PETN) which have only slight oxygen
deficiences. As discussed in. par. 3-3 the
composition and, consequently, Qfor these two
explosives do not chiange with confinerent: Fpr
the other explosives in' Table 3-10, and
particularly for TNT, composition could be
affected by confinement in the direction of
smaller @ as cuafirement is reduced. It is
conceivable that the computed Q’s for the
oxygen negative explosives are overestimates of
the actual Qs for the conditions of the
experiment, and consequently Qpgpn /Qryr OF
Qpnprs/Qryr should be larger than shown in
Table 3-10.

Note that aluminum greatly adds to the
underwater performance of aluminized
explosives. Presumably this is due to the longer
confinementi period of the surrounding water
which- allows the aluminum reactions to go to
completion before too much expansion occurs.
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38 C-J PARAMETERS

In par. 3-4 we indicated that calculated Q’s for
dense explouves are insensitive' to the form of
PYT équation of state used in the computahon
This means that Q, if available experimentally, is
a poor -criterion for choosing the best equation
of state. On the other-hard-quite good-estimates
of Q appear possible based on @, or AH;.
These estimates can then be used to get
approximate values of Ty the equilibrium
temperdture of a constant volume explosion,
‘Pgy the Chapnuan-Jouguet pressure, and D the
‘steddy detonation. velocity. Approximate values
for Ty can be obtained from

Ty E'i; z + T, (3-9)
where
Q4 = heat released in an explosion
computed. on initial explosive
composition and therinochemistry
and arbitrary assignment -of products
shown in:par. 3-4.

number of moles of gas at equilibrium
estimated from. arbitrary reactions
uséd:in obtaining Q,

specific heits of ‘products averaged
over the tempetature.range Ty - T,
The Ty obtained from Eq. 3-9 should represent
an upper limit to Tc,, since all the chemical
enérgy is assumed to go into thermal energy of
‘the products and no allowance is made for
eénergy of repulsion which surely must be
present in-the highly compressed C-J state. If the
detonation -products obey the polytropic .gas
law, i.e., PV" = coiistant, then

n;, =

& =

D = 2Q,(x*%1) (3-10)

-and

Pos = Qupe(k-1)  (311)
Agreement between experimental values of D
and Pcy,, and those computed using Eqs. .3-10
and 3-11 is only moderacely good. Using Q4 -(or
Q) and k=25 the average deviation of
computed and experimental D’s (detonation
velocity) is 6% (+5 to~13% maximum deviation)
for 13 almost voidless explosives. For these same
explosives the average deviation of computed
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and experimental Pcy, is 6%(+15 to -11%
maximum deviation). For ten other explosives
for which experimental data -are also available

the deviation is greater than that given. Seven of

these ten explosives contain NM or TNM or
both. For other values of ¥, agreement is even
poorer. ’

A better approach for estimating P, is to use
experimental D values which are often available
where experimental Pc; dsta are mot. A
convenient equation to use is

P £ D?
ol = TFT

Calculations on 26 -explosives (some -of these
are at about 1/2 of voidless density), usmg Eq:
3-12 and experimental D -and Pgy, give an
average K of 2,8 with:a maximum range of 2.4 to
3.0. Four exglosives: which give K’s-outside the
-above range -are NM, TNM. and two: aluminized
Comp B mixtures.

(3-12)

39 MAXIMUM WORK

In an adiabatic process, according to the- first
law, the maximum work W, ax that. an element
of explosive can do on its sutroundings: is-AE
(note that the term adiabatic refers to-no heat
gain or loss by the element from. or to the
surroundings). For a constant volume explosion,
explogion .products (formed in an .exo-thermic
reaction) assumed to ‘be a polytropic gas, and
neglecting the Pv term for the solid unreacted
explosive,

AE = E, ~ E(Aﬂn) ‘products

.Pa I :
* 51 - Z(LHD) expionive , (3-13)

=Qcv. + %""" Wrnax

For a polytropic gas vy may be related to v,
according to

Pus/2= Py, and Py = Py

where the subscript i refers to some intermediate
state above which the polytropic coefficient is k
and below which the coefficient is v =
¢pley, Poy. = P;J/2 i3 the constant volume
explosion pressure, and the subscript o refers

LFT e
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to the standard explosive. For typical values of
the parameters involved and an arbitrary
assignment of (P;/P;)/2 = 102 it can be shown
that Povy

e

Consequently for.a constant-volume
(€.v.).explosion Winax = @, (3-14)
Eq 3-13 is alsc applicable to a C-J detonation

except that v, for a C-J detonation is different
from -v, for a constant volumé explosion. For a

-C-J detonation

‘P]U; = Pjlv,x/(k + 1)]‘

=P, and asbefore Pju] = P,v]

With the same assumptions as before Foy
< 0.03:and tr-
Wonax ™ Q '(3715}

Because the pressures are different -and
consequently the chemical ethbna cou'd ‘be
different Q' does not necessarily equal Q. , . The
data in Table 3-6 suggest that Q>Q.. v, because
B>P.,,

'lhere are no completelyunambnguous
measurements: of the maximum work done by
an explosive; howevet, the Ballistic Mortar
probably comes cinsest to being a valid test of
the maximum work. In this test a standard
weight of explosive is fired in & suspended

mortar with a tightly fitting steel pro)echle and

the angle of recoil of the. mortar ‘is measured:

Resiilts are gerieraily expresed in terms of a
standard explosive, e.g., TNT. In Table 3-11 we
compire imeastired Ballistic Mortar results with
Q where both quantitiés are taken relative to
TNT. It is obvious that correlation is poor..If the
coniparison is ‘made with AH, rathér than Q
conelatxon is much better and-it becomes better

et it one arbitrarily .assigns (AH;)qyp = 1.00

kcal/g rather than the measured (AHd)TN-,- =
1.09 keal/g for tightly .confinad charget.

siready -discuséed the heat release of TNT, but
not-of other.explosives such. as PETN, is strongly.
influeiced by confinement, The explogive loads

in the Ballistic Mortar are generally at fairly. low

packing densities so that detonation productu
can' expand slightly before the projectile: starts
to move. During the period of accelération of
the projectile-there is further gas expansion and

‘reequihbmtion of products, The whole.process.

nppem 't0-be-quité-simila¥ to what is happening.
in a pattmlly confined charge fired in a
calorimeter.. Thus: one, lmght expect that AHj,

.and . not Qi is a better meagure of the “maximum

work” meagured by the Balhstnc Moﬁar In
Table 3-2 we show :that AH, ‘for TNT varies
from 0.68 to 1.09 Xcal/g depending on ‘the
degree- of confinement. Comequenﬂy, the
arbitfary choice of (AH,, Jryr = 1.C0° keal/g is
riot unreasonable in this case.

In the Ballistic Mottar, as in' air-blast and
fragment propulsion, aluminized explosives do
not perform as well as expected from their
theoretical Q values.
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Teirenitrimetione (TW)  CiNO), 19 443 1M - - ‘ N / 7
o [XETNR 30 s 160 Lo tan X R /."",\;
X, [XEXN M LT 16 e i LT - 1
Tetryl. XXX W e 1,50 3.7 L : . . N .
oamne N0, M -3y L® Lo L ' } L% . !
T [TEX W alme 190 147 "L ! \ . k
oy "'s"a'c“u » - 7224 1.4 1.50 oL : ‘l’ | : > !
merie seie M0, PLO P 1.03 Mot . i B ) s
u(:::::_‘:es;u CeXe% 44~ 97.0 - - - ‘ . :" < s =% ’ .
b Sxpledive Miztured ' ' AR '4 ' s 1
xe04 B sa s s 0y . 4 LA e ny ‘ A ‘i:' ¢
Conp -3 08251 21802007 1996 ¢+ K Ly 12 L : oty ) .
$0/50 Cycletel LA T N 116 anot : \
©/10 rmatal Sl M 0g0 0 I8 - die 186 108 oL R . .
S : . |
Jmsesiium Nitrste (AN) 0 -7 - - B R - S
Potesniun Nitrate (KN) Xy 1001 -1 - - ' b e P
fomsasum Perchioraia (A1) MW,.C10, uLs -m - - :’ ’ ’ \\ A “,'
Hautd Oxygen (WX} % 7 -3 - . } v B E v
Totranstromethone o(mo,) w6 a3 - - H
o ps .
Alumgmn a ar ° - « g
Corbes ¢ 1n o - - . )
Petroleus (Pot} o) it -7 - - E
Colluless (Cel) (0% 162 224 - - ‘
Wltue s n o - - PR
o Bagctios Predusts |
Carven Nenemide s M ezt - - N
Corhan Dimsde co, M M0 - - be
Yater (Cas) IV’O i =378 - - )
bysroaes Chleride w1 34,3 .22 - - , -
Wydrimen Fiveride w 0 e - - :
Saltur Dleide s, “  ena - - !
Alumtmun Oxide M0y 100 - - - : ’
Petsenium Oriide 'zéa M My - - i
T Steniard pest of Jersapien 4t IWK sd | aim
* 1 “eat of th Anert Lor-vxplodive o6 og;
#XPlosives weTe conlined unless indicoted; IIle) i
? 1AL s Lavrente Redlution Lewopatory i
NOL = Maval Oydrance Labevatory . i
ARDR ® Armoment Resssrch-ond Development Catsdlishaon (V.X.)
(4} Ungoatined. e
39 .
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TABLE3-2. CALORIMETRIC DETERMINATION OF THE HEAT AND PRODUCTS OF DET(”)N'A?IOKVi

EXPLOSIVE PRTN PETX HMX HMX TNT TNT L FEFO

Condition . . Confiried. Unconfined. Confined Unconfined Confined Uncontined Coéifined Coufinad
P, (&/cc) 1,74 1.74 1,80 1,80 1.53 1/83 1.13 1.60 |

(% eal/g 1.49° 1.50 1.48 - 1.09. - 1:23. 1.28 . - [ 1

UMD ) (keal/gr 150 1.51. 1.53 1.33 1.16 0.68 1,28 1.35

P?oduct:

Mole/mole R A
o, 339 3,50~ 1.92 1,44 i.25 0,083 0.261 .16 1
o0 1.64 1.59 1,08 2,65 1.98 5.89 0.550 1;88
o, 0.003 <0.0002 0.039 0.0008 0.099 0.009 0.083. 0.001
cls) none none 0.97 nohe 3.65 1.0 0.095 none
LEPN 3.50 3.45 3:18 2.50 1.60 0.17 0.082 2.14 -

%, 0.458 0.51 0.3 1.5% 0.46 2.3 0.284 0.048. .
X, 2.00 2.00 3.68 4.01 1.32 1.36 0.394 1.9
LS 0:037 ©.002 0.395 none 0.162 0:022 0.118 0.023 .
HCN none none 0.0c8 0.0006 0.020 0.024 0.008 -
We - ~ - - - - - 1.87
Empiricsl formuls. .

of sxplosives b sed
of productase

c 5.03 5,01 4.00 4.09 2,00 6.99 Q.99(a) 5.04(®) i
" .02 7.92 8.31 .06 5.03 s.08 3.04 6,30 ‘
X 4.0¢ 4,00 2.77 ..04 2.68° 2.76 0.92 4.00 ‘
[ 11,92 11,99 8.08 $.03 6.08 6.19 1.905 10,34 |
r - < - - - - - 197

¥rom product compositios and m:'a of Tible 3-1.

*” Compsxe with empiricsl formula of Table 3-i,
{») Analysis of criginal materisl gave 01.00"2.““;9601.92.

(b) Anslysis of originsl material gave Cb'oolls.‘,ull"o’om.mrx.".

o
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TABLE33. IDEAL GAS FREE ENERGY FUNCTIONS (G°/(RT)) FOR DETONATION PRODUCTS

NH

-7%.69

-63.66
-61.74
-60.09

~57.42 °

~35.36
-51.89
-49.83
-47.70
=46.81

-38.88

-36.03
~35 .61
~35.26
-34.72
~34.34
-33.79
-33.58
~33.58
~33.81

-53.94
046.77
-45.66
-44:70
-43.17
-42.00
~40.11
~39.07
-38.19
-37.99

~17.49
018.39

-18.59
-18.78
-19.14
-19.47
~20,20

'2(’534,

-21.90
=22.77

Cc(s)

~1.522
-2.064
<2,190
-2.312
-2.454
~2.764
<3.256
-3.686
~4.406
~4.996

~31.70
=31.44

~31.49

-31.57
-31.79
=32.08
=32.83

-33.65-

=35.24
-36,67

~24.95
-25.97
-26.20

=26.43

=26.84,
=27:24
<28.12
-28.89
~30.19
-~3%.29

-34.17
~33.38
-33.38

35741
~33.59
=33,85
-34.70
=35,67

-37.61 -11.41 -16.1Y -
~39.4% ~13,88 18,13 °

© $0vE35 <

-3.31 706" -
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TABLE 34 WATER GAS EQUILIBRIUM FOR IDEAL GAS PRODUCTS
AT 1 ATM AND 1600°K
Product

Composition, Explosive

moles/mole PETN HMX INT NM
CO, 3.50 146 0.043 :0.26
co 1.50 2.54 586 0.75
H;0 3.50 2,64 0.057 -0.75
H, 0.50 1.46 2.46 0.76.
N, 5:50 4.00 1,50 0.50
C(s) None None 1.09 -,
NH, 16X 105 1X104 1.6 X104 seeen
CH, None None 0.012 oeeen

Q* keal/g 141 1.24 0.67 0.98

*Based on computed composition, H,0
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AMCP 706-180
TABLE 3-5. CALCULATED AND OBSERVED CJ PARAMETERS. '
:
Q beatty - ¥ o kaid .
Py, g : . e
Kxplenive xr Mader®  Pickett"  Zuberey' ' Medor  Fickett  Zubirev  Nedar  Fickwst Tderey !
rery Ty 152 - 1,49 ats - 210 2830 - 4400 ¢
177 Aty = 2.4y 34001). 42001}
.07 5.92 1edsta) 143 280 2310) 270 2020 4300(0) 1300
1.67 33032} 3400800(2)
1.00 199 142 - 102 % - w10 4750 dnso :
ROX 1.0 148 140 147 7 328 Mo 200 4040 4000 ;
100 Li1g 2144800 2e7¢n; 270001) ¢
arota :
140 1,43 143 - 300 192 .- 270 4300 - :
1.40 — - - 21309) .
120 Low - - T - saeY IS - 4540 i
1.30 152() >
1.00 L33 1.29 13 108 104, 104 300 4318 1360 :
e L% 148 - - ES - - 208 - - : : ‘
1 30 Byl as0(2) . ~ o]
;
] [UE R 1.7 - 120 123 a0 w00 b, vz{
L 11 ANl 12903 340004) (2) f
142 3ro01) .
™ 1.63 n27 1.8 325 206 L] 1y im0 deeo e > o
1.63 223(2) ‘\ = - 71
L8 20249 } o j
1.33 By« 3,08 A . .
140 IRy - 143 13 - mo 2370 - i
148 78(2) B -
16200 .
100 14 [T 18 1 n 3 100 3630 2010 i 9 >
105 11303 = » -
1.00 “ 1
e 1 117 - - 208 - - 8 - - : °
1,79 Aitye1.00 259(2) 5 . -
4
Tetryl: 210 a2 - 1,40 22 w0 w20 -~ 4000 pooe M |
130 20501 288001 { A . 1
150 ARgmrar . : e
™ 1en 0.38 0.33 - 16 m - 140 2440 - ! “
4 1 prITEN 2000(2) . \
atoo() . . .
YIUVITY 3.40 144 150 - w2 13 - 2508 4438 - : -
1900 asma(3) : B - ’
0. 80M/0, 2074 1,31 us9 L2 - m 138 - 4000 5040 - i '
1 ,
d 13 18621 3730( ; .
% ne [T 146 - ur 208 - 120 4600 - : ’ E
1 1® 23} 400001} - . %
TNLA() 270 148 - - E' - 3008 - . . . v
STNEU(S) 146 1ot v - 233 - 18 - - ! ¥ *
. " -
- ) o ° q
Nader 1A 3800y 1963, : ’ |
* Tiskest LA 22, M2 . .
""" Zavarey and Telngin, Dokledy 188,453, (1964), ’ ;
g - c )
1) Apin and Voakobotntkoy, WMET 117, No. J, (1961). ! o
€21 Cited in LA 2009, ¢
(3) Sreatn s Pokns), Doklagy 138, 838, {1959).
() p, = 180 g/ge, 7 b
{5) Assused 10 bu 1he sise 33 fOF weX, . .
{9) B, » 2425 g/gse 7
{d) WL computation using SN squation.




TABLE36. CORRELATIONBETWEEN Q AND OXYGEN BALANCE

Py, Q* Oxygen i
E)Q_l_o_ﬂi_lw___ .‘./_c‘:_ keal/g Balance™* f o
0.8 NW/0.2 TNM 1.31 1.61 0.00 e
BTNEY 1.86 1.49 0.00 7 T
NG 1.60 147 +3.5 ; )
“TNETB 1.70 i.45 -4.0 Y
PETN 1.77 1.50  -10.0 o .
2/ 3MM/1/ 3TMM i.40 1.30  +15.1 s o
X 1.90 1.48  -22.0
RDX 1.80 1.48  -22.0 L
NM 1.13 1.33  -39.3 CoE
Comp. B 1.7 1.41  -40.3. oo
Tetryl 1.70 1.41  -47.4 %&&3 b T
TNT 1.63 1:.27 -77.6 : B Lo
™ 1.64 0.55  +49.0 b
Explosive D 1.50 1.27 =52 v ‘
DATNB 1.79 1.12  -36 :
Hydrazine nitrate 1.63 0.90 48.4 ; o - o

;

* !
Average value shown in Table 3-5 ) 5

1]
Oxygen balance = ~ = 1600

( mt [20 atoms +H/2 0 a8 - 0 _atoms]
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bl TABLE3-7. COMPARISON OF Q; AND Q, BASED ON AN ARBITRARY ‘ ’
) DECOMPOSITION MECHANISM
< )
\ -
- R ‘
~ ' : o
. . W ' o
Q v “ ; * Q *k :'
W B Explosive Po, Q, “A,. )
g/cc kcal/g keal/g { 2
- . - - ;
et ) PFTN (!t_’!{ah'aoi2 175 1. .'?0 1,52 v
B'IV‘NEU CSH6N8913 1.86 149 1 48 '
“ ‘RDX. CSKG,NGOG 1.80 1.48 1,48 ‘ o
! ' 0 1, . . :
HMX C4H8N8 8 1,90 1.48 1.48 !
. . ‘ ) ) ,
L mm L6H8§6°14 1.70 1.4? 1.43 | )
TETRYL c7l§§_!{598 1.70 1.41 1.43 |
NM CH,NO, 1.13 1.33 1.386 ;
’I.'Nfl' . c‘IHSNBOG 1.63 1.27 1 .?8 I
.»PICRIC ACID (;6!(3»1(;’0‘1 1.7 1.23 1.25 x
/\) ,.’.)A'n.m C/SH_,,,NS'O6 1-79 1.2 1 }2 ;
N Explosive D CgHeN 0, 1.70 1.07 1.08 ,:’_
P
S PBX 9404 61-4052-75}{2‘.5702.69 1.84 146 1.47 | :
(‘!(’)l.lP.B-.'! 02.05,{'2.51’2.1502.67 1.7 ]...40 1,39
, OCTOL 05e34H1°-03N9-22010-43 1.81 1.43 1.43 ]
) 3 :
. ; |
, R !
1
' From Table 3-5, and NOLand LASL compilations. ;
*k . !
From arbitrary decomposition mechanism assigning all aveilable
oxygen to uzo and 002 with excess carbon appearing as C(s). ‘ )
r:'i i
{
" 4{' . . 3“5 ¢ )
[ i ; 3
A 3
¢
[
o3
S
. N
g
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TABLE 3.8. COMPARISON OF Q AND.GURNEY CONSTANTS FOR PLANE-WAVE ; ‘
SHOTS i ; °
! .
t -
! e .
1 T
A
i
x [ - H . ) ,
XE Po. VR, V2, VI Source ! ”
L g/es an/iigec wm/isec ) |
Baratol 261 2.0 1.4 ~0.97 K1 ! . s
1.72 min ~0.86 ain {- o ta
$3/17 HMX/Teflon 1o 3,24 g 0.998 LAL ; . ”
36/14 _HMK: Fluorearbon Lesd 3,26 3.3, 1.02 e ¢ o
HUX 1.891 3.52  3.5% 1.01 LaL { ¥
HMX 1.9 3.52 23.45  20.980 E 3 1 .
s4/18 HO/Kel P 1082 3.20™ 3.2 1.00 LR ! “
90/20 WMX/Viton 1a76 ° 3.5 514 0:995 LaL z .
90/10 HX/Viton 1065 3.38® 3,32 0,980 AL " ‘ :
25/15 HMX/Viton 1865 3,249 3.9 0,984 L i .
PEX 8404 i.8a 3.42  3.38 0,988 LaL, H . :
¥OX 9404 1.84 3.42  3.21 0.938(0. #9wax)sRY H ’ R
78/22 WX/ INT i:.821 3.41 "f)' 3.29 0,965 LaL ?
88/12 HMK/Pluorcarbon 1198 3,30 3,07 0,960 1AL } 5
90/1,0 “RDX/Xel ¥ Laer 3,22 303 0.972 1aL {
90/10 HMX/Urathane Polymer 17 3.28® a4 0.929 L . ¢ :
PETN 1.765 3.571 3.3 0.940 LAl ( i1t N
77/23 Cyclotol 17sd 2. gy 0,938: LAL ¥ P ,
92/8° HMX/PE 119 3.2 300 ‘0,808 LAL 1
Comp, B grd.A 1.17 3.26 2,990 0,915 LRL | ;
Comp, B-3 i.68 3.2z 2.9 0.930 st H R
Comp, B-3 1.68 3.22 3,00 0.933 NoL i :
90/8/2 'RDX/P.8./D.0.P 1.678 3.21™ 297 9,908 LKL % : 4
X X o o - ;
™r 1630 3.02  2.34 0,84 min, LRL g . ' )
™ 1630 2.3 250 107mex " . S
™r pressed :4.02  <3,00 <0.99) 8RI l v ’ 2 R
INT presssd 3.0z £2.04 0,98 LASL i . ) ;
NM 1.143 321 2,18 0.68 LAL H A :
)m 1146 2.8 2,18 0.76 min » i 1
; _
* Qa AHd far contined charges. ; .
) b Determined by Eq. 3-6 using experimental data, S - :
| . o | W) Q = (WOMX) Q) d.¢., 811 other materials wssimed inert. : R
. . ' s
(») } ;
- Q=ZnQ, i
. . ' (e} Plane wave lens contributes to driving the mety). ;
1 . . l? (@ Based on Aild for unconfined charges (see Teble 3-4). ? ¢
n N .
. |
o ,
; ;
7 ) 318 v& H
S X O
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TABLE 39, CORRELATION OF QAND EQUIVALENT WEIGHTS FOR FREE AIR

*

Po, Q,
Explosive g/ce keal/g
INT 1.6 1.27
TNETB 1.7 1.45
G g ; (a)
Comp B-3 1.7 1.40
98/2 RDX/Wax 1.6 1.45®
95/5 RDX/Wax 1.6 1.41 ®
91/9 RDX (b)
(Comp. A=3) 1.8 1.38
PETN 1.55 1.48
50/50 Pentolite 1.6 -
.. . {d
‘Explosive D ~as1.o7( )

Aluminized explosives

86/20 Tritomal 1.7  isi.s(®
HBX-3 1.8 =
Minol 1J 1.7 -
Torpex II 1.7 -
*

L i

® s
Q=Z n‘Ql

Al{d =L ";{Aﬂd)i

<)

@)

(e) Based on 1/3 C,H N 00

BLAST

Experimental

AHd4,

kcal/g

1.08
1.47
1.24
1,45
1.41

(b)
)

1.35®

1.48
1.26®

1.63
1.995
1,51
1.60

Average of values shown in Table 3-5.

Unpubl ished data, Stanford Research Institute

NOL calculation using the BKW equation
+ 0.7A1,0, = 0.83H,0 + 7/3 C(a)+ 1/2N,

Equival eg';

Weight

1.00-
1.13
1.13
1.19
1.19

1.09
1.2

1.16;
/20.85

1,07
1.16.
1.24
1.23

©

Yy DM/ BHD |
1.00 i.00° ‘
1.14 1.35 :
110 i.a4 ‘
1.14 1.33 :
1,11 1.29 )
1.06 1.24 :
1.17 1,38 .
- 1.18 L
0.84 - i» ]
|
1.4 1.52 i
- 1,83 5
- 1.38 !
= 1.47 !

Taken from J. Petes,Annals N.Y, Acudemy of Sciences 182, 315.(19€8).

(a) Assumed slightly lllillglt than the 1.42 to 1.45 kcal/g computed by LJD or BKW
methods for 64/36 RDX/TNT.

ORI,
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; TABLE 3-10, UNDERWATER PERFORMANCE OF EXPLOSIVES
|
T
‘Equivalent Q/Qii
. Explosive Weight* INT
TNETB 1.28 i.i4
= PETN 1.25 1.18
HMX 1.19 1.17
S RDX 1,16 1,17
'95/5 RDX /Vax 1.13 121 ®
75/25 gyclotol 1.12 1.12@®
Comp. B 1.11 1.11
, 50/50 Pentolite 1.09 1.00®
‘ i Tetryl 1.08 111
Expldsive D 0.91 0,84 (®).
Aluminized
i 70/30 TNETB/A1 1.80 ~1.90©
o HBX-3 1.59 1,57 @
]
; 70/5/25 RDX/Wax/Al ~1.60 x1.g ®
1
!
N Relftive to TNT, this is the equivalent weight fox shock
! energy + bubble enexgy. Data taken from Ref. 3.
(a) Q=2 nini\; ‘wax, if present, assumed inert
A (b) NOL computation of Q
1 c = 4 i C o=
(c) Q,= 2.42 keal/g for ColghgQ) 4+ 6AL = 3A1,0.+ 3H,0 + CO,+50+3N,
) (d) Assuming Q = A}ld
e ~ .=
. (e) Q= 2.2 keal/g for 1/3 C,H.N O + 0.98 AL
oo 0.49A1,05 +0.53K,0 + 0.47H, +C(s) +N,
318
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TABLE 3-11. CORRELATION.OF DETONATION ENERGY AND MAXIMUM.WORK

(BALLISTIC MORTAR)
) Ballistic Mortar Yy And/(AH&)
Explosive Relative. to TNT . - PR 1. S .
- ALY . - Tﬁd)m mpm = 1,00 keal/g

M 1:50 1.17 1.36 1.48

ROX 1.50 i.a7 1.36 1.48

PETN 1.45 1.18 1.37 1.50

NG 1.40 1.18 1.38 1:46

TNETB 1.36 i.14 1.35 Yo,
Comp,. A3 1.35 1.060) @ 1249 ® 1.5 ®
:Comp. B. 1.33 i.10 1.14 1.24°
Tetryl 1.2 t6 1.3 1.11 1,07 117
Pentolite 1.26 1,020 1.18® 120
Picric Actd 1.12 0,87 0,95 1,03

DATNB 1.00 0.88 0,93 1,01
Explosive. D 0.98 0.84 )98 1.07

Minol ‘2 1.43 - 1.39 1.51

Torpex 2 1.38 - 1.47 1.60
Tritonal '80/20 1.24 - 1.50 1,68

HEX~3 1.11 - 1.83 2,00

(8) Q= LnQ; M, = Ti (M),

(b) Assumed wex 1is completely inert

.
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CHAPTER 4 THERMAL DECOMPOSITION OF EXPLOSIVES

41 INTRODUCTION.

Explosive liquids and solids can be
decomposed by heat and light at relatively
moderate temperatures. During decomposition,
considerable heat is liberated since these
reactions are exothermic. When the rate of
decomposition in. the condensed phase is
sufficiently high, then an explosion- may result
due fo self-heatirig, i.e., the heat generated during
decomposition exceeds heat loss to the ambient
by conduction and other means. This phase of
decomposition. (self-heating) is analyzed in
Ci.upter 10. It is clear that detailed information
on the stability of liquids and solids is needed
for two reasons. First, fo deterinine the
conditions under which the unstable materials
may be handled with some degree of safety.
Second, to determine the conditions under
which explosion will result since many
explosions are prececed by a phase of rapid
decomposition,

The first step in assessing the stability of a
liquid or solid is to consider the thermochemical
properties. Detailed information is needed on’
rates of decomposition, activation energies, dnd
heats of decomposition. Some information on
these properties is becoming available but there
is considerable discrepancy in the values quoted
by different workers. There is also a lack of
reliable values for many of the thermal
properties such as specific heat, thermal
expansion, thermal conductivity, and other
similar properties.

If the conditions under which explosion
develops are o be controlled, then it is vital to
understand the  mechanism of  the
decomposition. This has been recognized in the
last ten to fifteen years, and there are active
centers of research throughout the world
concentrating on this problem. Liquid explosives
are usually characterized by covalent honds, and
there is considerable background of research for
related materials to make it possible to propose
reasonable decomposition mechenisms, At the
same time, the development of modern
equipment makes possible the analysis and
identification of intermediates in small
concentrations and of short life. Mass
spectrometers, electron spin resonance and

nuclear magnetic resonance equipment,
chromatography, and spectroscopy are all being
employed in this connection.

The majority of explosive materials, however,
are solids and here the situation i more
complex. The decomposition may be mainly a
surface reaction or it may develop in the bulk
material. Defects and impurities can influence
the course of tie reactions. It is perhaps
essential t6 have a phase change of to-/mielt the
solid before an appreciable desomposition rate
can: be measured. The methods used to study
explosive solids follow closely those developed
for the study of semiconductors. It is necessary
to show the nature of the bonds in‘the solid and
to decide whether the solid is ionic ox covalent.
Covalent solids can be of the valence type or of
the molecular type. For.this purpose, studies are
being made of the coptical properties of the solid
(ultraviolet, wisible, and infrared’ spectra;
refractive index; birefringence), as well as
electrical properties (conductivity at low and
high temperature), photoconductivity,
crystallographic  studies, and electron
microscope and electron diffraction studies. In
this way much has been learned about simple
azides although it cannot be said that one can
yet speak with confidence about solids such as
lead azide.

4-2 DECOMPOSITION ENERGIES

The decomposition of most liquid aid solid
explosives results in the formation of gas. The
simplest way to follow the reaction is't.. make
pressure, time measurements in a closed system
at constant volume. These curves are sigmoid in
shape (Fig. 4-1), and from such -curves the rate
constant k can be obtained. Numerous relations
have been obtained experimentally for solids,
for example

fnp =

pr -

where p is the gas pressure at time ¢ and p; the
final gas pressure, For many solids nuclei are
formed in localized regions, and these play a role,

kt + constant (4-1)

(42)

41




AMCP 708:180

in the decomposition. These nuclei grow and
eventually overlap and interfere. Many
investigators have derived expressions to fit the
experimental curves in terms of the production
of ‘nuclei. Thus, Prout and Tompkins give the
relation o

in (1 a) =kt +oc (43)

where ¢ is a constant and -« thé fraction of
explosive decomposed; this holds for the
decomposition of many solids ‘such as
permanganates and oxalates, and some -of the
azides. Another relation. by Avrami-and Erofeev
is gumng in popularity. Their analysis irivolving
three-dimensional. growth of nuclei is of the
O gn(i-a) = G (4
For some reactions n = 4 at the beginning.of the,
reaction and n = 3 in the decay period.

Pressure p, or

Extent qf- Qecompqsi ion a

When meltmg takes place, the nature of the
rate- equation is modified. The decomposition of
liquid explosives has been successfully followed
by determining the-concentration -of one of the
products of decomposition with time, e, g., the
formation of nittogen  dioxide during the
decomposition of the nitrate esters or the nitro
compounds. Here, of course, the assumption is
made that the nitrogen dioxide is one of ‘the
primary products of decomposition. It is not
intended to list here all the various methods in
use to .follow: -decomposition since these are-too.
numerous. Accounts can- be found'in Chemwtry
of the Solid'Staté*, Rédctivity of Solids®, and i in
many -other Sympom and. papers publuhed in
recent years,

Once the rate constart has been determined,

then a study of-the variation of the rate-constant

k with absolute temperature T gives 2. measure

Time t

Figure 4-1. Thermal Decomposition Sigmoid Curve
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the activation energy E (refer to Fig. 4-2) from.
the genersl relation

k= Z exp l}E/(M‘)] (4-5)

where Z'is the pre-exponential factor and R the
gas constant, Unless it is stated specifically, the:
values for E are usually the overall activation.
energies. Of greater interest is the value for the
activation energy for each individual step in the
decomposition complex of reactions; thesé are
gadually becoming available. More refined:
equations are available for analysis of rate
measurements: but the experimental results
obtained so far do not lend themselves to the
use of advanced theory.

Values which have been given for activation
energies of various explosives are listed in Table
4-1. These have been selected as possible values
but the agreement between different
investigators is hot good. Both E and Z may vary
with  temperature, particularly at high
ternperatures. Autocatalysis may also take place

<

nk

and the products of decomposition can exert a
profound influence on ‘the rate. The table is
included to give an idea of the magnitude of the
energies, however, too riuch reliance should not
be placed on the absolute values giver:, The
values usually range between 30 and 50
kcal/mole, and are not very different frorn:those

normally found for many other nonexplosive.

materials. This is not surprising as-the processes
involved in the decomposition: of explosive and
nonexplosive systems can be very similar, It is
the exothermic nature of many of the
decompositions that makes the reaction run

away to explosion. Chain mechanisms.may also

play a part in the decomposition.

43 DECOMPOSITION MECHANISMS

It will be convenient to considér explosives in
three groups:

(1) Covalent liquids dnd solids (the organic
nitrates -and nitrocompounds). Here the initial

siope = —-E44

2

Figure 4-2, Plot of Logarithm of Rate Constant k vs Reciprocal of Absolute Temperature to
Determine Activation Energy from Slope of the Line .

43




studied in a systematic way. It is generally
agreed that the first step in the decomposition is
the fission of the oxygen-nitrogen-bond in which
an alkoxyl radical is produced. This is also the
rate determining step. Thus, for a simple
compound such as methyl nitrate

CH4ONO, =+ CH4O + NO,

The activation energies fuvored by Gray”® for

4“4

during decomposition of the nitrate esters.

The alkoxyl radicals can undergo a variety of
reactions and rearrangements, and in the case of
the simpler alkoxyl radicals these have been
described in detail in a review by Gray and
Williams®, There may be associstion with
radicals, hydrogen abstraction, rearrangements
(isomerization), decomposition of the rddical to
simpler radicals and g Yydes ot ketones,
disproportionation, ard decomposition by

;
J AMCP 708-180. }
- ny
| o
i TABLE4-1  ACTIVATION ENERGIES AND PRE-EXPONENTIAL FACTORS FOR :
i . SOME EXPLOSIVE LIQUIDS AND SOLIDS 5
! i
| i‘
l Temperature '
i Range,, E,. logZ i
i Comipound sc keal/mole soch i
Nitroglycerin 160-190 50 235 !
Tetryl 211260 38.4 154 §
Ethylené dinitramine 174-178 30.5 12.8 {
PETN 160-230 47 19.8 4
! TNT - 37 - 3
i DINA - 35.5 - {
Picric atid 153 58 - .
Lead .azide - 36-38 3
Silver azide below 190 44
above 190 31 ‘
Mercury-fulminate 100-115 32.2 H
Lead styphnate 225-255 407? }
; step in the decomposition is usually bond. fission  the decomposition are methyl nitrate, 38.4 @:
| and a free radical mechanism applies. kcal/mole; ethyl nitrate, 36.4 keal/macle; -t
) Intramolecular elimination reactions have also n-ptopyl nitraté, 37.6 keal/mole; and. this is Joa )
! been considered. equated to the energy reg.ired in the bond ‘,_“,‘J i
i (2) Jonic solids. Many of the primary fission process given in the given.decomposition f
) explosives such as the azides, metal picratées, and  reaction. The reactions in the gas phase in f
! acetylides belong to this group; electronic particulaz  are homogeneous with ;
) processes will dominate the reaction mechanism.  pre-exponential factors approximately ‘equal. to |
: (3) Ammonium saits. Ammonium salts in 10", The decompositions aré also inhibited by )
. principle belong to group (2) since they are the addition of nitrogen dioxide and nitric oxide i
; gererally joni¢ solids, There are, however, twe: by the possible reactions of the alkoxyl radicals !
: possible paths for the decomposition, and for RO‘in.the manner :
, this reason they.are considered separately. RO- + NO, + RONO, r,\
N H
; 4-3.1 COVALENT LIQUIDS AND SOLIDS i
: ' DS AND SO RO- + NO - RONO A
i There is no doubt that the organic nitrates thus indicating the way in which nitrates may be }
! form th~only class of materials which have been  reformed and also how nitrites. can be produced ;
i i
| :
!
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radical atiack. It is evident that all these
reactions can lead to complex products and

these are found in the decomposition products:

For the-decomposition of a nitrate ester such
as n-propyl nitrate the following set of equations
may be written as a sequence of reactions duting
decomposition:

ﬂ‘Cg P 0N02 -+n- Cz H7O + N02
n—C,‘H,O d

C,Hy + NO,~ C,H;0- + NO
and some C,H,NO,

C,HgO = CH,+ + CH,0
CHy« + NO, ~ etc.
n-Cy H10 +NO—+ n-CyHy ONO

ete,

Schemes such as this have been proposed for
many nitrates and related esters. What is needed
is the activation energy for each step; some of
these are now known fairly accurately.
Systems'such as glycol dinitrate, nitroglycerin,
and’ PETN will behave in the same way but,
since there are more nitrate groups in each
molecule, there is difficulty in working out the
precise order of the steps to the-final products,
Thus, glycol dinitrate would be assumed to
decompose ideally in the manner
NO,OCH,; CH, ONO, ~+ 2NO, + ‘OCH,CH,0
L

2CH,0

or for more complex dinitrates -

ccua)ch_l NO,
CH, ~+ 2 (CH;),CO +2 NO, + C,H,
CH,

(CH,), c‘6‘] NO,

For PETN, nitroglycerin, and related svstems,

carbonyl compounds—such as formaldehyde,
more complex aidehydes and ketones—are
formed simultaneously, and these together with
the alkyl radicals are oxidized by .he nitrogen
dioxide. The decomposition of nitroglycerin
accelerates if the products are alowed to
accumulate or if water or acids ar> introduced.
Apart from gaseous products—such as NO, N0,
HP, €O, CH,, N,, and HCN—liquid and solid
residues of complicated structure-are also found.

The nitrate esters are also decomposed by
ultraviolet light, and again it is assumed that the
initial step is bond fission, First theére is the
formation of an excited state

RONO, b RONO; - RO + NO,

excited state

which may revert to the ground state or
dissociate tG give free radicals,

Andreev hag made an extensive study of the
decomposition of nitrate esters, and of the
effect of products and. additives on the reaction.
rate. He followed the dscomposition of PETN in.
a variety of physical states: the solid, molten,
dissolved, and gaseous states, The rate of
decomposition is greatest in the gaseous state
and least in the solid state.

The nitro compounds have also been studied
in some detail, A review of the decomposition of
nitromethane by Makovsky and Lenji'® records
the information available up to 1958. The vapor
phase decomposition at, different temperatures
and pressures has been followed by static and
flow methods. The reaction hak been shown to
be first order and a large number of the products
of decomposition identified. These include NO,
W,0, H0, CO,CH,, CO,,and traces of C,H,,
C,Hg, and NO,, More complicated products are
formed at high pressures, eg., HCN, CH,CN,
HCHO, etc. The overall acuvation energy for
decomposition s in the region of 50-53
kcal/mole, Most.investigators.favor-bond fission
as the initial step in the decomposition

CH4NO, - CHy + NO,
Nu:merous other stepr, have been proposed to
account for the prosucts of decomposition, and

some of these aregiven to indicate the fype of
reactions envisaged

45
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CH,* + CH,NO, ~ CH, + ‘CH,NO,
‘CH,NO, + NO, - CH,0 + NO + NO,
CH,0 + NO, = CO + NO +H,0

2 CH, ~ C,H,

are also probable reactions.

On the other hand. at high pressures, in the
region 12-40 atm, Makovsky’® and Guenwald
consider the reactions

CH,NO, - CH4NO + O
O + CHyNO, = CH,0 + INO;,, etc.

may -also tske place, The photolysis of
nitromethane has been studied recently by
Nicholson'? who postuiates bond fission as the
initial step in the decomposition.

The decomposition of the higher nitro
alkaries—e.g., nitroethane, 1 ead 2
nitropropane—has also been studied though in
lexs detail. For nitroethane, values of the
activation energy ranging between. 41 and 46
keal/imole.seem to be the most reliable, There is
considerable debete conceming the first step in
the decomposition. The C-N bond strength is
estimated at 58 kcal ai:d the activation energy
meastired is some 10 kcal smaller than this for
nitroethane. Possible schemes starting with

C,HQNO: b d C,H; + NO;_

as the first step have been evolved but the
alternative reaction

CaHgNO, -+ C,H, + HNO,

is a strong .andidate. For this reason the
detailed schemes for the two rival mechanisms
will not be given; the details may be found in
the literature,

For 2-nitropropane, a careful study by Sipith
and Calvert!! gives the following expressijpn for
the decomposition rate constant:

k=111 X 10" exp [-39.3/(KT)), sec”\(4-6)

48

This is based on propylene formation in a static
system. Many of the arguments put forward for
nitroethane also apply to the nitropropane
system. Again, there is disagreement as to thc
first step of the decomposition but the weight, is
perhaps in favor of a step of the kind

CHy;CHNO,CH; -+ CH,=CHCH, + HNO,

complex. This is followed by 2 series .of radical
redctions. Some of t¥ »$e proposed are

HNO, - OH + NG

OH + CH,CHNO,CH,-+H;0
+ CH,CNO,CH,

-+ H,0
+ CH,CHNO; CH,

CH,CNO,;CH, ~ CH,COCH; + NO

CH,CHNO, CH, - CH,CHNO + CH,0
- CH3CH=CH, + NO,

CH;CHNO - CH,CNOH

CH;CNOH + NO - CH,CN + HNO,

The higher aliphatic nitrocompounds have not
been studied in sufficient detail for likely
mechanisms to be proposed. This is also true for
some of the aromatic compounds such as picric
acid.

4-3.2 IONIC SOLIDS (AZIDES)

From the practical point of view, lead azide is
the most interesting of the azides. On the
qualitative side considerable information exists
on rates of decomposition, explosion
temperatures and the like, It has only been.
realized in recent years, however, that one needs
to go further into this problem of thet
decomposition of the azides, Figures were
available but no real understanding of the
mechanism of de-omposition; this is still true to
some extent,

A start has been mare on the simpler azides in
the solid state which are represented as M Ny,

. Reactions of the type: :
b,- - CHy- + NO » CH;NO - CH;=NOH - HCN  Here, intramolecular elimination of propylene J
' +H,0 and nitrous acid takes place via a cyclic activated {
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and on the rélated compounds—the fulminates
CH O and cyanamides CN2- —since these form
an isoelectronic series. Consider a solid like
KN, . Itis known that it is composed of ions K,
and Nj; and that it is a relatively stable
compound, The azide ion is a linear symmetrical
group NL13ANL1SAN-  with sixteen valence
electrons, and. the orbital system can be
represented simply as in Fig. 4-3 where the 0
-bonds, lone pairs, and the w-bonds are
indicated: The .orbitals which are of interest
from the point of view of electronic transitions
aré the delocalized m, and %, nonbonding
orbitals since electrons will beé excited from
‘these orbitals to higher urbitals,

‘The -azide ion is also isoelectronic with the
co, molecule -and all the values for the
v1bx~atxon frequencies—symmetrical stretching,
asymmetrical stretching, and bending—are
knowh from infrared and Raman spectra, From
these, force constants may be calculated,

i’ one considers a simple series of the
‘monovalent azldes—KN ,TIN;, AgN,,
CuN..,,Hg2 (N3) ,and organic azxdes (solid), it
is found that the stability varies- in the order
KN;> TINy > AgN,; > CuN < Hig, (Ny), <solid
azxdes The stabnhty decreases aslong the series K
to Cu as the ionization potential I increases, or

more accurately as (I'- E)increases, Here Eis the-
electron affinity of the azide-(N,) radicsl and is
in the order of 2.8 ev, although. higher valiies.
than this. have been qiitéd. The problem is to
explain why the stahility varies in tkis way; a.
reasonable explanation can be given if we use
the band theory of solids.

In the case of KN,, [=4.32 ev, E~2.8 ev;
therefore (I - E) is small. For greafest stability,
the solid should be composed of jons K* and
N;. The structure is futragonal and all
metal-nitrogen distances 'are the- same. It has
properties typical of iohic solids such as KBr,
the refractive index is low (of the order 1.5),
and. the optical absorption edge occurs in the
vacuum: ultraviolet part of theé spectrum, The
silver salts AgN, and AgBr, however, are
unstable solids and readily decompose on
heating, or during irmadiation with light of
suitable wave length or lonizing radiatinn.

21'&5:1 {z—f’ 2A8 + 3N2 +Q
similar to
2AgBr = 2Ag + Br,

where Q represenis the heat of decomposition.

i———="",, nonbonding ‘orbial :
>, bonding. orbital ; K c

>
>
.

A,

_—

3

lone pair —— || —— N ——* lone pair i ' o

/ / /7,,.,,,,“,.,,‘.

, : : » T, on bonding orbita ‘ ;
/ / /

Figure 4-3. Representation of the Orbital Syjitem of the Azide Ion
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The bromides are imentioned since there is in
fact a close resemblance between the behavior of
the azides and the correspondmg bromides. The
ionic radii of Ag' and of Kt are 1.26A and
1. 33A respectively, which are not too different.
On: the other hand, the structure of AgNj is
ortiorhombic, and there are directed bonds. In
the solid, there are four long silver-nitrogen

bonds of 2.79A and four short bonds 6f 2.56A.

The solid has a partial layer-type structure, The
physical properties depénd markedly on crystal
direction. The refractive index is. kigh and is
approximately 2:0-for lighit of long wave length,

and the optical absorption edge is now much

further into the visible' part of the spectrum. All
these properties indicate a deparfure from an
ionic type of lattice in the silver salt.

The decomposition of silver azide by heat is
exothermic to the extent Q=148 kcal/mole.
From the-given cheémical equation it is clear that
while the lattice is composed mainly of ions, the
products are neutral, so-that an electron transfer

mechanise must operate at some stage of the
decomposition. Before the mechanism. of the
decomposition can be established, it is necessary
to determine ‘the -electron energy levels in the
solid—in other words the energy E required to
excite un electron from the valence band to the
conduction band where, as in Fig. 4-4, we
assume the valence band is formed by the
overlap of orbitals of the azideN7 jons while the
conduction band is formed by the overlap of
orbitals of the metal M¥ ions.

On the experimental side the overall activation

‘energy for-the decomposition .of ‘silver azide has

been determined. from pressure-time curves, and
below 190°C the value is 44 kecal/mole or 1.9 ev
molecule. Some mtommhon is also available on
the collapae of the lattice i in pmmg from silver

azide to metallic silver. This i is obtained from

electron diffraction studies of a crystal as it
decomposes under the action of an electron
beam in the diffraction camera. Orientnd, silver is
formed with lattice parameters slightly greater

Conduction band
(overiap of orbitals from M'ions)

g

(overlap of orbitals trom N3 ions)

/ Valence band

Figure 4-4. Schematic Showing Energy E to Excite an Electror. from Valence Band to '

Conduction Band in Silver Azide
48
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than for normal silver, and it is concluded that a
diffusion of silver takes place to lattice sites
mdde vacant by the removal of azide ions Ny
during decomposition. This will give oriented
silver nuclei with large silver-sitver spacings.
Finally, there is a collapse to normal silver. The
silver that is formed during decomposition is
very mobile and appears on the surface mainly
as discrete nuclei which grow in size until they
cover the whole of the surface. The nuclei may
be less than 10A in diameter (the limit of
resolistion. 6f the electron .microscope used to
determine their size) to greater than 2000A.
These nuclei play an important part in the
decomposition, and for this reason a knowledge
of their size and distribution is needed. The
technique used is simple. Crystals of silver azide
are heated or irradiated with light giving a
surface film of silver, which consists of the large
and -small nuclei as illustrated In Fig. 4-5(A). A
carbon film is-evaporated on to the nuclei (Fig.
4-5(B), and undecomposed silver-azide dissolved
away in dilute ammonia solution. The carbion
film floats on the liquid surface and is picked
up on an electron microecope grid which is then
studied in the normal way. It is possible
that silver forms internally along dislocations.in
the crystal in the manner found by Mitchell and
illustrated in Fig. 4-5(C). No evidence for this
type of behavior has as yet been found for the
azides. Even with crystals of silver cyanamide
which resembles silver azide but which are more
stable, the silver is mainly at the surface. This
has been verified frequently in electron
microscope studies. The situation, a far ag
dislocations and their influence on the
decomposition of the azides is concerned, is that
a possibility exists that they do play a patt in
the decomposition but direct proof is not at
present available. An etching technique might
perhaps give better results. The main
decomposition seem to take place at the surface.

Reference was made earlier to use of the band
theory of solids in cornection with the
explanation of the stability of azides, and it was
stated that it is necessary to determine electron
energy levels in the solid. The simplest way to
determine energy gaps is from the optical and
electrical properties of the solid. The optical
absorption spectra are determined in the normal
way, and one can represent the light path as in
Fig. 4-6, If I, is the incident intensity of light
and [ the transmitted intensity, then in the ideal

case the absorption coefficient & in em™? is given
by the expression I=I e, where ¢ is the
thickness of the crystal in cm. Absorption
coefficients « are determined.as functions of the
wavelength of light ¥ and for values of « in the
region of high absorption corresponding to 10°
t0.10% em™, it is assumed that photon energies
hy  correspond to the band gap E as shown in
Fig. 4-7. Here one is concerned with direct
transitions from the valence band to the
conduction band for values of the wave.vector-k
= 0. On a simple ideal this would ¢orrespond to
the energy requireu for the following process
but this concept should not be pushed too far:
Ny > N, 3 + e
electron in
conduction ‘band

azide ion azide radical
in lattice  (positive hole)

Measurements of the absorption spectra at low
temperatures, particularly at liquid ‘helium
temperatuyes, reveal the presence of excited
states, These are exciton levels and lie below the
conduction band (Fig. 4-8). They form a
hydrogen-like series and their frequency is given

‘by an-expression of the form

v, = v,~-R/n? 47

where v, is the frequency corresponding to the
exciton of cuantum number n, v_ is the
frequency of the series limit, and B is an
exciton Rydberg constant. In the case of the
alkali metal azides, Deb has resolved then =1, 2
and 3 lines and has found that at liquid helium
temperatures the band gap for KN; is 8.6 ev
corresponding to light of wavelength 14504 in
the vacuum ultraviolet, and the n = 1 exciton
line occurs at 18958 or 6.6 ev. These gaps ate
quite large.

Exciton levels have also been identified in
TIN; and AgN,. However, one now finds tha}
the absorption edge is in the vicinity of 3500 A
or 3.5 ev for silver azide. The values for the gaps
are: .!:71 = 8.5 ev optical; E, = 0.6 ev optical
(see Fig, 4-9). These are much smaller than for
potassium azide,

E, can also be estimated from electrical
conductivity measurements at high temperatures
but the interpretation of the results is not
always easy since both ionic and electronic
conductivity have to be considered. E, canalso

4.9
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Figure 4-5. Showing Technique for Studying Silver Nucléi from Decomposed. Silver Azide
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be estimated from photoconductivity
experiments, Here it is assumed that one
measures the thermal energy required to
disgociate optically formed excitons in the
manner

% heat

N+hu—7N — N; + (e)

exciton

Both TIN, and AgN, are good photocontiuctors
when they are irradiated with light near to the
optical absorption edge. The experiment is quite
a simple one, and a schematic diagram is shown
in Fig. 4-10. Light of known wavelength is
allowed to fall on to a crystal held at a DC
potential of a few volts. A photocurrent will
result and the magnitude of this photocurrent
depends on the wavelength of the light and the
temperature of the crystal, Since the resistance
of the crystal is usually high, of the order of

101° Q cm., the photocurrents are very small
and cah be in the region of 1022 A, For this
reason electrometers are in general used to
record the currents, From the variation in
photocurrent with temperature it is possible to
determine an activation energy for the
‘photoconduction process; for silver azide this is
in the region 0.38 ev. This is a. thermal energy
which can be shown to be in good agreement
with the value E, obtaned optically.

Energy gaps obtamed from spectroscopic
measurements give optical energies. One also
needs to know thermal energy gaps. These are
not ‘thé same, aha arguments based on the
‘Franck-Condon principle led Mott and Gurney
to give the approximate relation
K
E, = E \g" (4-7)
where E, is a thermal energy, E, the
corresponding optical energy, K, the high
frequency dielectric constant, and K the static
or low frequency dielectric constant. XK, is
estimated from values for the refractive index n
and for values of » corresponding to wavelengths
well away from the absorption edge K, =
Substituting the sppropriate values for silver
azide, one obtains for E, a value of 1.88 ev, This
is the thermal energy required to excite an
electron from the valence band to the
conduction band. This agrees remarkably well
with the activation energy for thermal
decomposition of 1.9 ev (below 190°C)

414

determined from pressure-time curves. It is
suggested in fact that E, in Fig. 4-9 for silver
azide is connected with thermal decomposition
and. E, with the activation -energy- for
photochemical decomposition. It is, therefore,
possible to propose a generalized scheme for the
thexmal and photochemical deccmposition of
the heavy metal azides. This is shown in Table
4-2,

It must be emphasized that this scheme is very
general, The detailed mechanism is much more
complex since the presence of point defects,
dislocations, impurities, metal particles and.the
like have been ignored. In a general sense,
however, it is probably correct.and resembles in
outline the mechanism of decomposition of
silver bromide in the photographic.process.

An attempt can also be made to explain how
the stability decreases along the azide series K,
Tl, Ag, Cu. Along this series E, is found to
decrease quite .appreciably; this can mean that
the rate of decomposition at a given tenperature
can be. higher, The situation with KN, isa little
more complicated. The band gaps are very large
and the exciton level n = 1 is well below the
conduction band. With KN, Jacobs and
‘ompkins assume that during decomposition, for
example by light, excitons are formed, These
may be trapped at vacant lattice sites, for
example where K™ ions are missing. The electron
from the exciton is then lost to form an F
center. The positive holes (N, ) finally can give
nitrogen gas. Such a mechanism is plausible
because just as in the case of the alkali halides,

color centers of the F center type readity form.

in the alkali azides and.could play a part in the
decomposition.

As soon as the ionization potential becomes
too large—e.g., I > 8.0 ev—the solid is no longer
composed of ions but a covalent type of solid is
formed. Examples are mercurous azide

‘Hgz(N3),, hydrazoic acid HN,, and the organic

azides. There are now directed bonds to one end
of the azide group

P NZ—N
M/
In this diagram M represents the metal,
hydrogen or organic groups, and the bonds are
shown. The distance N, N, is now much larger
than N, N;. For exampfe in methyl azide,

CH,N,, the bond lengths and bond angles are:

“wyr.
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TABLE4:2 THERMAL AND PHOTOCHEMICAL DECOMPOSITION OF SOME

Thermal Decomposition

N =N, +e
formation of positive hole and
electron in the conduction band.

2N, 3N,
reaction- of two -positive-holes-at
the surface to give nitrogen.

Ag,+ AT +e —Ag, ¥
absorption of silvex ion at a

JONIC AZIDES

Photochemical Decomposition

Exciton formation

Direct.transition
e

() N + w=N* () "+ mw=N +e

formation of
an exciton

@ MW N e
thermal
dissociation of
optically
formed
exciton: (rate

metal nucleus and electron determining
cépture. step) followed.
by steps 2,3
' column 1.
Light

Crystal

Bottery

Mnsitive
vibrating reed
type electrometer

Figure «-10. Schematic for Studying Photoconductivity of Crystal

P
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ok N1.24A N 1.10% N
N,
CH; 135°

If we consider hydrazoic acid as the simplest of
these covalent azides, the orbital system may be
written as shown in Fig. 4-11.

There now exist differences in physical
properties to the ionic azides in vibration
frequencies, since all are now infrared active,
and in the decomposmon behavior to heat and
Tight. The initial step in the decomposition is
probebly bond fission, e.g, of the longest N-N
bond,

heat,
3 light

MN MN + N,

HN, - HN+N,

The subsequent steps in the decomposition
depend on the stability of MN if M is a metal
atom, or on the reactivity of the free radical if it
is of the type HN. For example, ammonium
azide can be formed from hydrazoic acid. The

detailed mechanism is, however, the subject of’

rather violent argument and controversy at the
present time, so that all the steps will not be
given here. In the case of the organic azides the
radical RN' can undergo rearrangement
particularly if it is of the complex variety and is
derived, for.example, from triphenyl methyl and
similar groups R. Usually the covalent azides are
more stable than she ionic azides, although the
statement must be qualified to some extent
since some of the covalent azides are
exceedingly unstable, -e. 8 BrN,, INg, NON,
and the like. Solid HN is also said to be very
unstable but there is no rehable information on
this point.

A number of other systems are being studied
in the same way as the azides. The list would
include the acetylides, fulminates, styphnates,
and picrates. At the present time it is impossible
to predict accurately the properties of these
solids. Potassium fulminate, for example, is one
of the most unstable materials in this list and the
reason for this is not clear. It should in fact be a
reasonably stable solid. from what one knows of
the structure and other properties.

The solids previously discussed are all of the

simple type. In the case of azides and acetylides

416

formed from transition metals such as nickel and
cobalt, the situation is a little more complicated.
Here one deals with coordination complexes;
ligand-field theory; the study of the effects of
environment of anions on the enexgies of the
d-orbitals of the catxon has proved valuable in
discussing the optical and magnetic propemes
and the stability of these solids.

433 AMMONIUM SALTS

The decomposition of both ammonium nitrate
and ‘ammonium perchlorate has been studied
extensively, These are widely used as explosive
materials. The decomposition can, however; be
quite complex since the physical state of the
solid msy change and it is possible to have
sublimiséion and melting Ammonium nitrate in

the solid state can undergo a large number of

phase changes over a relatively small
temperature range. This has led to useful
information on rotation of the nitrate ion and
diffy' ‘9" £ the ammonium ions iri the solid.

Bev. . u 210°-260°C ammonium nitrate.gives.

off nitrous oxide and water, but above 300°C

explosion can take place. Some nitrogen is

produced and impurities, for example Cl7, can
have a profound effect on the decomposition.
The overall decomposition can be represented
by

NH,NO, -+ N,0 + 2 H,0

Bircumshaw has discussed the decomposition
of ammonium perchlorate. The solid- exists in
two modifications, orthorhombic below 240°C
and cubic above 240°C. The products of
decomposition are oxygen, nitrogen, chlorine,
chlorine dioxide, nitrous oxide, nitrogen
tetroxide, hydrochloric and perchloric acids; and
water. An unusual phenomenon is obeerved
during therma! decomposition of single crystals
below 300°C. An amorphous solid is left as a
residue and, strangely enough, this is also
ammonium perchlorate. A similar observation
has also been made for sodium azide by Secco.

The decomposition of ammonium perchlorate,
like ammoniuia nitrate, depends very markedly
on the surface area of the solid. In the case of
ammonium nitrate, considerable effort has gone
into the preparation of a solid of low density
(ca. 0.5) and high surface area. This material is
said to e very sensitive to shock but theye is




v

- T . 'Y'FQ"".

-

e et e i 6 OO e Wb S P
3 o e i -t :
- .

SNH ‘opizy JuaDacD Jo wiFeAS [0, "1 M

3
1|

ﬁ_ﬂouosoqzs‘h\%_# 1\ - \

oo

piaio Bupuoq Ku

, , 2
pazIOI0IP PUGO DLPUOQ o Ao

. a - N
: N o .
\.\“w\‘r,“w\u
Ny )
M«\m . S A R y
\ N i

417

D,

ol

G

Y

s R e B P i K W Ao




.AMCP 708-180

some disagreement on this. The effect of metal
oxide catalysts on the decomposition of
ammonium perchlorate can be quite marked.
Mnnganese dioxide, nickel oxide, chromic oxide,
cupric oxide, and zinc oxide have all been tried;
for example, the addition of zinc oxide can have
a profound effect. In this casi, the rate and
extent of decomposition can be increased, and
the explosion temperature can be lowered by
some 200°C. Many of these effects have been
interpreted in terms of electronic processes
which occur during decompasition; accordingly,
detailed knowledge of the catalyst, particularly
by its sémiconductor properties, is needed.
Carbon has also been added to ammonium per-
chlorate and can influence the kinetics of the
decomposition.

The ammonium salts are ionic golids and’ just
a8 for the azides, electron transfer can occur
during dacompontxon. On a molecular icale one
may visualize the NH} and ClO; ions in the
solid, and the formation of. NH, and ClO(
tadicals (under the aciion of suitatie stimuli)
and their subsequent reactions. Another
possibility, however, is the dissociation of
NH, Cl0, according to the equation

NH, CIO, - NH, + HCIO,

This is referred to as proton transfer and the
reaction will be dominsted by the subsequent
decomposition and reactions of JCIO,. Which
of these two mechanisms wul operate will
depend on tempsrature, and Galwey and
Jacobs® have ;uggested that below 280°C the
clectron transfer mechansim is the important
oiie. Here only 30 percent of the solid
deccmposes ‘and, as mentioned, the residue is
still NHaCi()‘ in an amorphous form. The
activation encrgy for decomposition is 32
keal/mol¢ At higher temperatures, 350° -
400°C, the proton transfer mechanism will be
the more important and the activation energy
for decomposition is 39.5 kcal/mole. The proton
transfer takes place on the surface of the solid
followed by the oxidation of the ammonia gas.
Som2 of the steps in the decomposition of
perchloric acid which have been proposed are

2HCIO, ~ H,0 + Cl, 0y

2Cl,0; = 2Cl; + 704 (probably a chain
reaction)

4NH, + 50, - 6H,0 + 4NO
418

The overall decomposition may be represented
8 9NH, ClO, —+ 4H,0 + 2NO + 0, +Cly
Similar schemes :have also been proposed for
ammonium nitrate, One favored by Russian
workers is
NH,NO, # NH, + HNO,
4
NO, + K0 + 0,

NH; + NO, = NH,- + HNO,

NH, + NO, + NH,NO,
4
N,0 + H,0

NO + NH, - NILNO + H,0

ete.
As in many schemes of this kind, there is no
problem in wr!tmg down rzc=ihle free radical
reactions. The main, dxfficulty is to determme
whether these in fact do take place and the
energies involved in the processes,

44 RADIATION DAMAGE IN EXPLOSION
SOLIDS

Explosive solids have been ‘subjected to a
variety of ionizing radiaticns and nuclear
partlcles. There are elmtton beams, x-and
y-rays, o particles, H® 1 clei, neutrons, proton

fission fragments and d',abtless others not listed

here, These would .siclude mesons and those
particles discovered in rocent years,
Decomposition can be induced in solids by these
particles and, by {aking nonoxplosive solids as
models, some insight into the radiation damage
that 1s produced can be obtained. For the lighter
particles the damage caused is studied by a
variely of techniques, Oipizcal and electrical
properties, spin resonence cechniques, chemical
methods to identify new species, radicactive
techniques ~— all are studied to determine
changes within the crystal such as intevstitials,
vacancies, free radicals, color centers, and
impurity formation. When ‘he damage is
v “nsive as with fission fragments, high
resolution eclectron mic.oscopy coupled with
Moire' fringe techniques can show tracks and
dislocetion loops in the crystal
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For ionic sclids the main damage is caused by
ionization, and electron processes, similar to
those discussed earlier, operate. In addition,
thermal éffects, recoil, and decomposition of the
.anion- sy -occur depending on the nature 6f the
radiation, Covalent solids. are in general more
stable. Point' defects ‘can ‘be created; and strain
and dislocations introduced into the lattice.
Localized décomposition has also been found.
‘Fission fragments can cause an appreciable
iricrease in surface area of the solid. All of these
factors can influence the. rate of thesubséquént

decomposition. Although the rates of
decomposition may be enhanced, the effects
observed up to the present have not been very

spectacular. In no iase has an explosion resulted'

with the possible exception of electron
bombardment and-here heating has been shown
to be responsible: for the explosion. This is
perhaps .a fortunate result since explosive solids
are wiréady sufficiently dahgerous to ‘handle,
without the added concem of excesive
séiisitization by ionizing radiation.
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CHAPTER 5 MEASUREMENT OF DETONATION PROPERTIES

5-1 INTRODUCTION

In Chapters 2 and 6, relationships.among the
detonation parameters are derived and discussed.
Some of these parameters—namely, velocity and
conductivity—are readily measurable quantities.
Others, such as pressure and temperature are
difficult if not impossible to measure at the
present time. In this chapter the cumrem 2nd
most commonly used techniques for the
measurement of detonation parameters are
presented. The techniques are grouped according
to the parameter being measured. Where a
technique is applicable to the measurement of
several parameters, it is discussed in detail only
when first encountered. Date representative of
some of the techniques are included. More
extensive data may be found in the references.

52 DETONATION VELOCITY

Detonation velocity D is the most readily
measured property of the detonation wave.
Consequently, much of detonation theory
centers on this quantity. A large body of theory
concerns the state of the explosive products, a
state which was perhaps the most unusual
condition of matter prior to the advent of
nuclear explosions. The explosive products in
the detonation wave consist mainly of gases,
sometimes mixed with solid particles of carbon
or metal oxides, at a very high temperature at a
density greater than that of the original solid or

liquid explosive. The pressure is enormous; and.

the behavior, therefore, is far from the near
ideal-gas behavior evidenced under more normal
conditions. The nonideality of the product gases
makes the detonation velocity in condensed
explosives depend strongly on the initial bulk
density of the explosive p,. The detonation
velocity in gas mixture does not change very
much with initial density, Empirically, the
dependence of D on p, can be expressed quite

accurately by a linear formula: D=D, +M/p ,

where D, is the detonation velocity at unit
density. bata on the dependence of detonation
velity on initial density have been the major
source of information about the equation of
state of the product gases; and, although the
exact equation of state cannot be determined on

the basis of these data alone, a considerable
body of knowledge on this subject has been
obtained. This topic is taken up in Chapter 7.

521 HIGH-SPEED PHOTOGRAPHY

The extremely high and ~emarkably constant
wave velocity was the phenomenon that first
dttracted scientific attention to the study of
detonation, The major experimental too] for
observing this pheonomenon has been and still
remains high-speed photography” ; to describe all
the ingenious cameras that have beer: developed
for this specific purpose would demand a book
in itself. The discussion which follows is,
therefore, limited to the most commonly. used
cameras,

The classical work was done with a
rotating-drum or a rotatingmirtror camera. This
type of device, sometimes called a ‘‘streak”
camera, is vseful primarily for nieasuring the
velocity of a wave front or the motion of a
surface, (The drum camera principle is
illustrated in Fig. 5-1.) The field of view of the
camera lens is masked except for a narrow slit
parallel to the rotational axis of the camera. The
camera is aligned so the slit is parallel to the
direction in which velocity is to be recorded; for
example, to measure detonation velocity, the
camera is set up so that the slit is parallel to the
axis of the explosive stick. The rotating-drum
camera has the film mounted on a rotating
cylinder, preferably on the inside so that it does
not fly off. The image of the Juminous wave
front leaves a diagonal trace on the film, the
slope of which is a measure of the velocity. A
rotating-mitror camera is similar, except that
the film is stationary and the image is swept over
it by means of a rotating plane mirror. This
makes possible much higher effective speeds.

The precision of a velocity measurement with
a streak camera depends among other things on
the “writing speed”, i.e., the velocity of the
image on the film, Preseni-day cameras of this
type have a speed of up to 10 mm per usec, With
such devices, velocity can be measured with an
accuracy of about 0.1 percent.

Although streak cameras have provided many
of the important data concerning detonation,
they do nof furnish an image that allows one to
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divectly “see’ a phenomenon. Great advances
came about during World War 1I, therefore,
when very high-speed motion picture cameras

{or “framing’’ cameras as they are usually called)

were -developed. (The -principal elements in the
scheine are depicted in Fig. 5-2.) With these
devices, rates up to 15.X 10% frames per second
have been obtained. Such cameras are now
available commercially. A rotating mirror s
used to -sweep the image over a baux of
individual “relay”’ lenses that serveto “stop” the
motion in discrete intervals and project on the
film a sequence of stationary imnages, one for
each lens. Thus, the number of frames is limited
by the number of lenses. A common camera of
this type has some 24 lenses and supplies a
corresponding -number of sequential
photographs..

So-called “image dissection” has-been applied
to obtain much higher effective. framing rates,
up to 10® or even 10° frames per second, This
technique involves -dividing the image into
elements that are “scrathbled” on the film,
thereby redu-~ing the length of film that has to
be scanned in each frame by the rotating mirror.
To reassemble the-image, the separate parts are
‘“‘unscrambled” by reversing the process. Image
dissection results in a loss of detail in- those
techniques where portions befween elements.are
actually not recorded on theé film, or loss of
resolution when optical distortion of the
separate parts is involved in displacing or
compressing the images on the film,

In photographing. many high-explosive
phenomena the self-light produced by the
detonation is all that is needed to form the
desired image on the photographic plate. But in
some cases external illumination is needed. A

Figure 5-2, Optical

System

‘high-speed shutter?.

common light source for this purpose is the
argon flash charge, Essentially this is just an
explosive charge such as -Composition B in ah
atmosphere of .argon. Because -argon is
monatomic and has a high electronic excitation
energy, the shock wave.near the surface of an
sxplosive charge produces a very high
temperature and thus an intense source of light.
By tailoring the geometry of the charge and the
size and shape of the argon envelope, the
intensity and duration of the light can be
modified to suit the experiment. Timing of the
light flash can be synchronized by usé of a
suitable circuit to fire the charge. The péak
luminosity of the.argon flash charge is said to:be
5 to 7 milion candlepower per square
centimeter. Duration may be varied from as

little as 10® sec to several hundred
microseconyls,
Anothe? light source for high-speed

photogzaphy » the exploding wire. Electrical
energy stored at iigh voltage in a condenser is
discharged into a fine wire of silvei-or.copper. A
bright flash is obtdined, iasting for 50 to 60
psec. Alternatively, a spark. discharge is- often’
used to.obtain a very brief exposure.
Single-exposure photographs of exploding
charges-can be made'in a variety of ways. If the.
self-luminosity is not too great, an-argon flash
charge or a spark of brief duration cin be used.
Or, if the luminosity of'the charge itself is too
high, the motion can be stopped by means of a
One type of shutter
exploits the Kerr effect (see Fig. 5-3), which.is
the polarization of light passing through certain
liquids when they are subjected to a high electric
field. The Kerr shutter uses nitrobenzene in a
glass cell containing two electrodes. The cell is

AEC-Bowen Framing Camera
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situated ‘betws on crossed Nicol prisms, and the
assembly is placed in front of the camera lens.
When an -electrical pulse of short duration is
applied to the electrodes, light is allowed to
pass. The-open time of the Kerr cell can be as
‘small as a few nanoseconds (10°? sec ). Another
type of shutter which is more ¢onvenient but
not as’ fast exploits the Faraday, or
magneto-optic, effect. Here polarization is
produced-in a-dense flint glass plate by inducing
a strong magnetic field. )

522 PHOTO:OPTICAL SYSTEMS

‘While -mechanical and: optical techniques.have
been highly developed in the photography of
detonation phenomena, the possibilities that
exist in the field of electronics involving, for
example, the photoeléctric effect and the
cathode ray tube have only recently been
exploited. Ingenious ‘work in this area is the
work: of J. S. Courtney-Pratt® which has been
directeGi especially toward the study of fast.
events on a:micro scalé, such as the initiation of
detonation in a single:crystal of lead azide: Orie
application is"the .image-converter tube in. which
a 'photosensitive screen acts as the source of
electrons (cathode) in a cathode ray tube. With
this device the intensity of the image can be

POLAROIDS
(CROSSED) -

OBJECTIVE

‘EVENT

amplified many fold. Also, by means of
electrostatic or magnetic defléction of the
electrons, the image can be scanned at very high
speed. A combination of these techniques makes.
it possible to .achieve -effective writing speeds:
some 100 times- greater than those in a rotating
mirror camera; Also, a. very effective.shutter for
single-frame or multiframe photographs can be
obtained by “gating” the passage of electrons.in
the ‘image converter tube., Several -iipage
converter cameras are ‘presently available
commercially.

523 ELECTRICAL SYSTEMS

Although the streak camcra is an important
and in some ‘cases indispensable tool for
measuring detonatisn velocity, a more
convenient technique® commonly -employed in

-routine work is:the use of “ionization probes”.

These detect the-passage-of the detonation wave
as a result of the electrical conductivity in the
reaction zone. A series of two .or more such
probes are imbeddéd in the charge; -spaced at
intervals along the surface. By ineans of suitable
electrical circuits, the passage of the detonation
wave front is-signaled to a cathode ray tube and
displayed on a time base. The .average
detonation velocity between two.probés may

KERR CELL ’ q |
(‘ L
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Figure 5-3. Arrangement of a Kerr-effect Shutter
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then be calculated from the separation distance
and the time interval between signals.

The ionization probe itself may consist of iwo
wires held a small distance apart with a voltage
source—such as a charged condenser—applied
across the gap and.a series resistance to indicate
the passage of current. A convenient type of
probe for many purposes consists of a pair of
enamel-covered wires that are twisted together.
The enamel is quickly burned off in the heat.of
the.detonation front.

For the time base, a combination of a
triangle-wave generator applied to the horizontal
deflection plates of an.oscilioscope and a single
linear sweep applied-to the vertical plates gives a
zig-zag raster of long duration and high
resolution. Time markings may be applied by
means of either beam intersity modulation or
beam deflection. The circuit elements are shown
schematically in Fig. 5-4, and the type of record
obtained is shown in Fig..5-5.

The cominon jonization probe method is
useful only for obtaining average velocities in a
series of intervals. When one wants to measure
accurately a rapidly changing velocity (for
example, in ionization experiments), a variation
of this technique can be used which yields a
continuous distance-time trace like *hat given by
d sfreak camera. In this arrangement two long
parallel lengths of resistance wire are inserted on
the axis of the explosive charge and attached to
a voltage source. As the detonation wave
advances it effectively shorts out the two wires
at the wave front and thus reduces the series
resistance in the electrical circuit by the
fractional extent to which the wave has
progressed along the length of the wires from
the open end. By suitable circuitry a resistance
vs time trace can be displayed on an oscilloscope
screen, which is essentially equivalent to

-distance vs time for the detonation wave,

Still another method of measuring detonation
velocity has been studied by Cook'; this
irvolves using the explosive charge as a wave
guide for microwaves.

524 D'AUTRICHE METHOD
Besides these relatively sophisticated

techniques, there is a simple velocity test known
as the D’Autriche method. This is still used to

some extent in routine westing of dynamites. It
employs a detonating cord as a standard and
gives a measure of the velocity in the test stick
compared to that in the cord. The test
acrangement is shown in Fig. 5-6. The ends of a
loop of detonating cord are inserted in the test
stick and the middle is taped to a metal “‘teller”
rod (lead or steel are often used). The exact
mid-point of the detonating cord is marked on
the teller rod. When the stick detonates it
induces detonation in the two ends of the
detonating cord not simultaneously, but at an
interval between equal. to: the test base lirie £,

divided by the detonation velocity D, in the fest
stick. The two detonation fronts havelmg from
opposite ends of the coid with a speed. D

converge at some point a-distance 9, beyond the
mid-point toward the rear énd of the Joop: At
the point of meeting head-on, ‘the detonation
waves produce a sharp dent in the téller rod
which is readily identified. The ratio D /D of
the velocities is equal to one-half the ratlo 2' 74,

of the lengths and if D, is known, D; can be
datermined. The accuracy, of course, depensls
on the reliability of the value for D, and on the
care with which the test is carriéd ou.

5-3 DETONATION PRESSURE

The problem of measuring the extremely high
and. short-lived pressuie in the detonation wave:
initially seems insurmountable. Theory predicts
the magnitude to be some hundreds of kilchars,
a level that may be compared, for example, to-a
head of water thousands of miles deep. These
pressures equal of exceed the highest levels that
can be produced.in any other way at the present
time. Indeed, the generation of shock waves in
materials placed in contact with high explosives
or impacted by explosively acceleraied plates
affords an important unique means for studying
certain phenomena at the limit of man-made
pressures,

No direct standards or scales are available
against which pressures of this magnitude can be
compared. However, a sound basis for the
determination of pressure is provided in the laws
of motion. In fact, we now posess very accurate
measurements of pressure in the detonation of
various explosives, plus a wealth of precise data
on the behavior of many inert materials at these
high pressures®,

5
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The mechanical® conservation equation
expressing conservation of momentum across a
shock. front (Eq. 2133 of Chapter 2) relates
‘pressure across: the front p; - P, to three
measursble quantities—initial densxty p, of the
unshocked materigl, shock velocity U ar.d

particle veloclty u, of the shocked

material—according to
B - P, = o4 U (51)

In a steady staté wave, U is readily messured.
Determination of p, hmgr 4, then, on finding u.
In general; two ways aré possible to determine
u,, the most common being to measure the
veloczty u, at a free surfacé. For a shock wave
ina condensed nonporous inedium, u,, may be

-equated-without much error to exactly twice u,,

ie.,

u, = 2u (5-2)

Eq. 5-2 is rigorous only in the infinitesimal

acoustic approximation. It amounts to

neglecting the entropy increase at the shock
front and the energy dissipated in. plastic

.deformation. For many condensed, nonporous

materials, Eq. -2 is a reasonable dpproximation
at high pressure.

Another method of obtaining u, is to measure
the density p; behind the shock front by flash.
X-ray densitometry. This. value may then: be
used to determine u, through the equation for
conservation. of mass:tEq 2-129)

pU = p, (U - u,) ()

A close estimate of the particle velocity
associdted' with the C-J pressure (equilibrium

TIME MARKS

Figure5-5, Zig-zag Oscilloscope Trace
Obtained With Raster Generator
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pregsure at the end of the reaction zone) in a
detonating explosive can be obtained from a
theoretical equation due to H. Jones®, which is
discussed in par. 7-3. This equation (Eq. 7-30)
relates u, to detonation velocity and other
properties of the explosive.

u = D/[g,(2 + &) (5-4)

where g, = 1 + dfnD/dn p,, and @ i a
dimensionless number that depends on
certain thermodynamic properties. The value of «
is close to 0.25. For many explosives g, ‘is
approximately equal to 1.7; hence, one may
estimate u, from D by the approximate relation

u =026 D (5-5)

Combining Eq. 55 and Eq. 51, one obtains
{reglectingp, )

p, = 0.260,D" (56)

Eq. 56 gives values usually within a few peiceént
of those deterrnined experimentally.

Pressure measurements obtained at the Los
Alamos Laboratory”*® are given in Table 5-1.
The nimber of sighificant figures reported is
indicative of the accuracy of this work. The last
line of the table gives the pressure calculated by

substitution of the values for p, and D-in the:

approximate relation Eq. 5-6. The agreement
shows that this is indeed quite a useful formula.

53.7 PRESSURE IN ADJACENT PLATES

Pressures in the detonation wave have been
very accurately determined by the measurement
of pressure in a metal plate in. contact with an
explosive. The method was proposed by

Goranson® at Los Alamos in 1945, but such:

were the rigors of the technique that results
were not forthcoming until some ten years later
5%, Both the theory and the methods in this
fype of experiment are somewhat involved:and
cannot be ‘discussed fully here. The reader is

TEST EXPLOSIVE

t .
! ATV X -
DETONATOR ;:
;.
L -
i JA \
: '
DETONATING
. / CORD
] ]
1 1
]
] 1
3 TS
APE i el TELLER
K : h ! BAR
4 4
| MID- DENT
i POINT
; B
] Figure 5-6. D’'Autriche Test System
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TABLE 57 CHAPMAN-JOUGUET PUESSURES IN VARIOUS EXPLOSIVES

63/37 64/36 77/23

Parameter RDX® TNT*  Comp.B’ Comp.B* .Cwvclofol®
Density p,,,g/em® 1.767 1.637 1.67 1.713 1.743
Detonation Velocity D,m/sec  863% £942 7868 8018 826%
C-J Pressure, kbar: meas. 337.9 36891 272 292.2 312.8

Eq. 5-6 345 207 272 290 312

referred for details to the given references.
However, the basic ideas are simple. The
pressure p,, behind the shock wave in the metal
plate is determined through Egs. 5-1 and 5-2 by
a simultaneous measurement of shock wave
velocity U and free-surface velocity u,, . This
determination is made for several thicknesses of
metal and extrapolated to zero or near-zéro
thickness, depending on whether tha initial
pressure in the precursor shock (the so-called
‘“vor. Neumann spike”) or the Chapman-Jouguet
pressure is desired (see Fig, 5-7). Thé reason an
extrapolation must be made is that the shock
front in the meta) is continually attenuated as it
passes through the metal because of the
“overtaking" effect of the rarefaction traveling
behind it. Thus, if one wishes to determine the
pressure =i the interface between. metal and
exploiive at the instant the detonation front
first reaches that point, if is necessary to know
the shock and free-surface velocity that would
be prodaced in aninfinitely thin'plate. When the
initial pressure p,, in the metal at the iuterface
is known, pressure p, in the incident detonation
wave can be calculated from the
“impedance-match” formula that govems the
interaction whicis the waie experiences at the
interface. An. approximat but quile accurate
version of this formula was:deduced by Duff and
Houston”; it is

B, /o, = 20, U ApU, +0,U,) (57}

where p is the initinl density, U the shock wave
velocity, and the subsecripts m and x refer to
metal and explosive, respectively.

The pressre in the aljacent plate is usually
diteznuned oy messuring particle velocity, free
susface veascity, or stress transmitted to a
second material. Techiiiques for generation of

pressure pulses and measurement of pressure in
the second material are discusséd 4in the next.
three subparagraphs.

53.1.1 Plaje Wave Exployive, Systems

A prereqisite for measurements. of pressure in
plates is aimeans to obtain a svry flat (planex)
délonation wave front. Since the wave is
initiated in a small area by a ..‘onator cap, it
starts out as a spreading sphesical front, The
problem is, therefore, to mike an explosive
“leis” that will convert the diverging wave front
to a plane, This development ¢z - ~ about-at the
Los Alamos Scientific Laborati.y shoxtly after
World War II. The “plane wave lens”” has.become
indispensible for studying strong shock waves,
The Los Alamos experiments customarily
employ an 8.in,-dismeter lens to ‘initiate
detonation in a precisely machined block of
-explosive. Experimental observations are
confined to the céntral portion.of the charge to
avoid edge effects (rarefactions due to lateral
sxpansion), Fig. 5-7(A) shows the charge
geometry.

Fig. 5-7(B) shows the contour (pressure vs
distance) of the detonation wave ‘in the
explosive charge before it reaches ¢the
explosive-metal inteiiace. The wi 2 froni is a
shock, and this ix followed by a very rapid
pressure decay in the narrow region where
chemical reaction takes place. This portion is
called the “von Neumann spike”., Foliowing the
steep decay, a much more gradual pressure drop
occurs in the rarefaction that proceeds from the
detonating end of the charge, This portion is
called e “Taylor wave"”. The Chapman-Jouguet
paint (C-J point) is at the juncture of these two
portions, i.e., at the termination of the “von
Neumann spike”. At this point chemical
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reaction is virtually complete. The C-J
conditions determine the detonation velocity as
well as other important parameters of the
explosive. This subject is discussed in Chapter 6.
The von Neumann region and the Taylor wave
are dascribed in Chapter 8 which deals with the
structure in the defonation,

Fig. 5-7(C) shows the shape of the shock wave

at a late; time, after it has crossed the

explosive/metal interface. Since most metals
have a nigher acoustic impedance than
explosives {i°e., 2 higher for the metal than for
the explosise), a shock wave rather than a
rarefaction, is reflected back from the metal
surface inwo the detonation product gases in the
explosive, This reflection occurs at the instant
the: shock wave meets the interface and, since
pressure must always be equal on both sides of
the interface, ‘the transmitted shock advancing
jnto the metal has at that moment the same
pressure as the raflected shock in the explosive..
However, as the two shock fronts advance,
traveling in opposite directions away from the
interface, the pressures change. The reflected
shock changes because the wave is traveling back
into 2 more rarefied region behind the
detonation front. The {ransmitted shock changes
because the front is constantly attenuated by
the rarefaction behind it. The steep von
Neumann spike region rapidly disappears in the
metal since there is now no reaction process Lo
feed energy to the shock front. Duff and
Houston. found that the spike vanished at a
point about I mm from the interface of an
aluminum plate in contact with Composition B.
Fig. 57(C) shows the configuration after the
spike has disappeared in the transmitter wave.
The wealth of information harvested from
experiments involving measurements in adjacent
plates is. illustrated by data for water, Plexiglas,
and aluminum shown in Fig. 5-8. These data
were taken from Ref, 10, Such curves are known
as Hugoniot cuxves (see par. 2-8) and reflect the
compressibility of the material under dynamic
conditions in a shock wave. The data of
Professor Bridgman for Plexiglas’® are also
ploited in Fig 6-8; these are isothermal points
obtained in static experiments, They lie
somewhat below the Hugoniot curve, as would
be expected, but their position is consistent with
the dynamic measurements, Comparison of the
pressure range covered by dynamic

510

measurements with that explored by Bricgman
demonstrates the power of these new
techiiiques,

At the present time the equation of state in
the hundreds ~ kilobar range is known for
about thirty me..s as well as for many other
materials, Recent measurements have yielded
data in the megabar region for a number of
materials®®, With this information now
available, and with certain simplifying
assumptions, only the free-surface velocity is
needed to defermine pressure in a given
experiment since the shock wave velocity can be.
calculated from the particle velocity by use of
the equation of state.

653.1.2 Prassure Transducers

Recent, work at several laboratories has
resulted in the development of seyeral devices
for the measurement of pressure, These are the
piezoelectric “quartz gage™2!® and a
piezoresistive “manganin gage" 613 both of
which are now being extensively applied to
study the response of solids to shock waves. The
manganin gage has also heen employed in
underground nuclear test programs as an
“‘in-material” gage, measuring the stress histoiy
of earth media close to & nuclear event.

The quartz gage is well suited to the
measurement of interface stross -pulses up to
several tens of kbars and with dutations less than
the transit time through the gage, The high time
resolution -of the gage is a consequence of the
fact that the oufput signal from the gage is
proportional to the instantaneous pressure
difference across its faces, Hence, the gage need
not come into mechanical equilibrium with its
surroundings before a valid measurement of
interface stress can be made. Fig. 59 shows a
quartz gage in place on a lock of metal, the rear
face of which has been subjected to an impulse

from an explusive plane wave generatos. Thig

impulse creates a shock wave propagxting from
left to right in the specimen. As tha stress wave
enters the x-gut quartz disk comprising the guge,
a polarization vector P is produced by the
rolative displagement of the §** lons and the
0% ions in the quartz structure, Henge, the
electric displacement vector D = P+ ¢ E in the
cryste) wimng with time, and for external short

-
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Figure 5-7.  Plane-wave Generctor /4), and Shock Wave Before {B) and
After (C) It Impinges on the Metal Plate
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circuit conditions it is shown in Ref. 14 that one
has

d\  fAU
i(t) A(d) 2 [, - a,] (6-8)

where i(t} denotes the short circuit current, A
the area of the crystal, f a piezoelectric constant,
U the shock velocity in the quartz, { the lens th
'of ‘the erystal, and ¢, ‘and 0, represent. the
x-compenents of siress at the stressed- electt sde
und the rear Wtece of the quartz crystal,
respectively. Eq. ‘3-8 is. derived with. the aid of
several assumpticss, the .details of which are
given in Ref. 14, This equation provides a means
of measuring tne time dependence of o (1) by
monitoring:i(t). Expérimentaily, it is found that
Eq. 58 can be used-for peak stress amplitudes of
4 fev: tens.of kbars, The short-circuit current i(t)
is monitored by photographing, with the aid of
an-oscilloscope, the incremental time-dependent

ltage V(t) = Ri(t) developed across a small
adistance R. We shall not describe: here the
procedures.necessary to ensure that the observed
voltage ‘transient V(t) is accurately proportional
to ‘the stréss difference acrosz the crystal,
referring the reader instead to Refs, 13 through
15 for details of experimental technique and

gage construction,

The piezoresitive manganin gage utilizes the
change in resistance resulting from a change in
resistivity and volume under compression as a
measure of the applied sitess. A comihoti form

METAL PLATE
\2//

L1~

of the gage consists -of a fine wire embedded a
small distance into a block of noénconducting
matetial, usually a plastic. The block isplaced in
contact with the specimen such that the wire is
near the interface. The responsé of ite wireis a-
measure of tlie x-component of interface stress.
The manganin gage has been used to much;
higher pressure than the quartz gagé (seveml
hundred: rather than. = few tens -of kilokars).
Also, recordmg t/mes available with the
manganin gage can be quitelong: of the order of
10 usec. Iy addition, the manga.:in gaps-can be
embedded in a thin wafer within-solids' *at 4re:
to be shock loaded, -providing .an.. n-L”...,qenal
measurement of the x-component rather than a
rear-sutface meéasuremerit as doss the -quartz
gage. Measurement uncertzintied -arising frome
impedance mismatch are théreby ‘minimized.
The principle of operation. cf the:piezoresistive
transducer. is simiple. The application of pressure
changes the resistivity and volimé of a gage
wire, the resistance of which is mejhtored by
measuring the voltage developed dcross the gage
when a steady -currént flows in it. In prictice,
use is macde of a pulsed gage current to obtain
substantial -output voltage. Pulsed currents
minimize heating of the gage wire undily. Flg.
‘510 shows.the configuration of a particilar gage
used in laboratory pressure measuresnents' S
The current Jeads of the four-terminal resistor
are maxl ed I whlle the voltage 1eads are marked
V. A nawqpped constant current pulse of about
34 peek amplitude is tumed on approximaiely 2'

X+CUT: QUARTZ CRYSTAL

/éLEC'rRoDE
r———CSIGNAL OUT

EV!EWING RESISTOR R

SHOTK GYRECTION ~———p

Figure 5-9. Corfiguration for the Mcusurercent of Interfece Stress Using a Quart,. Pressure

Transducer
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psec before the shock wave arrives at -the gage
wire. By Ohm’s law, the change in gage wire
resistance- is directly proportional to the
amplitude of e incremental voltage developed
‘across it, and since the resistance change is in
‘tum proportional to the pressure, the manganin
gage provides a simple wiy of ‘measuring
dynamic pressures, The gage factor, i.e,, the
constant k in the equation R{P) = kP where R
denotes resistance and * stands for pressure, is
determined by calcuiating pressure from a
measurement of free-surface velocity v, and
the shock velocity U of a shocked material in
which the gsge is embedded and then by
applying the Hugoniot jump conditions
discussed in par. 5-3 to delermine the pressure
-associated with thé.shack wave: Simultaneousiy,
the voltege transient V(t) is measured across the
gage. By repeating this experiment several times,

ofie can obtain a set of poirt n:a calibration
curve relating-P and R(P). T, ation appears
to be accurately linear to ali,, kbar, The
value o k_is on the of of 0.0029

ohm/ohm/kbar and varies .. the alloy
composition® ¢,

METAL FLATE

A pressure transducer utilizing a rotational
polarization effect caused by the passage of a
shock wave through dielectric materials
consisting of polar molectiles has also been
developed! 221 although it appears to have
been less frequently applied in shock physics
experiments than either the mangenin gage or
the quariz gage. The principle .of operation of
this polarization gige is qualitatively similar to
that ‘0. the quartz gage. The advancing shock
wave aligis pérmanent dipoles present in.poldr
dielectrics so-as to cause a polarization véctor to
appear in these materials, This Jffect causes the
plane parallel capacitor consisting of the
dielectric and two metallic electrodes to become
chaxged, The current from this capacitor it
monitored by measuring the voltage drop across
a small resistor in an external circuit. Such a
transducer has a fast response and is, therefore,
well suited to the study of details of.shock wave:
structure. The available recording time is
typically 2 to 3 usec, Fig. 5-11 illustrates the
kind of record obtained. The polarization
transducer appears to be less convenient to use
thait either the manganin gage or the quartz;guge

CURRENT LEADS [
VOLTAGE LEADS. V

MANGANIN WIRE NEAR EPOXY-
METAL INTERFACE

SHOCK DIRECTION —————-

Figure 5-10, Configuration of Marganin-epoxy Pressure Tramediicer
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since. a threshold. pressure of about 30 kbars
exists, below which no output signal is obtained,
and since the pressure versus output current
relations are nonlinear in ways specific to the
particular dielectric materials used.

One other pressure transducer will be
mentioned here, i.e., the *“sulfur gage” described
in Ref. 21. Sulfur exhibits a large decrease of
electrical resistance when it is subjected to
pressures-in-the-deionation range, changing from
an excellent insuiator a 1 bar to a good
conductor at 200 kbar. This property has heen
exploited in a transducer to measure pressures in
shock waves ?!*22_ The response of the sulf-~

_gage is nonlinear; also unlike manganin, the plot-

of resistivity versus pressure for sulfur exhibits
marked curvature. In addition, above 200 kbar
the revstivity of sulfur is so ‘low ‘that its
measuy_.aent is inconvenient, For these reasons,

comparatively little work has been published in

which the sulfur gage has been used to monitor
pressure wave profiles.

53,1.3 Particle Velocity Measurement

Various means have been employed to
measure shock and free-surface velocities in the
metal plate®3, The earliest work employed a
pin technique. Pointed metal pins were spaced at
graded: distances from the frec surface. When the
surface was impelled forwazd by the impacting
shock front, it made contact with each of the
pins in turm. The pins were wired o separate
pulse—forming circuits, and the pulses produced

CURRENT

A Shock front antars dislectric
B Shock front arrives at sacond slectrode

Figure §-11. Form of Polarization Signal from
Polarization Gage

on contact were displayed on a high~speed
oscilliscope sweep. In this way the free surface
velocity wus measuréd. To defermine shock
velocity, small wells were drilled at various
depths in the surface of the plate and in each
well a pin was placed almost in contact with'the
bottom surface. Thus, as the shock wave arrived
at each of these points (before reaching the main
free surface) it caused a confact to be made
almost -instantly. In -this way the shock ws ¢
velocity was measured inside the mefel piate
within- a short distance of the free surface: What
is desired is an instantaneous reading of shock
velocity at the surface. Since the shock is
constanily attenuating (a typical rate of
attenuation (.5 in. from the explosive/mutal
interface is 10 percent per in.), it is necessary; t»
have velocity measurements within afew-teriths
of a millimeter of the surface. The technique,
therefore, requires the utmost precision in
machining the test specimens. Nonplanarity in
the detonation front can also lead to serious
errors. Work in this field, therefore, jepresents
the culmination of patient -effort in a 1ost
demanding endeavor.

Another means to measure shock and
free-surface velocities is the “Lucite wedge”
technique® llustrated in Fig. 512(A). A
flat:buttom groove is milled in the form of a
ramp, making an angle of 10° with the metal
surface. One end of a Lucite rod of rectangular
cross section js placed in thexramp and tié:other
end extending about an equa! distance éyond,
forming a wedge-shaped space be*ween the rod
and the metal surface. The Lucite rod does not
rest directly on the metal surface in the ramp
but is shimmed up so thut there is a narrow gap
between. Likewise, a thin metal shéet is placed
over the under muface of the overhanging
portion of Lucite and separzated by shims 50 as
to form a narrow gap at the surface of 'this
portion of the rod. The gap under the Lucite xod
ig filled withh argon, When the argon is suddenly
compressed because of the movement of metal
beneath, it flashes brightly. A streak camera is
set up with the slit parallel to the long axis of
the Lucite rod; a photograph like that shown in
Fig. 5-12(B} is abtained. This yields the shock
velocity and the free surface velocity on the
same photograph. In later work it was found
that a coating of paint filled with
“microballoons” (very tiny, hollow plastic

5-16
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Figure 5-12, “Wedge" Technigue for Measuring
Free-surface Velocity and Shock
Velocily

spheres) could be substituted for the argon-filled
gap with equal effect.

A third method for meisuring velocities
employs Lucite and argon gaps in a similar way
but .does not use the wedge. Instead, the
free-surface velocity ‘.‘f measured across a fixed
gap between a Lucite block and the metal
surface: Shock velocities are measured by
attaching smali metal blocks of various
thicknesses to the surface of the main plate and
recording the transit time of the shock wave in
each by the argon-gap method,

The most recent advances in the measurement

-of particle velocity aze the Faraday foil?* and

5-16

the laser interferometer, techniques?®, With the
interferometer, the mcvement ~¢ a reflecting
surface can be'monitored as a . .iction of time,
The surface can be a freé¢ surface or in
transparent materials a reflecting plane within or
between two specimens. The Faraday foil
technique provides. a. measurement of particle
velocity in nonconductors. These two
techniques are described here briefly. .fore
detailed -information can be found in the
references. -

The laser interferometer is shown
schematically in Fig. 5.13. The parameter
measured is the free surface velocity of the

specimen material, The principle of operation is:

as follows. Light from t:2 single fréquency gas
laser is focused on fae surface of the {arget by
means of a lens W1. The réflected light is
recollimated; by LZ, and: then split by a beam
splitter B1. Half the light traverses the delayleg
and: is recombined with the undelayed half at
beam splitter B2. The photomultiplier ‘then
records a signal whose brightness depends on the
relative phases of the two beams. Since the.delay
leg is fixed and the wavelength of the input light
i5. a function of free surface velocity (Doppler.
shift), the number of fringes recdrded at the
photomultiplier is related to the free surface
velocity. The relation. ship: can be derived as
follows?®, The Dopplet shift is given by

ANE) = = (2‘:'—):) u(t) (6-9)

where A is the wavelength, ¢ the speed of light,
and u(t) is the speed of the reflecting surface at
ime £, The delay leg length N\ is

N) =.cr (6-10)

where 7 is the time fur light to traverse the delay
leg. Differentiating Eq. 5-10 gives

cr
AN(2) = "(Kz’) Q) (511)
and substituting for AN in Eq, 5-2 from Eq. 5-11
gives A
u(t) = <?_r-> AN(t) (6-12)

The number of fringes AN as a function of
time are thus related to the reflecting surfaces
velocity by a constant M/(2r).
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The major advantnges of the laser
interferometer over previous free surface
systems are the high time resplution and the
hxgh surface velocity:capability, The limitations

in-risé time am limited by the-capability: of the

photomultiplier or oscilloscope recording
system, The bandwidth of each system is
typically 600 MHz. or a response time of ~ 1
nsec,

The Karaday foil technique utilizes th2 voltage
generated betwéen ends ol a conductor moving
in a stationary magnetic field as a measure ‘of

foil velocity. Experimentally, a metal. foil, smell

in the direction of shock propagation is placed

SPECIMEN

N

——
SHOCK
DIRECTION

LASER

in or between sections of a sample. The sample
is. placed in a uniform. magnetic field and, as the
sample is accelerited by’ the passage of a stvess
wave, the foil moves with the sample. The
volfage induced across the foil i§ monitored as a
function of time on an oscilioscope.

The relation between the voltage induced and
particle velocity i 1s

- (3 X H/10> (5:13)

where £ is the length of conductor in
millimeters, 4 s gamcle velocity in millimeters
per microsecond, H is the field:strength in gauis;

REFLECTING

y T / SURFACE
/ MIRROR

REFLECTING
PRISM

DELAY LEG

T PHOTOMULTIPLIER

Figure 5-13. Laser Interferomeier System (The velocity of the reflecting aurfacc is
related to the number of fringes observed by the photomultipliar.)
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and V is the voltage m volts. The accuracy of
measurement is limited by the ability to-measure
H and the effective length ¢ of the conductor,
and by a knowledge of the magnetic
susceptivility change of the sample during shotk
loading,

Advantages of the Faraday foil tec. nigue are
(1) high time resolution, () simplicity, and (3)
most important, the-capability of measurement
within. a test speci .-en. Disadvantages are the
difficulty in caiibranion of the system and the
restriction to measurement in a nonconductor.

332 X-RAY FLASHPHOTOGRAPHY

“The use of X-ray holds great promise for the
study of explosives but unti! quite recently
X-ray sources have been inadequate to exploit
the technique fully.

X-ray absorption fumislies an absolute
measure of the density of matter. However, in
many applications the important observations to
be made with X-rays concern the geometrical
relationships of shock fronts and contact
surfaces; it is in this area where X-rays, because
they make it possible to “see inside” the
detonating explosive, provide a uniquely
appropriate tool. Until now the difficuity has
been the inability of available sources to
penetrate charges more than a few iaches in
diameter. This has been a serious limitation. The
advent of PHERMEX?2® will greatly reduce this
problem;

The majer published work with flash X-rays
has been done by Schall?? at Weil am Rhine
(Institute de Saint Louis in ¥rance). In Ref. 27
Schall lists three determinations of -detonation
‘pressure based on flash X-ray photographs. One
method involves the acceteration. I a brass plate
in contact with explosive, By ireasuring the
cagvature of the plate in the vicinity of the wave
front, Schall estimated the pressure in
Composition B to be 1.6 X 10° atm. This figure
must underestimate the pressure at the front
because it is obtained from an average value of
the acceleration during the expansion of the
explosive gas against the plate. Accordingly, the
{igure is not the instataneous initial value that
relates to p;,

Another pressure estimate reported 'y Schall
was derived from an X-ray photograp}, showing
the boundary of the expanding gas from an
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unconfined charge. Schail used the following
approximate theoretical expression, ascribed to
W. Dtering and G. Burkhardt?®, which relates
the angle « that this bound:~' makes with the
charge axis and the eff~tive adiabatic exponent
of the product gases «:

« = 1(5.:1) -1 (5-14)
2\ -1

From the observed angle of 40%, « ‘was
calculated using Eq, 5-14. The value found was
2.8. The thieory of detonation (Chapter 6) shows
that the particle velocity u, is equal to D/(k +
1); hence, from Eq. 5-1

p, =00 [k + 1) (5:15)

Substituting the value for k in Eq. 5-11, Schall
obtained a value of 2,5 X 10° atm for the
detcration pressure in Composition B.

It may be noted that the value of x obtained
by Schall Trom this simple medsuremeitt agrees
very well with the value of 2 77.obtained frami
the isentrope-as determined by Deal. Also, the
factor /(i + 1), which on the biigis of Schall’s
work has a value of 0.26, agrees with the
number obtained independently from the
theoretical expression of Jonas in Eq. 5-6. We
have previcusly pointed to the agreement
between pressures cbtained from Johes’
expression and the messured data (Table 5-1).
Taken ali fogether, these observations form a

‘highly consistent picture.

By comparing the optical density in the X-ray
photograplt immediately behind the wave with
that in fiont, Schall was able to estimaté the
ratio p; /p,, and hence to calculate the pressure,
using Eq. 5-4 to find u, in terms of D. In thix
way he obtained u value of 1.9 X 10% atm for
the detonation pressure in Composition 8. This
value is about 80 percent too low. The error is
probably indicative of the limitatiohs of the
equipment in precise quantitative measurements
of ihis kind.

An additional method of measuring
detonation pressures involves flash X-rays to
measure wave velocities in adjacent plates.
Perpendicniar incidence of a detonation at an
interface can have one of several effects,
depending o the impedance match between the
explosive and the particular inert medium in
centact. For dense metals, such as steel or lead,
pevpendicular incidence always results in a
reflecied shock. However, if the direction of
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waye propagaiion is parallel to the surface of the
metal or at a small ungle, a rarefaction is
produced in the explosive by the interaction. As
the angle of incidence is increased, a point is
reached where neither a rarefaction nor a shock
is reflected, i.e., a “match” is obtained, This
condition can be detected in flash X-ray
photogtaphs, Dr. Jane Dewey®® of Ballistic
Research Laboratories shower that when this
condition of no reflection occurs, the
detonation pressure can be calculated from a
relationship involving the angle of incidence «
and the angle § by which the surface of the
metal is depressed at the edge of the advancing
detonalion front. The relaticn is

2
£,D sin &

PR LA . (5-16)
1 gos @ sin (a+ §)

Observation of the precise angle for zero
reflection proved to be difficult bu.. ihe pressure
values obtsined independently in this manner
confirm the validity of figures derived by other
methods,

‘Work done with X-mays up fo the‘present time
thus comrohorates very well the data obtained
from other more precise but léss direct types of
mearurements of the properties in the
detonation wave. With the new commerciaily
available high energy’ machinés, much greater
precision in data of this sort should be possible.
More importantly, we should be able to learn a
great deal more about three-dimensional cffects
in the detonation wave (e.g., the effect of the
charge boundary) than is known at present.

5-4 BLAST WAVE PRESSURE

‘Precise measurements of shock wave pressures
in air or under water are usvaily made by means
of piezoeléctric transducers. The favorite
piezoelectric moteral is tourmaline but quariz
has also Dbeen uséd. A good description of
piezoelectric blast gages ang how they are used
is given in Ref, 31.

Measurement of pressure it air blast waves
poses & special problem because of the large
particle velocity or **wind” assa.iated with the
shock. The presence of the gage itself disturbs
the flow in the medium and this can lead to
serious errors unless special precautions are
taken in the constructiors and mounting of the
transducer. There aie two well-defined ways to

measure the pressuxe in the blast wave, usually
referred tu as “side-on” and “face-oxn.” The first
term applies to a measurement of the pressure
sensed on the face of a transducer when it is
oriented along the direction of travel of the
shock wave, i.e., in a direction perpendicular to
the shock front. Ideally, the gige should be
mounted in an infinite baffle, or wall, which is
aligned along a radiusfrom the explosive charge.
If the ¢charge were-fired on the ground, a side-on

-measurement could be made by mounting the

gage flush with the ground surface. For side-on
mcasurements in free air, the piezoelectric
element must be mounted in a baffle of
sufficient size and suitably shaped at the leading
edge to minimize the distortion of the pressure
field produced by the 'blast wave around the
gage. Construction of -a gage designed for this
purpose at the Ballistic Reséarch Laboratories.is
shown in Fig. 5-14.

Face-on -measurement refers...o :the recording
of pressure behind the reflected shock produced
wheb the air blast wave strikes a massive wall at
normal incidence. Singe the air is brought to rest
by the reflection, no problem of aerodynamic
distortion arises here. A serious source of
spurious signals in this case, however, is
mechanical vibration of the wall or components
of the mounting fixture, Special precautions
must be taken to eliminate these undesirable
effects, The peak overpressure of a face-on
measurement is twice that of a side-on
measurement at very low pressure levels
(acoustic approximation) and incréssés to
several times the side-on pressure, at higher
pressures,

For the shock waves produced imair by high
explosives, the most important parameters are
the peak pressure and positive impulse [pdf.
Under water, the energy quantity obtained by
evaluating the integral [p?dt under the
pressure-time .curve is also Important for some
considerations. A pressure and flow
piicnomenon known as the “bubble pulse”,
which follows at some distance behind the shock
front, is also important in underwater effects
Some charecteristics of shork waves in air and
water are discussed in Chaptey, 1%,

Various mechanical devices have been used to
record shock wave effects both in air and
underwater, The best known of there is the
diaphragm or “Bikini” gage, the latter name
deriving from the use of this device at the fixst
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nuclear bomb teste at Bikini Island after World
War IL This gage consists of a sheet of aluminum
foil clamped between two steel plates which
have circular opénings of various diameters,
Several nf these gages are placed face-on to the
blast at various distances from the cha.ge. After
the charge is fired, the gages are .inspected to
determine the smallest-diameter hole in which
the aluminum foil is broken in each case. This is
a measure of the peak blast overpressure. These

.gages can be calibrated with known charges by

meéans of the peak-pressure vs distance curves
that have been compiled from piezoelectyic- data.
If a sufficient number of diaphragm gages is used
on a test so that significant statistical averages.
can be t{aken, these .devices produce quite
reliable information.

A mechanical gage for measuring blast impulse
close to explosive charges is described in Ref.
32. This gage censists simply of a projectile in a
cylindrical barrel which is mounted in the wall
ofa heavy.concrete enclosure strong enough to
withstand the blast. The projectile is placed on
the mouth of the tube where it is exposed-tc the
incident blast wave. It acquires .a velocity
proportional to the positive impulse in the, wave.
This gage appears to give quite accurate absolute

measurements in a  zion where delicate
piezoelectric instru: .on is not entirely
practical.

Dewey®?, at the Shuffield Experimental

Station in Alberta, Canada, has developed a
technique to measure the air velocity associated
with the blast wave. The method involves
measuring the displacemenc of smoke trails in
motion picture photographs. It is applicable
especially to large chacges of chemical explosives
and to nuclear explosions, Good agreement with
theoretical predictions has been obtained,
except for oxygen-poor explosives like TNT. In
the case of the laiter, the detonation products
continue to bum in the oxygen of the air. The
relatively slow release of energy from this source
causes an outward flow of air which contributes
to the pressure and particle velocity in the “tail”
of the blast wave, However, even for TNT, the
particle velocity data at short distances behind
the shock front ave in good agreement with
theory.

55 DETONATION TEMPERATURE

The agreement of various values of detonation
pressure reviewed in this chapter may convey

the impression that our knowledge of the
detonation state is quite secure. Actually this is
far from true. Except for Eq. 5-5, whickh is based
on a theoreticar deduction of ‘Jones, the
consistency of various estimates of préssure is
merely testimony to the -accuracy of
experimental observations, The concepts from
which these various ‘means to measure pressure
are derived are the continuily equation
(conservation of matter) .and' the equation of
motion (Newton’s second law). The energy
relation is not involved. Hence, experimental
observations .of pressure tell nothing about the
therm-d properties of the explosion products,
This s obviously a matter of comsiderable
intércst, yet, strange to say, it has received
relatively little atteation from workers in this
field. The reascus§ are not apparént because
measurement of temperature would not.seem.to
be fraught with unusual -difficultizs ‘compared
with other .experimental deterniinations on
explosives.

A method to-measure detonation temperature
and some expeiimental results-are described. by
Gibson and hir coworkefs in Ref. 34. The
temperaturer determination deperids on
measurement-of the relative intensity of light at
two different wavelengths and is based: on the
Wien displacement: law {or' Planck’s distribution
law). There are several assumptions implicit in
this method: (1) that the -emissivity of the
mediui at the two wavelengthsis the same; this
assumption is not likely to lead to serious errors,
and (2) that the contribution to the measured
light levels. by the cooled erpansion products is
small. The.apparatus was calibrated: by standard.
methods, .using a source of known temperature.
Narrow bands of radiation at various
wavelengths were obtained with a grating
spectrograph. Several cross-checks were made in
the determinations.

A summary of the teniperature results for
various explosives is given in Table 5-2. 'The
authors varied the density of the explosives
through a considerable range with the hope of
answering the rather crucial question: whether
the temperature increases or decreases when
density is raised, They interpreted their results
to show one trend-in some cases and the other in
other cases. However, the scatter is rather large
and, if the few data for explosives with initial
density helow about 1.20 g/cn® are leff out
one is forced to conclude that these
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measurements demonstrate no statistically
significant trend one way or another, Therefore,

in Table 52 the valués in the density range 1.20

to 1.60 g/em® for each explosive have been
averaged. The figures in the table have probably
have an. experimental standard error of about
100° to 200"!( )

‘The results in Table 5-2 are not consistent
with: theoretical values corresponding to.any one
of the several equations of state that have been
suggested: to describe the behavior of Jetonation
products. The equation of state i§ an important
part of the theoretical treetment of high
explosives; and Chapter. 7 is-largely devoted to
this subject. If one divides the-equations of state
that have beén: proposed into those w.ich (1)
.poatulate that little .or none -of the intemal
energy in :the detonation products is due to
intermolecular repulsive forces and (2) those
which postulafe that-a relatively large fraction of
the energy is in this form, these results generilly
favor the former. Indeed the measured
temperatures in Table £-2 for PETN, RDX, and
EDNA are comparable with the highest values to
result from any of the state equations that has
been proposed.

A serious problem in experimental
measurement of detonation temperature is due
to the very high temperature produced jn gases

-either on the inside or on the outside and in the-
-vicinity of the explosive charge. Unless great

precautions are taken, it is quite possible that
radiation from shock-heated gases will be
mistaken for radiation from the detonation
products -themselves. Since the luminosity
depends on the fourth power of temperature, a
relatively smali quantity of gas at a very high
temperature can contribute a very large amount
of radiation. This effect was discovered by

Gibson®# who found that replacing the air
occluded in ' the explosive charge with
propane—propane having a‘much lower tatio of
specific heats—led to much lower apparent
temperatures, especially in -charges of low bulk
density. The authors reported, however, that
these gas effects were essentially -eliminated
when the tharges were “impregnated” with
propane.

" It may be significant that the temperature
reported for nitroglycerin in Table 5-2 is
cohsiderably lower than would be expected 'in
comparison with that for the other highly
enérgetic explosives. PETN. and RDX, No-miatter
which equation of state is'chosen; thie: calculated
detonation temperatire of nitroglycerin is
among the highest for any explosive, and yet it
is far down on the scale in Tabie 5-2. This-may
be indicative that occluded gas effects, which are
certainly not serious in liquid explosives like

nitroglycerin, were not entirely eliminated in.

spite of the pains taken by the authors of Ref.
34 in this regard.

In concluding this review of detonation
temperature, one is .compelled to say that no
completely aatisfactory solution has -been
forthcoming up to tais time. Workers in the field
of detonation physics have in this area a
challenging problem for the futiaxe.

56 ELECTRICAL CONDUCTIVITY IN THE
'DETONATION ZONE

Considerabie interest ir recent years has
centered on-the study of eléctrical conductivity
in the detonation zone of high explosives. In
some explosives the -conductivity is relatively
large, and there has been cohsiderable
speculation about the source of ‘this

TABLES2 EXPERIMENTAL DETONATION TEMPERATURES 34

‘.

Explosive T°K Explosive T°K
PETN 5720 Nitzoglycerin 4020 (high order)
3200 (low order)
RDX 5650 Nitromethane 3800
EDNA 5430 Dynamite
Tetryl 5180 (po = 1.05 g/cm”) 2670
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phenomenon. Here we shall .only attempt to
describe briefly the experimenta! methods and
indicate the rature of some of the results. The
reader may refer to the original works listed in
the reférences cited in this peragraph for
detailed interpretations.

In principle, various methods that have been
used to measure conductivity are similar,
although they differ in experimental detail and
rigor of treatment. By measurement of the
current i conducted between two electrodes in
contact with a detonating ¢harge when a voltage
V is impressed, the resistance R is determined
according to Ohm’s law, i.e., R = V/i. At any
given instant the elecirodes make contact with a
conducting zone of some given shape which may
either be conjectured or experimentally mapped
out in some way. If the conducting zone is
considered to have uniform conductivity o
throughout, the value of this quantity may be
obtained from R through the use of a factor X,
which may be .called the effective “cell
constant”; thus, 0 = K/R. The term ‘‘cell
constant” derives from the more familiar
problem of measuring the conductivity of an
electroiyte solution in z “‘cell” or container into
which the electrodes dip. The cell constant in
this case is detérmined by tue size, shape, and
separation of the electrodes; the size and shape
of the cell; and the placement of the electrodes
in the cell or, in a word, by the “geometry” of
the measuring device.

In Ref. 35 Jameson describes a method of
placing electrical probes within the charge and
by this means determining the shape of the zone

‘having a high electrical conductivity. He finds

that this is of a conical shape, the base of the
cone being coincident with the detonation shock
front and comprising the full cross section of the
charge at this point. The conical surface
presumably represents the front of the
advancing rarefaction or “release” wave that
spreads into the detonation zone from the free
surface. Jameson made a “mock-up” of the
conical conducting zone from graphite sheets of
known electrical conductivity and in this way
determined the cell constant X for the particular
electrode arrangement used in the explosive
experiment. The implicit assumption here is that
o is constant throughout the highly conducting
zone mapped out by the probes. The value
determined in this way for the resistivity of

Composition B was 0.29 ohm-cm. Within an
order of magnitude this agrees with values
reported by other-workers?¢,

The method reported by Hayes®? is
considerably more elaborate. In the first place,
Hayes extended the time resolution of his
measurements about 1900-fold over other
workers, employing nanosecond circuitry where

-others had used microsecond circuitry. And,

instead of assuming that the conductivity
throughout the detonation zone is-constant, he
has assumed that it varies as a function of time
(or distance) behind- the shock front, and has
determined this function-by an-elaborate scheme
using a high-speed digital computer to analyze
the observed electrical wave form from the
conduclivily probe. Hayes discovered that the
onset of conductivity begins immediately at the
precuxsor shock front (see Chapter 8) and'in some
cases passes a peak witlin a few nanoseconds
(which means, in terms of distance, only.some
several microns) behind the front. As bétween
various. explosives, the peak conductivity varies
by orders of magnitude; also the variation of
conductivity with time- is decidedly different in
various cases. Undoubtedly, this reflects wide
differences -in the reaction kinetics and in the
physical and chemical natute of the reaction
products.

Fig. 5-15, reproduced from Ref. 37, shows the
conductivity profile in the detonation zone for
three explosives: nitromethane, Composition B,
and liquid TNT. Here, conductivity is shown as
a function of time, For purposes of orientation,
time may be derived from distance at the rate of
about 6 microns/nsec. Thus, the full scale on the
abscissa of Fig. 5-15 corresponds to little more
than 1 mm. The unité on the ordinate scale in
Fig. 5-15 may be divided into 100 to obtain the
resistivity in ohm-cm. Thus the lowest resistivity
recorded for nitromethane is about 1 ohm-cm,
for Comp. B about 0.1 chm-cm, and for liquid
TNT sbout 0.01 ohm-cm. The close agreement
in the case of Comp. B with the value given by
Jameson may be noted.

The highest value of conductivity in
detonating explosives that has been recorded
thus far (liquid TNT, Ref. 37) compares with
that for an intrinsic semiconductor like
germanium, It is less by a factor of 10 than the
conductivity of graphite. If considered as a
gaseous plasma, the detonation zone in liquid
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TNT has a rather high conductivity; but, if it is.

considered. as a condensed phase comparable
with carbon black, for example, its conductivity
is not.suiprising. Hayes’ finding in Ref. 37 that
the peak conductivity of various explosives
shows a close correlation. with the amount of
solid carbon in the detonation products may,
therefore, have a significant bearing on the
nature of this phenomenon.

87 EMPIRICAL TESTS

In the early development. of -explosives, a
number of empirical tests evélved to meagire

10000}

1000 |

100 7

Conductivity, mhos per meter

various “qualities” and ‘‘quantities” associated
with the explosives. Among the qualities that
different explosives possessed in varying degree
was what came to be known by the French term
“brisance’” which was méant to reflect the
shattéring ability of an exploc.é, as
distinguished from the “power’” or ability to do
work in moving rock, etc. Thus, it was
recognized that the work capability was an
extensive property that depended on- the
quantity of explosive; and the term “power”,
-which in this connection i3 quite confusing to
physicists, meant a “Specifiz’* property related

Comp. B

Nitromethane

10 SN I S| L1 A L1
Q2508 | 2 10 2 100 200
Time,nsec

Figure 5-15. Electrical Conductivity as a Function of Time in the Detonation Reaction

Zone of Various Explosives
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phenomenon. Here we shall only attempt to
describe briefly the experimental methods and
indicate the nature of some of the results. The
reader may refer to the original works listed in
the references cited in this paragraph for
detailed interpretations.

In principle, various methods that havé been
used to measure conductivity are similar,
although' they differ in experimental detail and
rigor of treatment. By measurement of the

-current i conducted between two electrodes in

contact with a detonzating charge when a voltage
V is impresyéd, the résistance R is-determined
according to Ohm’s law, i.e., R = V/i. At any
given instant the electrodes make contact with a
conducting zone of some given shape which may
either be cenjectured oy experimentally mapped
out in some way. If the conducting zone is
congidered to have uniform conductivity ¢
throughout, the value of this quantity may be
obtained from R through the use of a factor X,
which may be called the effective ‘cell
constant”; thus, ¢ = K/R. The term ‘cell
constant” derives from the more familior
problem of measuring the conductivity of an
electrclyte solution in a ‘““cell” or container into
which the electrodés dip. The cell constart in
this case is determined by the size, shape, and
separation of the electrodes; the size and shape
of the cell; and the placement uf the electrodes
in the cell or, in a word, by the “geometry” of
the measuring device.

In Ref. 35 Jameson describes a method of
placing electrical probes within the charge and
by this means determining the shape of the zone
having a high electrical conductivity. He finds
that this is of a conical shape, the base of the
cone bring coincident with the detonation shock
front and comprising the full crosssection of the
charge at this point. The conical surface
presumably represents the front of the
advancing rarefaction or “release” wave that
spreads into the detonatiin zone from. the free
surface. Jameson made a “mock-up” of the
conical conducting zone from graphite sheets of
known electrical conductivity .and in ‘this way
determined the cell constant X for the particular
electrode arrangement used in the explosive
experiment. The implicit assumption here is that
o is constant throughout the highly conducting
zone mapped out by the probes. The value
determined in this way for the resistivity of

Composition B was 0.29 ohm-cm. Within -an
order of magnitude this agrees with values
reported by other workers?®,

The method reported by Hayes®” is
considerably more elaborate. In the first place,
Hayes extended the timeé resolution of his
messurements about 1000-fold over other
workers, employing nanosecond circuitry where
others had used microsecond circuitry. And,
instead of assuming that the conductivity
throughout the detonation zone is constant, he
has assumed that it varies.as:a function of time
(or distance) behind the thock front, and hes
determined this function by an elaborate scheme
using a high-speed digital computer to analyze
the observed electrical wave form from the
conductivity probe. Hayes discovered that the
onset of conductivity begins immediately at the
precursor shock front (see Chapter 8) and in some
cases passes' a peak within a few nanoseconds
(which means, in terms of distance, only some
several microns) behind the front. As between
various explosives, the peak conductivity varies
by orders of magnitude; also the variation of
conductivity with time is decidedly ditferent in
various cases. Undoubtedly, this reflects wide
differences in the reaction kinetics and in the
physical and chemical nature of the reaction

products..

Fig. 5-15, reproduced:from Ref. 37, shows the
conductivity profile in the detonation zone for
three explosives: nitromethane; Cormposition B,
and liquid TNT. Here, conductivity is shown us
a function of time. For purposes of orientation,
time ‘may be derived from distdnce at the rate of
about 6 microns/nsec. Thus, the full scale on the
#bscissa of Fig. 5-15 corresponds to little more
than 1 mm. The units on the ordinate scale in
Fig. 5-15 may be divided into 100 to obtain the
resistivity in ohm-cm. Thus the Jowest resistivity
recorded for nitromethane is about 1 ohm-cm,
for Comp. B about 0.1 obm-cm, and for liquid
TNT about 0.01 ohm-cm. The close agreement
in the case of Comp. B with the value given by
Jemeson may be noted.

The highest value of conductivity in
detonseting explosives that has been recorded
thus far (liquid TNT, Ref. 37) compares with
that .for an intrinsic semiconductor like
germanium. It is less by a factor of 10 than the
conductivity of graphite. If considered as a
gaseous plasme, the detonation zone in liquid
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TNT has a rather high-conductivity; but, if it.is
considered as a condensed phase compazable
with. ¢arbon black, for example, its- conductivity.
i$ mot surprising. Hayes’ finding in Ref: 37 that
the peak conductivity of ‘various explosues
sliows a ¢lose correlation with the amount of
solid carbon in. the detonation products may,
therefore, have a sxgmflcam beating on the
nature. of this phenomenon.

57 EMPIRICAL TESTS

In the euwly development of explosives, a
number of empmcal tests -évolved: to. méasure
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varioys “qualities” ‘and ‘‘quantities’ -associdted
with the explosives. Amonhg the quahtm that
dxfferent -explosives ‘possesged, in varying degree
was. what came to’be known by the French term'
“brigance” which. was mednt to reflect the
shattering :ability of an explosnve, as
distinguished from thie “power™ or ability to.do
work in moving rock, etc. Thus; it was
recognizéd that the work capabxhty was ‘an
extensive property: that depended on t.he
qunntlty of explosive; and -the terin “power?,
which in this corinection i quite confusing to

,phs'slcxsts meant a “specific” :property reélated:

A .’N‘i'trom ethane

10 A L1 1. L 1l
025 05 | 2 0 20 00 200
Time,nsec

Figure 5-15. Electrical Conductivity as a Funétion of Time in the Delonation Reaction

Zone of Various Explosives
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to the available work per unit weight. Brisance,
on the .other hand; is what one would call an
intensive property, which does not depend on
the quantity of explosive involved, providéd, of
course; it is properly detonated.

Various-lests were used that were supposed to
measure cither one .or the other of the
properties, brisance and power. A typical
brisance test, for example, 'was the plate-dént
test. An explosive cartridge of a-certain diameter
was placed.on end.in contact with.a stecl. plate
of given, dimensions and then detonated from
the opposite end. The depth of the dent was
taken to be a measure of brisance, It was noted
that thé depth was sensibly independent of the
length of the cartridge, provided it was not so
short that initiation effects interfered. One
recognizes that the test indication in this case,
ie., the depth of the dent, is. probably closely
related to the -detonation pressure which is
independent of charge length when the
detonation wave is fully developed. Other
intrinsic properties like' density may also be
related to this phenomenon.

Among the tests for power were the lead biock
test and the Ballistic Mortar test. These are
described in Chapter 3. In this .case the test
indication=—e.g., the volume of the cavity in the
block, or the swing of the
pendulum—were found to be approximately
proportional to the quantity of explosive used in
the test.

Although empirical tests such as these have

‘been largely superseded, except, in some cases,

for the routine testing of commercial explosives,
they raise an interesting question: In arriving at
a relative figure of merit for the explosive, how
is the test indication to be used? It was common
practice to use the test indication itself—for
example, the volume of the cavity in cubic
centimeters for the lead block test, or the
pendulum arc in degrees for the ballistic mortar
test. Obviously, the procedure is arbitrary in any
case. Nevertheless, one is inclined to say, on the
basis of:a given test, that a certain explosive is so
many percentage points better than another;
however, such a -statement may be quite
misleading, especially if the test indication is a
highly nonlinear function of the weight of the
test charge. Under these circumstances, it is
preferable to compare the explosive on the basis
of “equivalent weights™, i.e., on the basis that it

mortar’

requires a certain percentage more of one
explosive to -give the azine test indication as that
given by another explosive. Indeed, if two
different empirical tests (such as the lead block
and the ballistic mortar, relate to the sarie basic
extensive property in the -explosive, then ‘the
relative eqi:i'lalent' weights for various explosives
as registered in the two tests will be the same. If
such is the case; thore s obviously some
justification for using ‘these test numbers ‘to
compdre éxplosives.

The following analysis of this problem is
quoted from Ref. 38.

“Consider a test that yields.some méasurable
indication I, such as a length,.a volume, etc. The
quantity I may be a function of several
properties of the explosive charge—such as heat
of explosion, available work, detonation
velccity, or detonation pressure. (In addition; of
course, I is functionally dependent on various
parameters of the test device; but, because the
test is standardized, these parameters appear as
constant factors in the functional expression.)
Heat and work are examples of what have ‘been
termed extensive properties; the quantity G’
representing such a property is proportional to
the mass m of the explosive (ie.; G = gin.
Detonation velocity -and pressure, -on the other:
hand, are exarples of intensive properties,
which are- independent of the amount of
explosive {aside from certain nonideal effects
that are important for small amounts).

‘Representing the intensive properties by the

symbol g', we may write, in general,

I=Fgm,g) (5-17)

“In the case where T is a function of only a
single extensive property or linear combination
of such properties, we can write for two
different explosives 1 and 2

I, = fig,m,)

(5-18)
1, = f(g,m,)
If 1, is made equal to /,, then
&m = gm, (5-19)
and m, } 1A
m, & (5-20)
§-25
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CHAPTER 6 ELEMENTARY THEORY OF THE PLANE DETONATION WAVE

61 INTRODUCTION

The first theoretical description of detonation
waves was given by Chapman in 1899 and
independently by Jouguet more than a decade
later. When-considered in detail, reaction waves
in.substances capable of exothermic reaction are
of very conciderable complexity. The
elementary theory, .as formulated by Chapman
and. Jouguet, is based on a highly ide:.‘ized
model. In spite of this fact, this simple theory
reproduces the main features of the
phenomenon with remarkable fidelity. The
success of the simple theory has two important
consequences: (1) it remains the principal
computational tool for the evaluation of
de.donation wave .properties, and (2)-it provides
the basis from which more detailed theoretical
descriptions of particular phenomena are
‘obtained by elaboration of the model.

The: classical ‘theory of Chapman and Jouguet
is concerned with the propagation of a
detonation wave at a constant velocity in one
dimension as, for example, in the direction of
the axis of a cylindrical stick of explosive. The
initiation process requires a separate discussion.
Because of the continuing relevance of this
theory to the description of detonation
phenomena, this chapter is devoted to a detailed

.development of its consequerices.

62 THE RANKINE-HUGONIOT EQUATION

In formulating a simple model to serve as the
basis of the elementary thermo-
dynamic-hydrodynamic theory of the
detonation wave, it is assumed that the chemical
reaction by means of which the explosive is
transformed into its products takes place
instantaneously sc that there is a sharply defined
reaction front—treated as a mathematical
discontinuity—advancing into the unreacted
explosive. The transition across such a front is
then similar in many respects to the transition
across a shock front, In particular, it must be
subject to the general conservation laws that
apply across any discontinuity.

We consider a wave of chemical reaction
propagating in one dimension in the dircction of
increasing values of the coordinate x, and we
denote ifs velocity with respect to the unreacted
material by D. Employing the notation
exemplified by Fig. 6-1, we fix the origin of the
x-¢oordinate in -thé moving reaction; wave arid
denote the velocity of unreacted material and
reaction products with. respect to this origin and
in the direction of increasing % by w, and w,
respectively. If u  and.u, are the corresponding
velocities relative to a fixed coordinate system,

w, =-D; wy=u ~u - D (6-1)

The explosive is at pressure Ps and density p, ,

and the reaction products aré at:pressufe p, and.

density p,. The variables characterizing the flow
and those descriptive of the thérmodynamic:
state are-supposed to he uniform over any. plane
perpendicular to. the x-axis.

The conservation of mass and momeéntum
across the discontinuity, comprising the reaction
front, are expressed by the mechanical
conservation conditions which in ‘the present
nomenclature can be written '

pw, = pwy = -p. D =m
(6-2)
P = Py = A - pf = (R, - wy)

where m is the mass flux through the reaction:
wave, When the condition for the conservation
of energy is combined with these mechanical
conditions, we obtain, as in the treatment of a
simple shock wave (par. 2-8), the
Rankine-Hugoniot equation

e - ¢ = %p +p )y, - v (6-3)

which, for brevity, we chall refer to as the
Hugoniot equation. Here, v = 1/p is the specific
volume; e, and e, are the specific energy
functions for unreacted material and reaction
products, respectively. If the products are
assumed to be in thermodynamic equilibrium or
if their concentrations are arbitrarily specified,
then their thermodynamic state is specified and

6-1
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e = e(p; uy) (6-4)
where e(p,v) is a known function of the state
variables. The Hugoniot equation is thus a
relation between thermodynamic. quantities-that
determines the pressure p 8sa function of the
specific volume v, for specified initial pressure
Py, initial volume y, , and for specified explosive
for which ¢, at these initial conditions is fixed.
It describes all of the states: (p,v,) for given
initial state (p, .4 ) -and given exploswe that .are
compatlble with the conservation conditions.
Thesc ‘states: will be said to be centered on (Do,
U, ). In terms. of the- specific enthalpy function
h=e+pv (6-5)
the Hugoniot equation can be written in the
altérnative form
hy = -h, = b, - p,)v; +v,) (6-6)
’I_'he conservation -conditions, Eqgs. 6-2 and either
. 6.3 or Eq. 6-6 have the same form as for
shock waves. However, an essential difference
arisés from the fact that the specific energy and
specific enthalpy functions .of the reaction
products are different from the specific energy

-or specific enthalpy of the unreacted material,

respectively. In fact, the exothermal nature of
the reaction process is expressed by the

‘assumption that the ehergy and enthalpy of the

products are less than the energy and enthalpy,
respectively, of the unreacted material when the
two quantities .are compared at the same

pressure and specific volume. This assumpticn is
sufficient to assure the .existence of reaction

reaction as

one-dimensional, instantanecus reaction
approximation that is employed in this chapter
as a model. In particular, it requires that

e(p,,u,)<e and h(p, ;u)<h,

which are equivalent.

The heat evolved during the decomposition of
unit weight of explosive at constant temperature
and pressure can be evaluated from standard
thermochemical data. Denote this:quantity by g
and the initial temperature by 7o, then-

a =h, - hip;T,) (6-8)
It is conventional to define an exothermsl
one for which ¢, the
therimochemical heat of reaction, is positive;
explosives of practical importance are indeed
characterizéd by ¢ > 0. However, Eq. 6-7
implies the requirement that

4>hp,u,) - h(p,,T,) (6:9)

the right- -hanA side of which. is negative for:real’

materials. Coanuenﬂy, Eq 67-carube: _.atnsﬁed
and, in the present approximation, rea;:ho.x
waves can exist for materials whose heat of
decomposition ¢ is negative so long as'Eq. 6-9 is
satisfied. Eq. 6-7 is evidently satisfied by all
explosives characterized. by the stronger
condition, ¢ > 0.

Now, consider the point on the Hugoniot
curve for whi¢a v, = v, . This point corrésponds
to an hypothetical conversion of the explosive
to its products at constant volume. Eq, 6-3
reduces to

waves of finite propagation velocity in the e(pyy,) = ¢, (6-10)
PRODUCTS ' EXPLOSIVE
; —
. E.w ) W
(p.p,) o % (pyhy)
O N

X increasing —

Figure 6-1, One-dimensional Reaction Wave
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an implicit relation that can be solved for the
pressure if the specific energy ..nction is
known. This pressure, which we denote by p,
and call the pressure for con-rant volume
explosion, is determined by the specific energy
of the explosive and its initial density, a fact
made explicit by the notation

be=ple,.u)) (6-11)
since we can regard the pressure as a function
p(e,v) of the specific.energy .and specific volume.
Eq. 6-7, together with the basic assumption that

©e/op),>0

for real systéms, shows that p, >p,. Similarly,
consider the point for which p, = p, . This point
corresponds to a hypothetical reaction .at
constant pressure. Eq. 6-6 reduces to

h(p,.v,) = h (6-12)
.an implicit relation that can be solved for the
specific volume ic the specific enthalpy function
is known. This quantity, which we denote by v,
and call the specific volume for constant
pressure combustion, is determined by the
specific enthalpy of the intact material and by
the initial pressure, a fact made explicit by the
notation

v, = v(h,.p,) (6-13)
since we can regard the specific volume as a
function v(h,p) of the specific enthalpy and
pressure. Eq. 6-7 together with the basic
assumption that

(3h/du), >0

for real systems, leads to the conclusion that
Ve > Uy. Thus, we have shown that the Hugoniot
curve passes through the points (pe,v,) with p,
> p, and (p,,v.) with v, > v,, instead of
through the point (p,,v,) as in the case of the
nonreactive shock wave. This characteristic of
the Hugoniot curve for a reaction wave is a
consequence of ‘he exothermal nature of the
reaction. In par. 6:3, it is shown that the
pressure p; satisfying the Hugoniot equation
centered on given initial conditions increases

with decreasing specific volume v, and theithe
Hugoniot curve is concave upward in the
(p,u)-plane.
The mechanical conservation conditipns &an:
be combined to yield the relation
000" = (py- By ) (14
Eq. 6-14 describes a straight Jine in- the
(pl Uy ) plane that is called the Ray‘lexgh lire. It
is the chord connecting: the point (p] ,v; ) to-the
point (p v ). The propagation velogity. ‘D is
ev1dently proportlonal to the square root.ofithe
negative slope of the Rayleigh h‘ ~, Since- tbe
left-hand. mémber of thi§ expression canhot be
positive, the: pressure and specific voliame-iiust
increase or decrease in dn opposite sénse in:
passing through -the reaction wave. More:
explicitly, it is evident that.v, <-4 if py-<5p
>Po and py <Po if'Ux >, >y, Futhe'rmor’e,»,

velocity and are excluded because th
physical meaning. Thus, the Hugomot curve
consists of two branches, as shown in El' 222,
The branch for whzch vy K v, i8 r:all_fd the

is seen that the propagntxon velocxtv is fmlfe
for constant volume explosion, Uy =, and:f By =
Des 1mplymg ‘instantaneous conversion i
explosive fo its products. This sts
regarded ‘a limiting one for reactlon waves,
propagating at very high velocity: When'p, =p,
and ¢y = v,, the propagation velocity is zei'o
The constant pressure combustion stas }
limiting one for reaction waves propngating mth
a small velocity.

Transitions on the deflagration bratich of t.he'

Hugoniot curve are.seen to possess thequalitative

properties ascribed to ordinary combustion:

waves, In fact the flame temperature is Gsually.
calculated on the assumption that it différs
negligibly from the temperature of the cons.ant
pressure combustion state and it is customary, in
the theory of flame propagation, to assume-that
the pressure drop through the combustion: wave
is negligible. The defiagration branch of the
Hugoniot curve does not, however, provide a
useful description of combustion waves
propagating with small velocity because Zhe
idealization of the wave as a discontinuoys

82

o




I Y

b

AMCP 708-180

- - = .

’

-
el ]

A8 Detonation branch
BC Excluded states
CD Defiagrafion branch

B Constont volume explosion

C. ‘Constant pressure explosion

&

Ve v,

Figure 6-2. Hugoniot Curve for Detonations and Deflagrations

transition is too extreme to provide a useful
‘model. The waves cescribed by the detonation
branch of the Hugoniot curve are compressive.
‘Therefore, we expect that the detonation wave
observed in an actual explosive will be described,
in terms of the simple model eraployed here, by
some point on the cstonation branch of the
Hugoniot curve, After an examination of the
properties of the flows associated with -each of
these branches, it is possible to understand why
the model afforas a géod description of
detonation waves.but not of combustion waves.

The properties of the Hugoniot curve and of
the flows associated with the final states
determined by it are deduced in detail in
par, 6-3. iere, we summarize the results of
that analysis. For one final state represented by
a point on the detonation branch and for one
final state represented by a point on the
deflagration branch, the Rayleigh line is tangent

64

to the Hugoniot curve. These two states are
called Chapman-Jouguet states. Points on the
.detonation branch of the Hugoniot curve for
which the pressure is greater than' that at the
Chapman-Jouguet -point are called strong
detonations, and those for which the.pressure is
less than the Chapman-Jouguet pressure are
called weak detonations. Points on the
deflagration branch are called weak or strong
deflagrations, according to whether the pressure
is greater than or less than, respectively, the
pressure of the ChapmanJouguet deflagration.
A Rayleigh line with a slope somewhat less than
that through :the Chapman-Jougiet
detonation—i.e., corresponding to a greater value
of D—intersects the detonation branch at two
points, one a weak detcnation and the other a
strong detonation. Similarly, a Rayleigh line
with a slope somewhat greater than that through
the Chapman-Joughet reflagration—ie.,
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corresponding to a-smaller value of D—intersects
the deflagration branch. at two points, one a
weak deflagration and ‘the other a strong
deflagmtxon These definitions are shown on Fig.
6-3. Wé note that, except for the
Chapman-Jouguet state, there are two

-detonations, one weak and one strong, salisfying

the conservaticn conditions and having the same
propagation velocity. A similar statemey., applies

to the deflagration branch -of the- dugomot

curve. There are no. more than the :wo
intersections of a given Rayleigh line with either

-branf'h of-the curve,

The Chapman-Jouguet states.on the Hugoniot
curve have certain: unique properties which are
stated ‘here and which are deduced the next
paragriph. Among the various processes starting

A
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from the specified initial state, a

Chapman-Jouguet detonation leads to a
minimum value for the propagation velocity D,
relative to the unreacted material, and a
Chapman-Jouguet deflagrau.;on léads to a
maximum value of this quantjty. The entropy. of
the reaction products varies along the Hugoniot
curve. The entropy aiSo attains a statxonary
value at a Chapman-Jouguet point, a minimum.
for a detonation and a maximum for a
deflagration. The Hugoriot curve is<tangent at a
Chapman-Jotiguet. point to the: isentrope passing
through that point. Since the Raylexgh line
through a Chapman-Jouguet point is tangent.to.
the Hugoniot curve, it is also tangen. to the:
isentropé through the Chapman-Jouguet point at
that point. Chapman in 18¢9 recognized that

AB Strong detonations
B Chaprion - Jougiet detonation
BC ‘Weak defonations

DE Weak deflogrations: .
E Chapman-Jouguet deflogratone
EF Strong deflagrations

g:z'rm ‘Rayleigh- lines

5 - .
s, v v
; g ] 0 A
- Figure 6-3, Nomenclature v the Hugoniot Curve for Detonations and Deflagrations
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§
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the detonation velocity corresponding to a
tangent Rayleigh line:is a minimum.
In the regions of strong detonations and weak

.deflagrations, the iseutropes rise with increasing

pressure more steeply than the Rayleigh line and

less s‘teeply than the Hugonoit curve.

Conversely, in regions of weak detonations and
strong deflagrations, the isentropes rise thh
increasing pressure less steeply than the Rayleigh
line and more steeply than the Hugoniot curve.

These-relationships are indicated-in-Fig: 6-4. Tt-is

seen that the isentrope through the intersection
of & Rayleigh line vith. the Hugoniot curve
always lies between ‘the Raylexgh line and the
Hugomot curve.

As a direct consequence of the nature of the
variation of entropy along the Hugoniot curve,
certain qualitative statements can be made as to:

Ahi nature of the flows associated with states

represented by points on the various'sections of
the curve. These conclusions result from. the
mechanical conservation conditions and are
derived in the next paragraph. As summarized,
they have been called Jouguet’s rule, It is shown
that the flow of the reaction -products relative to
the reaction front i§ subsonic behind a strong

p

detonation or weak deflagration, sonic behind
a Chapman-Jougiet detonation or deflagration,
and supersonic behind a weak detonation or
strong deflagration. If we refer to Fig. 6-3, these
statements are éxpressed by the réiations

lw)| <.¢, on AB and DE
lwy| = c,at Band E | (619
lw,l > ¢, on BC and EF

where ¢, is the véiocity of sound at the:point
(pl,u ). It is also shown that the flow of the
intact matérial relative to the reaction front is
supersonic ahead of a détonation wave and
subsohic ahéad of a deflagration wave. Again
referring to Fig: 6:3, these stateinents are
expressed by the xelatlons,

D> ¢, on ABC

(6-16)
D <e¢, on DEF

where ¢_ -is the speed of sound in the unreacbed
material at pressure p, and specific volume v,

Figure 6-4. Hugoniot Curve (H), Rayleigh Line (R), and Isentropes (dashed curves) for (A)
Strong Detonations and Weak Deflagrations, (B) Chapman-Jouguet Detonation
and Deflugration, and (C) Weak Detonations and Strong Deflagrations
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Considcration of the mechanical conservation
conditions reveals a further distinction bétween
detonations-and deflagrations. Eqs. 6-1 and 6-2

can be combined to yield
ot S TP
n-u B7¥ (617)

the right-hand member of which is negative. This
relation shows that the material velocity
decreases in passing through a stationazy

detonation front, for which v, < ©,; and

increases in passing through a stationary
defligration front, for which v, > v,. If the
unreacted material is at rest relative to fixed
coordinates.(1) 4, =0 ahd u; <0 if the reaction
wave is a, deflagration, -and (2) u; > 0'if the
reaction wave is. a ‘detonation. The change of
material-velocity in passing through the réaction
front is compared in Fig. 6:5 for a detonation
and a deflagration with the unreacied material at
rést. For a détonation wave, the motion of the
reaction products is dirécted toward. the reaction
front, and for a deflagration wave-the motion of
the reaction products is éway frrm- the reaction
front, For the Chapman:Jouguet detonation: in
an explosive at.rest, the expression of Eq. 6-15

.can bé written

D=u+e (618)

Jouguet in 19055 recognized -that the
propagation of the detonation wave for -which

‘the

the Rayleigh line is tangent to the Hugcniot :
ctrve is sonic with respect to the reaction :
products. {
The conservation ‘laws, ‘when spplied- across ;
the teaction front; simply enumerate-all of the: :
states-and.describe the associated flows.on either !
side of the front that are.accessible for a given '
Tnaterial at specified initial conditicns. Physical
reality does not present all of thé states-that are '
:possible for the simplified model that has -heen '
employed When the model is refined ‘by :
teroving: the assuimption of an mfnmtely fast
reaction and by considering-a. reaction. zone of
finite thickness it will be concluded that weak
detonations d6 ‘not usually exist and strong
deflagrations can never exist. Antmpatmg the
xésult of that analysis, we shall give no further
consideration to these sections of the: "Hugomot
curve, restricting the.discussion to:those sections,
representing physically realizable states that are. .
shown on Fig. 6-6. !
Jouguet’s rule indicates the reason why a .
theoretical description of a reaction wave based !
on- the laws of conservation across-the reaction- :
front can be .useful for-a detonation wave and at
same time not useful for a i
combustion wave. Since ‘the flow ahead.of a ,
deflagration wave is subsonic with respect to the i
wave, the flow ahead of the wave is influenced

by the deflagration wave itself. This. is hot the i )

case for a detcnation wave where the flow of the ,
unreacted-explosive is supersonic with respect to

(B) X

Figure 6-5, Wave Path W and Particle path P for (A) a Detonation and (B) a Deflagration

Withu =0
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the detonation front. It is, in fact, a

consequence of this distinction that flows
associated’ with deflagration waves have oné
more degree of .indeterminacy than flows
associated with detonation waves, and this
additional degree. of indeterminacy requires
considération: of the conduction of heat and
diffusion of molecular species on each side of
the wave, We shali continue the analysis of weak
deflagration waves:in the next paragraph because
the results obtained will find an application
subsequentiy.

6-3 PROPERTIES OF THE HUGONIOT
CURVE

_In this paragraph, the properties. of the
Hugoniot curve and of thé flows associated with

AB

08
oF

it will be deduced. We assume the existence of
an equation of state, both for the .unreacted
materia! and for the reaction products. The
equation of state for either medium is of the
form p = p(v,s) if the entropy and specific
volume- are taken as independenit state variables.
We assume again that

op 2

— = - p%c*<0
o )
9 (6-12)
LR N
a s

Thesé- assumptions have the effect of specifying
curves of constant entropy, s(p,v) = constant,
which form a noninitersecting family in the

(p,v)-plane, decreasing and concave toward

positive: v- and with the entropy increasing .on

Strong detonations
Chapman- Jouguet detonation
Weak deflagrations

Chapman-Jouguet defidgration

i Tangent Rayleigh lines

Figure 6-6, Phxsically Realizable Detonation and Deflugration States

6-8
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any radius from the origin. We assume that the
composition of the unreacted material is fixed

-and given by the initial' specifications: of the

system, and that the reaction products are in
thermodynamic equilibrium. Then for either
medium, the second law of thefmodynamics is
expressed by

de = Tds ~ pdv (6-20%)

and the derivatives of Eqgs. 6-19, in the case of

the reaction. products, are taken at equilibriuim:

composition*. The exothermic character of the
reaction is expressed by the requirement that for
the same pressure and specific volume the
specific ehergy of the unreacted material is
greater than the specific energy of the reaction
products.

The discission of the properties of the
Hugoniot curve is-facilitated by the definition of
the Hugoniot function

H(p.v) = e(p,v) - e(p,,v,)

i i (6-21)
#Y(p + p )0 - v,)

In terms orthis function, the Hugoniot equation
Eq. 6-3; can be written

H(pv,) = e, - e(p,v,) = JHp,,u,) (6-22)

The exothermal character of the reaction is
expressed by the requirement that Jp,.v,)>0.

First, we want to prove that the entropy has at
most a single exiremum on astraight line in the
{p,v)-plane and. that such an extremum is a
‘maximuni. A ray R through the point (po,uo)
can be represented in terms of the patameter r
and two constants a and b by

p=p, tar , v=u *br
° ° (6-23)
=P =P, b=y -y

Then, on R, dp = adr, dv = bdr, and
o)) 2 Y
ar “\op) T "\ T op /| 620

*Since Eq. 8-20 applies either to changes at equilibrium
or to clup(ec at an arbitrarily specified compasition, the
anslysis ol this paragraph is also applicable if It is
asstimed that the explosion proditcts are constrained to
such an arbitrarily apecilied constant composition,

At an extremum, ds/dr=(, so.that an extremum

B (@) f0°p (6:25)
3 \dr \oo?

By Eqs. 6-19, dp/ds > 0 and 8%p/ov? > 0,
Therefore, at an exttemuim d2s/dr? < 0. We
have proved tliat the extremum, if it exists; must
be a maximum. Therefore, the entropy can
attain at most one such stationary value on a
straight line or ray through (p,,,) in the
(p,v)-plane. 7

‘Now, conside the value of the Hugoniot
function H(p,v) along the ray R represented by
Egs. 6-23. Differentiating Eq. 6:21 at constant
p, and u_, we obtain

dH = de + %(p + p;)du + %(v - v, )dp (6-26)

and with Eq. '6-20, this becomes
dH = Tds - Y%(p ~ B, )dv
+ 1@ - v )dp (6-27)

Therefore, on the ray R
dH = Tds {6-28)

If both the entropy and the Hugoniot function
are considered functions of the pdrameter r on

the ray R, we ‘have proved ‘that they are

simultaneously stationary if either one is
stationary. Furthiermore, since'a stationary vilue:
of the entropy is a maxiimum, a stationary value
of the Hugoniot function is a maximum on R.
Since the entropy can attain at most one
maximum on a ray R, it follows that the
Hugoniot function can attain at most one
maximum on R, )

Heving shown that the -entropy and the
Hugoniot function simultaneously attain
maxima at not more than oné point on any-ray
in the (p,v)-plane, we want to prove that there is
one such point on any Rayleigh line
corresponding to finite propagation velocity: In
view of Eq. 6-24, the entropy is & maximum on
R if

o _ 22 _
5;‘ =-pc =alb (6'29)

Along any Rayleigh line, defined by Eq. 6-14

afb=-p*D*< 0 (6-30)

VN
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“Therefore, the entropy—~and simultaneously, the
Hugoniot function—attains a maximum at a
point (p,v} determined by
pc =p D
(6-31)
P =p(vs), ¢ =c(vs)
together with Egs. 6-22, where the sound speed
¢ is a _ xitive quantity and a function of the
state of the gas. Eg. 6-31 is the condition that 2
line of slope a/b oe tangent to an isentrope. By
Eqs. 6-19, the slope of any isentrope is always
negative, inc¥éasing monotonically with
increasing v. Fo: a gas, the slope tends
asymptotically ‘o zero as v increases
indefinitely. The.:ipre, any iseritrope has a
point of tangericy 3.2 line of specified slope a/b
if a/b < 0, and suc; ‘2 line is parallel to the
Rayleigh lihe of tha:same slope through a fixed
initial point. Since, ;¥ Egs. 6-19, the entropy
increases monoton:
through the origin inthe (p,v)-plane, there exists
an isentrope whose tongent of specified slope
a/b passes. through the fixed initial point and is
thus identical with the Rayleigh line. Therefore,
Egs. 6:22-and 6-31 aiways possess a solution, We
have proved that the entropy and the Hugoniot
function simultaneously attain maxima at.one
and only one .point .on ‘every Rayleigh line
corresponding to finite propagation velocity.
_Each- point (p, ;) on. the Hugoniot curve
described by Eq: 6-2. is on-a Rayleigh line
‘defined by Eq. 6-14, when. the propagation
velocity D is fixed by the point (p ,v, ). Since
the Hugoniot function is constant .on the
Hugoriot. curve and since it attains a maximum
on a Rayleigh line, the Rayleigh line througn
P, ,v; ) must have a second:intessection with the
Hugoniot curve—i.e.,.(p;;v})—unless (p, ,v,) is a
‘point on the Rayleigh line at which the
Hugoniot function is a maximum. Since the
Hugoniot function atfains only a single
maximum on a Rayleigh line, a Rayleigh line
cannot intersect the Hugoniot curve at more
than two points. We now consider the case of
two intersections and, for definiteness, we let
vy < v,. Then the requirément that the slope of
the Rayleigh line be negative impliés that p; >
p1. We call the point (pi,v;) an upper point
and the point (p, ,v;) a lower point. An upper
point on the detonation branch of the Hugoniot
curve is a strong detonation; on the deflagration

Jly along any radius.

branch, an upper point is a weak deflagration. A
lower point on the detonation branch is-a weak.
detonation, and a lower point on ‘the
deflagration branch is a strong deflagration.

Since the Hugoniot function has the same
vilue at the two points (p, ,v, ) and (py,v})-of
the intersection of a Rayleigh liie with the
Hugoniot curve, it attains 2 maximum-at some
intermediate point. The entropy attains a
maximum at the same intermediate point.
Therefore

ds
oot (py0y)
) (6-32)
ds. ;
E‘- <0 at (p;,lll) )
on the detonation branch (where v, <v ) and
ds
;r- <0 at. ()
(6-33)
ds
- >0 at (pj,v)
on the deflagration branch (where v, > v,).

Since 3p/0s > 0 by Eq. 6-19, we can write, for,
either branch

AN A
v~ U (53) (dt) <0 at(m.y)
1 op\ [ds
—_ -t > U
v - (as) (dr) 0 at (ot

By use of Eqs. 6-23, 6-24, and 6-30, these
inegualities become

(6-34)

2 2 2p?
P; ¢ ~ P <0 at (P',U)
171 o piAS § ( 6-35)

pfcf - 40”2D2 >0 at Qpl',vl')
Because of the conservation of mass acrass the

discontinuity, Eq. 6-2, these statements can be
transformed to

U1 > ¢, at (pyy) (6:36)

L
U} <ey at (p,v)

We have proved thal the gas flow relative to the
reaction front is sibsonic behind an upper point,
ie., a strong detonation or weak deflagration;

i v s & e E i aes
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and supersonic behind a lower point, i.e,, a weak
detonation or strong deflagration. These
conclusions form a part of Jouguet’s rule.

If a Rayleigh line intersects the Hugoniot
curve at a single point, theh the Hugoniot
function attains a maximum on the Rayleigh
line at the point of intersection. Consequently,
the entropy is a maximum on the Rayleigh line
at-the point of intersection and

ds
pn 0 (6-37)
Using Egs. 6-23, 6-24 and 6-30, we have, at such
an intérsection,

plel = g0 (6-38).
and this relation implies that
11 = ¢ (6-39)

1f the Rayleigh line intersects the Hugoniot
curve at a single point, the state described by
such an.intersection is a Chapman-Joug.et state.
‘We-have proved that the gas flow relative to the
reaction front is sonic behind a
Chapman-Jouguet state. This is the property
formulited by Jouguet in 1905, and this
conclusion forms another part of Jouguet’s rule.

We have' noted that the Hugoniot function
attains a stationary (maximum) value on the
Rayleigh line through a Chapman-Jouguet point
at ' the ChapmanJouguet point. Along -the
Hugoniot .curve, dH(p, ,v; ) = 0. Therefore, the
Rayleigh line through the Chapman-Jouguet
point is tangent at that point to the Hugoniot
curve, i.e.,

dp, 'py -
&y PP | pfpz (6-40)
dy, v -0

at a Chaprnan-Jouguet point. Since this Rayleigh
line is also tangent to the isentrope passing
‘through ‘the Chapman-Jouguet point, the
Hugoniot curve is tangent at a Chapman-Jouguet
point to the isentrope through the point. It
follows that the entropy attains a stationary
value on the Hugoniot curve at a
Chapman-Jouguet point. Thus, we have shown
that

k3
©
©

(6-41)

]
1
o
o

[~%
&

at a Chapman-Jouguet point, an expression that
can be obtained by combining Egs. 6-38 and
6-40, and we have also su0Wn that

ds; =0 (6-42).

on the Hugoniot curve, an expression that can
be obtained from Eq. 6-27 with dH(p, v, )= 0
and Eq. 6-40. If the equation of ithe Rayleigh
line, Eq. 6-14 is differentiated,

2 ) .
Dap = (,,_ig‘;) [‘/‘A(Pl - pay, (643)

1 o,
~ Y(y, - uo)dp;:]'
Using Eq. 6-40, we see that ’
dD =0 (6-44)

at a Chapman-Jouguet point. We have proved
that among the various reactive flows deéscribed
by the Hugoniot curve; the Tow for a
Chapman-Jouguet point leads t0. a stationary
value for the -velocity of iz s.sttion front
relative to the unreacted matcrial ‘hiris the
property identified by Chapman in
189¢.

‘Along the Hugoniot curve, where dH(p,v,) =
0. Eq. 6-27 is.

Tds, = %(p, - p,)dv, = (b, - ,)ip; (6-4%)
The pressure is.given by the-equation of:state as

a function of specific volume. and entropy. Using
Eqgs. 6-19, we can write

dp; = - picidv, + (3p/ds)dy,  (6-46)
and transform Eq. 6-45 to

ds; . . .
AT‘<;,;*>= %y, ~ ,)P5e; - pjp’))
1

{(6-47)
A=1+%0, ~0) G‘ng) s

where we have employed Eq, 6-14 to eliminate
the pressure difference p, ~p x

Before discussing the implication of Eq. 6-47,
it is necessary to consider the behavior of the
function A. Since 3p/ds > 0 by Eqs. 6-19, this
quantity is clearly positive everywhere on the
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deflagration branch of the Hugoniot curve,
where v; > v,, and av the point on the
detonation branch for constant volume
explosion, v; = v,. Consequently, on the
deflagration branch, ih view of Eqgs. 6-35,

ds

—‘ >0if pic? > "D (6-48)
ie., fora weak deflagration; and

ds

-—"<01f pyel < plD? (2-49)

ie:, for a strong deflagration. From Egs. 6-42
and 6-45 we obtain the relation

2
v
DdD =( . ) T,ds, (6-50)
Uy -y, k
from which we infer that
Wy
aD >0 o rdD <0 '(6-51)

for a- weak or for a strong deflagration,
respectively. If the slope of the Rayleigh line is
increased, so that the velocity D-is decreased, we
see that the specific volume of -the upper (weak
deflagration) intersection with the Hugoniot
curve decreases and the specific volume of the
lower (strong -deflagration) intersection
increases. In the limit of zero slope -and zero
velocity, the upper interséction must coincide
with the specific volume for‘ constant pressure
combustion since p, pl > p,. The specific
volume of the lower intersection tends toward
infinity as the slope of the Rayleigh line tends

towatd zero because of Eq. 6-14. Conversely, if

the slope of the Rayleigh line is decreased, so
that the velocity D is increased, the specific
volume of the upper intersection increases and
the specific volume of the lower intersection
decreases. Since v; < v, these intersections
eventually coalesce as the slope of the Rayleigh
line contiriues to decrease. It has been shown
that such a single point of intersection is a
Chapman-Jouguet point.

Before applying Eq. 6-47 to the detonation
branch of the Hugoniot curve, we want to show
that the coefficient A is positive everywhere on
this branch. To do this, we can adapt an analysis
due to Becker. Consider any Rayleigh line
intérsecting the Hugoniot curve at two
points—i.e., (p;,v}) and (p,u)—where vy <v, so

6-12

that pl > p,. Each of thesé points satisfies the

Hugoniot equation, Eq. 6-22. If e, iseliminated
between the two relations obtamed when Eq.
6-22 is.specialized in turn o the two-points and
if account is taken of the fact that both points
are on.the same Rayleigh line, it is easy to show
that

e(pv) - e(,y) = %Dl + PO, - V) (6-52)
This relation will be recognized to be the
Hugoniot equation -centered -on- (pl,v J. for a
shock wave in the reaction products, and itis a
condition that a shocked state (p',v") fa.st
satisfy for given initial state (Pp¥,). (Eq. 6-52
coincides with Eq. 6-20 only at the two points
of intersection of the Rayleigh line with the
reactlon Hugoniot cuive.) Now, we consider p;
and v} to be variables satisfying Eq. 6-52 and
obtain, by differentiation at constant, p, and A
and th'e use of Eq. 6-19, the relation

Ty dsy = %(p, - p,)dv] - (v - v)dp, (6.53)

where the prime indicates that ‘the quantity so
designated is evaluated at (p v' ). We again regard
the pressure a function of enltropy and speclfxc
voluime o the relation equivalent to Eq. 6:46
applies, and Eq. 6-53:becomes

[1 + Ya(u; - vo)(l)(g}) ] (T' =
11’! ‘1 (6-54)

=@ - vl)‘[(pic; - poD]‘

where we have again empldyed thé fact that the
two points are on the same Rayleigh line. By Eq.
6-35, the right.nand member of Eq. 6-52 is
negative, It has been shown, as for example by
Courant and Friedrichs, that .ds,/dvj<<0 for a
shock wave described by Eq. 6-52 in a medium
whose equation of state conforms to Eqs. 6-19.
Therefore

1+ %(U - Ul)( )(gf)l >0 (6-55)

The specific volume v, of the lower intersection
can be allowed to approach as closely as is
desired the initial volume v, so that p; - p, as
vy ~*U,. Then, it is necessary that p; > =as v,
-* v,. From Eg. 6-55, we conclude that A > 0 as

-

Yot

[

[

TETTTTTTTTTY

i, 0 Bem.



g

I AR

R

85 Y

e Rt

st

'AMCP 708-180

.

the pressure increases indefinitely. We have
noted that A > 0 when v; = v,. Since the
pressure and temperature, and their derivatives
are continuaus functions of the entropy and
specific volume; the coefficient A, the derivative
ds;/dv,, and the right-hand member of the first
of Eq. 6-47 must be continuous on the Hugoniot
curve, Therefore, the coefficient A which has
been shown to be positive for the maximum and
minimum valies of v; on the detonation branch
of the Hugoniot curve, is positive everywhere on
the detonation branch of the Hugoniot curve.
From Eq. 6-47, we now conclude that on the
detonation branch of the Hugoniot curve

ds. .
— <o if pjcf > p’D? (6-56)
dvy : °
i.e., for a'strong detonation; and
ds
Z>0it o} o < D (6-57)
1

i.e., for a weak detonation. Using Eq. 6-50, we
infer that.
dp

for a strong or for a weak detonation,
respectively. If the slope of the Rayleigh line is
décreased, 50 that the velocity D is increased, we
see that the specific volume of the upper (strong
detonation) intersection with the Hugoniot
curve decreases and the specific volume of the
Iower (weak detonation) intersection increases.
In the limit of negatively infinite slope and
infinite velocity, the lower .intersection must
coincide with that for constant volume
explosion since vy <v, =v,. The pressure of the
upper intersection tends toward infinity as the
slope of the Rayleigh line becomes negztively
infinite, because of Eq. 6-14. Conversely, if the
slope of the Rayleigh line is increased so that the
velocity D is decreased, the spééific volume of
the upper intersection increases and the specific
volume of the lower intersection decreases.
Since vy <wv,, these intersections eventually
coalesce as the slope of the Rayleigh line
continues to increase. Such a single point of
intersection has been shown to be a
Chapman-Jouguet point.

The character of the stationary values of
entropy and propagation velocity at
Chapman-Jouguet points can be described

dv
<0or ‘di)l >0 (6-58)

Jor a

specifically. Differentiating Eq. 6-47 and using
Eqs. 6-38 and 6-42, we obtain

dzs,> <82p)
AT(—2) = - w, - v){—5 (6-59)
1(duﬁ t = %) w*h

at a Chapman-Jouguet point. Since 82p/dv2 >0

by Egs. 6-19 and since A > 0, we conclude that
dz's] ) & s,
— < O0or—, >0 (6-60)
du; du;

for a Chapman-Jouguet deflagration or

detonation, respectively. From Eq. 6-60 we have

&D* v ¥ &y,
——=2 | (1) —=%— (6-61)
dv} v, - o, ) Y du]
at a Chapman-Jouguet point. Therefore,
d*p? d*n? s
7 <O0or—5- >0 (6-62)
dvy dv,

Chapman-Jouguet deflagration or
detonation, respectively. It follows that the
entropy and propagation velocity are relative
maxima at a Chapman-Jouguet deflagration and
relative minima at a Chapman-Jouguet
detonation. Since the entropy is a- maximum-ata
Chapman-Jouguet. deflagration, there is at most
one Chapman-Jouguet:point on the deflagration
branch of the Hugoniot curve. We have
demonstrated the existence of .one such point
separating a region of strong deflagrations: from
one of weak -deflagrations, Therefore, the
deflagraion Liranch. consists of two sections, the
one consisting..of a strong deflagration and the
other of weak deflagrations, separated by a
Chapman-Jouguet point. Similarly, we conclude
that the detonation branch of the Hugoniot
curve is divided by a Chapman-Jouguet point
into an upper section consisting of strong
detonations and a lower section consisting of
weak detonations. The properties now
attributed to the Hugoniot curve require that

o <0 <, > 3
dv, Toa? 0 (6-63)

1
and these properties are a direct consequence of
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the assumptions regarding the equation of siate
that are expressed by Egs. 6-19.

Ih order to establish Jouguet’s rule for the
state .ahead of the reaction front, we define a
Hugoniot function H, for the wunreacted
mat.tial by

B (po) = & (00) - & (p0)
+ Y%p + P, o -v)

where we regard the final state (py ,v,) as tixed
and where ¢, (p,v) is the specific energy function
for the unreacted material. The Hugoniot
equation, Eq. 6-24, can now be written

H(p,v,) = e(py.y) - €, (p,.0) (6-65)
= 'J(Plnvl)‘

(6-64)

-where the exothermal nature of tiiereaction is

expressed by the requirement that J(p,,v,) > 0.
The -curve defined by Eq. 6-65 is sketched in
Fig 6-3. It consist of two branches, one of
which is the locus of initial states from which
the specified final state can be reached when the
final state is a detonatlon, the other being the
locus of initial states when the same final state is
a deflagration. An analysis identical to that
previously employed demonstrates that the
Hugoniot junction and entropy of the unreacted
material attain one and only one stationary
value along the Rayleigh line and that this
stationary value is, for each function, a
maximum. In the present case, 4 Rayleigh line
can have only a.single intersection with either
brdnch of the Hugoniot curve defined by Eq.
6-65. If a second intersection with one of the

‘branches were to exist, the function H, , which

vanishes at (p,,v,), ‘would have the same negatwe
value at each intersection and hence a
minjimum on the Rayleigh line between:the two
intersections; this is impossible. Therefore, a
second intersection with the same branch of this
curve is impossible. For the present choice of
variables, the Rayleigh line can be represented in
terms of a-parameter r, by

p=p tan , v=u +br
(6-66)

where a/b =—p2D? by Eq. 6-14. The expression
analogous to Eq. 6-24 for the unreacted material
is

8-14

ds, ds, b o2o?
Z (%),
e \op G’ b c") (6-67)

Since the entropy attains a maximum on the
Rayleigh line at a point between (p,,v, ) and
(Po:Yo), it follows that ds,/dr, < 0 at (p,,v,)
for an intersection with either b'a,nch If we
recall that 8s/8p > 0 by Eqs. 6-19, Rqs, 6-66 and
6-67 lead to the result

v, - )2 - D)< 0 (6-68)

Therefore D > ¢, ifv; > v, and the final state is
a deflagration, and D < ¢, if v; <v, and the
final state is a detonation. We-have shown that
the flow relative to the reaction front is subsonic
ahead of a deflagration wave and supersonic
ahead of a delonation wave. These statements
form part of Jouguet’s rule,

64 EXISTENCE AND UNIQUENESS OF
FLOWS INVOLVING REACTION WAVES

The Hugoniot ecuation does not suffice to
determine umqueIt a reaction stute and
propagation velocity that can be identified with
the unique detonation wave that is usually
observed experimentally. Therefore, it is
necessary to supplement the conservation
conditions with additionaL information. The
source of this information is the piture of the
entire flow fxeld on each side of the reaction
dxscontmulty These flow fields are determined
by the partial differential equations of
hydrodynamics. The equations must be satisfied
in any region that is free of discontinuities and
they are to be solved, in the present case of flow
in one dimension, subject to initial’ conditions
specified on the x-axis and to boundary
conditions specified on the rear boundary. If the
problem is formulated in this manner, the
mechanical conditions across the reaction front
and the Hugoniot equation are supplementary
conditions that must be satisfied on each side of
the discontinuity by the solutions of the
hydrodynamic equations in the continuous
regions. They can be thought of as connecting
the solution in one region, that of the unreacted
material, to the solution in the adjacent region,
that of the reaction products. In serving this
purpose, they implicitly prescribe the path, e.g.,
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x(t), of the reaction wave in the (x,i)-plane. The
existence and uniqueness of solutions of the
hydrodynamic equations in flows involving a
reaction front has been discussed in an elegant
manner by Courant and Friedrichs, whose
treatment is followed in this paragraph.

In par. 2-7, it is remarked that a curve in. the
(x,t)-plane on which are specified data to which
the hydrodynamic equations are subject is
timelike if the flow relative to the cvrve is
subsonic, and that such a curve is spacelike if the
flow relative to the curve is supersonic. 1. is
shown that the solution of a flow problem in a.
region between two curves is ‘unique in two
cases: if both curves are timelike, one quantity is
$pecified on each curve and two quantities are
specified at their intersection; or if one curve is
spacelike with two:quantities specified.on'it, the
other curve is timelike with one quantity
specified on it. With the aid of Jouguet’s rule,
these principles can be employed to consider the
determinacy of flows involving a detonation
wave.

For definiteness, we consider a.semi-infinite
mass. of explosive, initially at rest with &, =-0,
extending from x = 0 to x =w; and we assume
that a reaction propagating in the direction -of
positive x begins on-the plane x = 0 at the time ¢
= 0. Although one is usually concerned with the
case where the end x = 0 is completely open or

consists of a rigid wall, it is illuminating to
considet the.more general problem'in which the
end is conceived to be a piston which starts to
move from the end x = 0 at the time ¢ = 0:with
specified constant velocity u,

i'he path P of the piston in the (x,t)-plane is
timelike since it is identical with that of the
particles adjacent to it. The particle velocity of
the adjacent particles is equal to the piston
velocity u, so thet u.is specified on the path P.
The initial values 4 = u, = 0 and p = p,
are specified on the x-axis which is to be
regarded as spacelike. However, these regions are
separated by the unknown path W of the
reaction wave, and it is necessary to consider
separately the flow in the two regions into
which the (x,t)-plane .is divided by W, We may
suppose that the propagatlon velocity of the
wave, i.e., the slope of W, is arbitrarily fixed and
constant.

If the wave is a detonation, W is, by Jouguet’s
mle, supersonic when observed from the

unreacted material. Then, between W and the
x-axis, the flow is uniquely determined by the
quantities prescribed on the x-axis at ¢ = 0 so
that u and p are constant everywhere in that
region and equal to u, andp, , respectively. The
conservation conditions across the wave front,
Eqs. 6-2 and 6-3, then prescribe 4, and p, for
the specified value D of the slope of W.We may.
now regard W as .an initial curve for the region
between P and W on which the-quantities u = u,
andp = p, are prescribed.

Mow suppose that W represents a strong
detonation. By Jouguet’s rule, ¥ is. timelike
when observed from the reaction products,
Since P and W are both timelike, their slopesu
and D cannot both be arbitrarily specxﬁed This
is because the value of u on W, which is fixed by
the initial conditions and the ve]or‘lty D, isvalso
fixed in accordance with the existence rule by
the specltxcatlon of u on P, of p on W,and-of u
and p at the intersection of P and W. Therefre,
for a strong detonation wave of specified
propagation velocity, it is necessary. to adjust:the
piston path P so thatu, =u,. It-follows-that the
flow between the piston and the strong
detonation wave-is uniform with

PR {€:69)

and that the flow for a strong -detonation is
completely determined by the piston Vela:‘:t:,
and initial conditions. If the first of Egs. 6-2 i§
combined with Eq, 6-1, then when y, = 0 we
have

u = D@ - v,p0,) (670)

Differentiating with respect to v, at constant
p,» We obtain

du u
dD
— =(—5) = b ©-11)

for a strong detonation, dD/dv, < O. Therefore
duy/dvy <0, If we denote by uf the particle
velocity of the reaction producis for a
Chapman-Jouguet detonation, we conclude that
the velocity of the piston, supporting a strong
detonation, is subject to the restriction

u > u): (6-72)
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We have shown that just one flow invol ing a
strong detonation is 3+ .ssible and that #.e piston
velocity must satisfy Eq.-G-72, 1 the limit given
by the equality sign, ihe detcnation is a
Chapman-Jouguet detonation. The flow in a
strong detontation is illustrated by Fig. 6-7 in
which are shown the piston path P, the wave
path. W, and a typical particle path.

We must now consider flows involving a
detonation wave for which u,<u. It is to'be
noted that flows involving weat: detonation
cannot be excluded on dynamical grounds when
the reaction zone i3 represented by a
mathematical discontinuity. By Jouguet’s rule,
the wave path of'a weak detonation is
supersonic or spacelike when viewed from the
resction prodicts, and a flow associated with a
weak detonation consequently possesses a higher
degree of indeterminacy than is the case for
strong-detonations. For this reason, it is possible
to construct flows involving a ‘wéak detonation
and compatible with a prescribed piston velocity-
in a number of ways, Thus, the uniqueness of a
particular flow cannot be demonstrated, as- was
possible for a sireng detonation. In fact, if shock
waves in the reaction products are admitted as
pert of the solution, the flow behind a weak
detonation can be accommodated to a piston

velocity satisfying Eq. 6-72. These solutions are

not discussed further since it has been noted
that weak detonations are eliminated by

consideration of the structure of the reaction

zone,

For the case u p< u¥, a flow involving a
Chapman-Jd-suguet detonation can be
constructed and is therefore possible. In this
case, the particle velocity, equal fo u¥ behind
the detonatiun wave, is adjusted to the piston
velocity u_ by a centered rarefaction wave,
Since a ﬁ:apmmebugnet detonation wave
front, (Eq. 6-18), and the head of the
rarefaction wave moves with the same velocity,
the rarefaction wave follows the detonation.
front immediately. The wave path W and the
chancteristic C, issuing from the point x =0, {
= Qcoincide. This flow is illustrated by Fiz. 6-8
which shows the piston path P, the wave path W,
a iypical particle path and characteristics C,
through the centered rarefsction wave, In
particular, if the end x = 0 is fixed—so that i, =
0 or open, corresponding to u, < 0
Chapman-Jouguet detondtion is possible. The
ChapmanJouguet hypothesis consisté of the
assumption that it is this flow that sctually
exists in the case of an unsupportéd: deionation
wave .in the absence of a piston. Weak
defonation waves having been eliminated from
consideration, it is likely that no other.solution
exists,

In Fig. 6-9, the particle velocities at a given
instant of time between the wave front and the
piston are compared-for four different values of
the piston velocity, For two of these values,
strong detonations result and for the other two,
one of them representing zero piston. velocity,
the detonation is a .Chapman-Jouguet

X

Figure 6-7. Flow in a Strong Desonation
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detonation. A graph of the pressure would be
qualitatively similar to this figure,

In a deflagration process, the wave path W is
timelike with respect to the unreacted material
‘n  accordarce with Jouguet’s rule.
Consequently, the flow in the unreacted
matérial is not deétermined by the piescribed
vailies of pressure and particle velocity, p, and
u,, -on the x-axis, and one quantity can be

arbitrarily prescribed on. W. By Jouguet's xule,
the wave path W'is also timelike with respect to
the reaction products if the wave is a weak
deflagration. It follows that the.fl.w is uniquely
determined when one quantity, ithe path W ora
quantity ahéad of W, is prescribed, For a
deflagration. process with vy >u,, we have i, <o
by Eq. 6-17. It is possible for-the wave to.move

into 'the unreacted material at rest only if the -

X

Figure 6-8. Flow in Chapman-Jouguet Detonation
i u U
u 1p . (a) i !
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Figure 6-9, Particle Velocity Behind Detonation Waves: Strong Detonation (a) and (b);
Chapman-Jouguet Detonations (b), (c), and (d)
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the piston is withdrawn with a speed at least
equal to that of the reaction products behind
the front, u, <u,. Hu, >u,, and in particularif u,
= 0, the:pattem of the fiow must involvea new
feature. In this case, the adjustment of the
particle velocity to that at the rear boundary is
possible onfy if a precompression shock wave is
generated by the deflagraticn wave in the
unreacted material of a suitable strength so that
after the-particles are accelecated in the forward
direction by the shock wave they are retarded
by the deflagration wave and so attain the
velocity obtaining at the rear boundiry. This
flow is illustrated-in Fig. 6-10 for a closed end,
u, = 0, whore the shiock path S, the wav= path
W, and a particle path are shown. The
occurrence of a precompression shock wave is,in.
conformity with Jouguet’s rule. Since the flow

-shead of ‘the deflagration wave is subsopic

relative to the wave front, the wave influences
the state of the matenal ahead of it. For any-

‘arbxtzanly prescribed wave path W and piston

path with u_>u, , there is a uniquely-determined
precompression shock S and flow bstween § and
P. It is to be noted that flows exist for a
specified shock wave involving arbitrarily chosen
strong deflagration waves followed by
rarefaction or shock waves, Strong deflagration
waves ‘having been -eliminated from

-consideration, it is likely that the sclution

described: involving a weak deflagration is the

only solution that exists. One degree of
indeterminacy remains: either shock path § ‘or
the wave path ¥ can be chosen- arbitrarily with a
prescribed piston velocity. Additional
information, to be found by an examination of
reaction and transport processes in the interior
of the wave, must be employed uniquely to
determine thé flow. _

We conclude this discussion of ‘the flows
agsociated with reaction-waves by showing thata
deflagration. wave with its;precompression.shack
wave is formally equivalent to .a detomation
wave. Through a shock wave of velocity U, the
pressure ot the unreacted material is raised from
b, W P and the specmc volume décreased
from v, to v'. The mass flux m through: the
shock vave is, by the continnity equation,

m= powa = p'iq' (6'73)
where p' = 1/v’ and w’ is the flow velocity of the
shocked unreacted msbeml’ relative to -the
shock front. Through the deflagration wave of
velocity D, the pressure is reduced ftom p’ to
P, and the specific volume increased from v’ to
v,. If the mass flux is the samé th:ough both
waves,

m = g = g, (6-74)

/
/"5- Particle.

X

Figure 6-10. Flow in Weak Deflagration With Closed %nd
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and therefore

Pollo = Pty (6-75)
The conservation of momentum through the

shock and defiagration waves.requires that

P - b =W, - |
(6-76)
’ 1o, 182 2
p=p =pw) - pw,
so. that, by the elimination of p|
P, = P, = oW - pywl (6-77)

These conservation conditions can be combined
to yield

PF-8 b, -P P -P
=T o L2 L (6T8)
v -, vy - v vy =Y

The Hugoniot equations for the shock and
deflagration waves are

,'eo(pliv") - ca(poruo) = %(P' + po)(Uo - UI)
e,n,) - @'Y = %, + P - v,)
(6-79)

respectively; where e, (p,v) is the specific energy
function. of the unreacied material. Eliminating
e (p'v') from these expressions and using Eq.
6-78, we obtain

e(p,.0,) - (B, )

(6-80)
= %(p, + P )Y, - y,)
Egs. 6-75, 6-77 and 6-80, are identical with Eqgs.
6-2 and 6-3 for a single reaction process from
the state (p , v, ) to the state (pl, v, ).The shock
and detlagmhon waves have. the same
propngm n veloclty D = U when the mass flux
is the same through each wave and, by Eq. 6-78,
the points (p',v’) and (pl.v) lie on the same
Rayleigh line. Fig. 6-11, ilustrating the
Hugoniot curve for the (wenk) deflagration and
the shock wave, shows that the equivalent single
process is a detonation. The curve A’ AO is the
Hugomot cuxve of the shock wave, centered on
(p,,), in the unreacted material, gwen by the
first of Egs. 6-79. The curve B'B is the
deflagration branch of the reaction Hugoniot
curve centered on (p',v'), given by the second

of Eqs. 6-79, and also the detonation branch of
the reaction Hugoniot curve centered on
(p,,Vo), given by Eq. 6-80. The Rayleigh line
ABO is drawn tangent to the reaction Hugoniot
curve and thus corresponds to a
Chapman-Jouguet detonation. centered .on
(p,,Us) Or to a ChapmanJouguet deﬂagratlon
centered on (p! v' ). The Rayleigh line A’ B' O
corresponds to a strong detonation or a weak
deflagration. It is evident that a strong
detonation is formally ‘equivalent to a ‘weak
deflagration preceded. by a2 shock and a.
Chapman-Jouguet detonation to a
Chapman-Jouguet deflagration preceded by a
shock, the mass flux through shock and
deflagration waves being identical.

65 THE CHAPMAN-JOUGUET HYPOTHESIS

The Chapman-Jouguet hypothesis states that

the detonation wave for which

w =C (6-81)
is the one that actually occurs when the reaction
wave is unsupported. The assumption that the
flow satisfying Eq. 6-81 is to be identified with
the experimentally obsexved unsupported
detonation wave was advanced independently by
Chapman and by Jouguet. This hypothesis
selects one state from the continuum of states
described by the Hugoniot equation and
compatible with the conservation conditions.
Consequently, Eq. 6-81-togéther with the
consetvation conditions, Eqs. 6-2 and 6-3, and
an equation of state for the reaction
products -suffices to determine the detonation
velocity, the state of the reaction products, and
their velocity with respect to the detonation
front, These relations thus constitute a theory of
the detonation wave. It can be used to calculate
the detonation properties for particular
‘explosives, and the calculated values can be
tested by comparison with experiment.

Support was given to the Chapman-Jouguet
hypothesis by the agreement obtained between
calculated and observed properties of the
detonation wave for explosives expecied to
conform to the model of one-dircensional flow
and for which an equation of state is known,
The detonation wave propagating along a pipe
filled with an explosive gas mixture appears to
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fulfill this conditions. For such a system, the

ideal gas equation of state is sufficiently
accurate. ‘Of particular interest, because of the
frequency of citation in the literature, is the
work of Lewis and Friauf®, who carried out the
first critical experimental test of theory. They
treated’ mixtures of ‘hydrogen: and oxygen,
diluted by various gases, and in their calculations
they .consideted the -effect of dissociation
equilibria on the final.composition of the gases.
Good agreement was obtained ‘between
calculated. and. observed. values -of -detonation
‘velocity. The mixtures presented a considerable
variation in the energy released and in the initial
density. For this mixture, elementary theory
-adeauately predicts the principal propertiés of
the detonation wave.

In theoretical justlﬁcatmn of the
Chapman-Jouguet hypothesis, strong
detonations can :at once be eliminated. ~s states
to be identified with an unsupported wave. It
was shown in -the last paragraph that strong

L

detonations exist only: for a supportéd wave
where the piston velocity is greater than the
particle velocity behind a ('hapmanJouguet

wave, If the piston velocxty is less than this.

limiting vilue, and in particular if the rear
boundary ‘is en‘her fixed or free, rarefachon
waves from the rear boundary can eventually
overtake and aftenuate a. strong detonation
because of the subsonic nature of the ilow

behind it. The process 6f attenuation wili cease-

when the wave has decayed to a
Chapman-Jouguet -wave-because-the‘flow béhir 1
‘the wave then becomes sonic. Therefore, we

conclude that a strong detonation is.
hydrodynamically unstable if the wave is.

unsupported.

To illusirate this point further, considér the
hypothetical situation represented by Fig. 6-12,
in which the pision P, imtxally supporting a
strong detonation wave, is suddenly stopped,
creating at that instant a rarefaction wave that
overtakes and weakens the detonatlon wave. The

<|--

Figure 6-11. A Detonation as a Deflagration With a Precompression Shock
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¢
initial straight portion of v/ represents the strong
detonation ‘wave, the later straight portion the
Chapman-Jouguet wave, and the ¢urved portion

‘a ftransition region. Two particle paths are

shown, one through the strong detonation and
the other through the ChapmanJouguet
detonation. | )

Prior to about 1940, when the analysis was
refined by consideration of the finite extent of
the reaction zone, weak detonations were
eliminated by unconvincing plausibility

-arguments. Becier’ showed that the entropy of

a strong-detonation state is greater than that of
the weak detonation state with. the same
propegation velocity and inferred that the
former state is therefore' the more probable.
Weak detonations: being thermodynamically
unatable relitive to the corresponding strong
detonations and strong detonations being
dynamically unstable, hé concluded that the
Chapman-Jouguet detonation wave is-the stable
one, ‘Scorah?® showed the Helmholtz frée energy
to be a minimum for the Chapman-Jouguet
state. He interpreted this result to mean that the
Chapman-Jouguet state corresponds to a

|
|
I
|
|
|
|
l
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maximum degradation of energy and is therefore
the most probable one. Commenting on the
generally unsatisfactory natire of
thermodynamic arguments of this sort,
Zeldovich® remgrked that an:increase. in-eniropy
does not guarantee the éxistence of asheck;.a
piston to compress tiie gas' is also necessary.
Brinkley and Kirkwood!® have treated the
dynamic stability of the detonation wave by
considering the energy available in the explosive
products io support the propasgation of the
detonation front and the hydrodynamic
conditions. operatifiig in the flow behind the
front. ‘Their analysis is developed in the
patagraphs which follow. ]
" The propagation of a detonation front, like
the propagation of an unreactive shock wave,
requires a-continuous supply.of-energy from the
rear, The work done by the medium to the rear

-of the front on the intact medium ahead of the

front in. the time element dt is pudt, the
siibseript 1 being used to-designate conditions
immediately to .he rear of the front at an
instant of time ¢,. If we row fix attention on.
the total mass of explosion products initially

e

o
X

Figure 6-12. Attenuation of a Strong Detonation Wave by a Rarefaction Wave
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contained in the region from the rear boundary
x_ = 0tothe planex =x; for timés subsequent
to the jistant ¢, when the wave front reaches
x,, we note that the total work done by this
portioa of the medium on the medium ahead of
it, designated W(x, ), is

H(x,) = f pudt 16-82)
iy

where the integral is along the particle path of
the particles initially at the point X .

The secular behavior of the integrand pu (fora
given elément of the medium) has.an important
bearing on the behavior of the detonation wave
when it is in an unsteady. state.. The proof which
follows: shows thai ‘the sign of [d(pu)/ot]y,,
determines the 'sign of the acceleration of the
wave front,

Defining for the Lagrangian rate of change of
the- quantity pu a time constant u to be
evaluated at-the shock front, i.e.,

1___1 ey (6-83)
K pyu, | 3t xy

we make the arbitrary assumption that u> 0 after
external or self-generated initiation effects have
died out and the wave has become
self-sustaining.

Although this assumption is made a priori,
there is strong reason to accept its validity. It
can readily be shown, for example, that this
condition follows if there is a rarefaction
immediately behind the .detonation front, a
rwarefaction being defined for this purpose by the
two conditions

dp op
= =) > 6-84
at < 0,( )‘ 0 ( )

Since—in the absence of shocks in the flow—a
given element of matter remains in an isentropic
condition, the pressure will decrease when the
density decreases. Also, the flow velocity will
decrease when the pressure gradient is positive
according to the equation of motion. Therefore
the presence of a rarefaction as so defined is a
sufficient condition for u to be positive.

We now proceed o establish a connection
between this condition on u and the secular
behavior of an unsteady detonation.

6-22

For inviscid flow without heat conduction, the
hydrodynamic equations of continuity and
momentum can be written in ferms of a
Lagrangian space coordinate (see par. 2-6) for
flow in one dimension in the form

()26
X pc B
po\ox,] S

ou 1 fop\
ot * b ‘(Bx,,)r— 0

The Lagrangian coordinate x is the position
of the element of fii:id at ¢ = 0 whose position at

time ¢ is . The time and Lagrangran.coordinate:

are taken to be independent variables and. the
Eulerian coordinate x is regarded a function
x(xo,t) with

dx ox \
=3 =po (=} 6-86
u ot and g, = p (ax.,) (6-86)

Eqs. 6:86- .are supplemented by the entropy
transport equation, which is not .explicitly
employed; by initial and boundary conditions;
and by the conservation. conditions across the
reaction discontinuity which implicitly préscribe
the path of the discontinuity in the.(x, ,t)-plane,
As ‘'has .préviously been pointed out, the
discontinuity conditions prescribe a
one-parameter continuum.of possible detonation
states and can be used, when supplemiented by
an equation of state, to express all of the
detonation properties as functions of any one of
the properties selected as argument. For
convenience, the unreacted explosive is assumed
to be-at rest. The second of Eqs. 6-2 can then be
written

p, = p, =p,u,D (6:87)

An operator in which the detonation wave is
stationary is defined by

L-L,ypt (6-88)
a

If Eqs. 6-85 are specialized to the high pressure:
side of the detonation wave and the partial time
derivatives eliminated with the aid of Eq. 6-88,
we obtain
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dpl ap (p1 )
dt ax P \ox, ’
_‘2‘3 D au ) _ 1 ap
dt o=,/ o, B;{co
1 1

wheré- the subscript ‘unity indiGates that the
quantity so designated is to be evaluated
immediately. behind:the detonation wave. Since
the detonation front is assumed to be a
mathematical discontinuity, the conservation
conditions across ‘the discontinuity must be
satisfied whether -or no} the state behind the
wave s steady. Eq. 6:87 can therefore be
differentiated, with the result

(6-89)

(6-90)

Also from Eq. 6-82.and the definition of u, we
can write

1(4&)41 ("’_)2(913_)
p; \dt u, \dt 2 ax,-l
AT
u, \dx, M
1

Eqs. 6-89, 6-90, and 6-91 can be solved for
dp,/dt in terms of p and the properties of the
reaction products behind the detonation front,

The result can be written,
1%
p, \at (6-92)
- 1; &
KA1+ g+ [pylpu D)1 +g - G)

where

G =1~ [p,Dl(p,c;)* (6:93)

or, in view of the first of Eqs. 6-2
G=1-[@D- l‘\r)/cll2 (6-94)
To determine the sign of the denominator-of

the term in brdces of Eg. 6-92, the equation of
the Rayleigh line Eq. 6-14, can be rearranged

P, - Py = PD(1 - Poly) (6-95)
and-differentiated withrespect to:u; at-constant

P, and p, . The-resulting exptession -connects the:

derivative dD/dp; with-the slope dp, /dv; of the
Hugoniot curve. When it is s:mphﬁed with the
aid- -of Eq: 670 and the definition: of g
introduced, the expression

v\
P

is obtained, Since dpy/dvy, < 0, g > 1/2
Therefore, (1 + g)" wiv: (X + ¢ - G)‘-the latter
being equal to g + [0, D/(pye, ))*—are positive
and. the denominator of the. term in braces of
Eq 6-92 is postive everywhere on. the-Hugoniot
curve,

In view of the assumption that u is positive,
the sign of dp, /dt is seen to be oppdsite to that
of G. Thetefore, it follows that

(6-96)

dp,

% <Owhenp1>p1 andD<u +e
dp1 .

dt Owhenp1 1amdD'= u +e
dp

-‘-1;1-> O.Whenp1 <p: and D > u *.c
where p*l‘ is the pressure behind a
Chapman-Jouguet.detonation wave.

‘This analysis indicates that both strong and
weak detonations are dynemicaily unstable and
tend with time to the Chapman-Jouguet state, It
also indicates. that the Chapman-Jouguet state is
stable since its properties' do not change with
time. In particular, it is demonstrated. that the
propagation velocity of the Chapman-Jouguet
detonaticn is constant, a result that is in accord
with experimental observations. The analysis
must, however, be regarded' a plausibility
argument since it is subject to the basic
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assumption that was made with respect to the
nature of the flow behind the detonation wave.
We defer to a later chapter further consideration
of the Chapman-Jouguet hypothesis and now
examine the results that.can be obtained with
the theory that has been formulated.

66 THEORY OF THE DETONATION
VELOCITY AND OF THE
THERMODYNAMIC STATE OF THE
‘EXPLOSION GAS

When. supplementéd by an equation of state of
the reaction-products and the Chapman-Jouguet
hypothiesis,. the ‘ccnservation c¢onditions across

the ‘detonation wave sffice to. determine a.

unique final state, flow velocity, and
propagation velocily when the state of the
unreacted explosive is specified. In this
paragraph, we dssemble these relations and
effect a partial reduction .of the equations, By
using thermodynamic relations of general
validity; we <formulate the general
one-dimensional theory of the detonation
velocity and detonation properties, We assuine,
without loss of generality, that the unreacted
explosive is at rest with reference to a stationary
origin-of coordinates.

The -conservation conditions across the
detonation wave have been expressed by Egs.
6-2 and 6-3. For the explosive at rest with u, =
0, these relations can be written

PD =p (D - u) (697
p, - B, = 0D’ - p,uy) (6-98)

e = e = %@, < p)v, - v)  (6-99)

The first of these expressions is the equation for
the conservation of mass and is identical with
the first of Eqs. 6-2. The second, which is the
same as Eq. 6-95, can be obtained by rearranging
the equation of the Rayleigh line, Eq. 6-14, and
is the result of combining the equations for the
congervation of masé and momentum, The third
is the Hugoniot equation, Eq. 6-3, which is the
1esult of combining the equation for the
consexrvation of energy with the mechanical
conservation conditions.

The Chapman-Jouguet hypothesis results in a
supplementary condition, Eq. 6-18,

8-24.

D=u +¢ (6:100)

Eliminating the particle velocity u, with the

aid of Eq. 6-97, we obtain an alternative

expression
D =pelp, (6-101)

It is convenient to éliminate the speed of sound
by the introduction of the adiabatic exponent
defined by

K = (3 Rn p[d R p), (6-102)

in terms.of which the speed of sound’is given by

¢ =J%Tp (6-103)
The adiabatic exponent is a function of the
thermodynamic state of the gas. For an ideal
g5, it is equal to.theratio of the heat capacity
at constant pressure to the heat capacity at
constant volume. With the aid ot’Eq. 6-103, Eq.
6-101 can be transformed to '

2 2
D™ = Kk.p, p, [P0

(6-104)
Ky = K(P,p;)

Eq. 6104 can be employed to eliminate the
detonation velocity from Eq, 6-98. We then
obtain the result

», oy
1_~:K‘—'-_
pl po

We have obtained from Egs. 6-97 to 6-100 a pair
of expressions, Eqs. 6-37 and 6-104, from which
the detonation velocity and -particle velocity of
the reaction products can be calculated after the
pressure p, and specific volume », of the
réaction products have been determined, i.e.,

D = /P, By

u, = D(1 - pv,)

(6-105)

(6-106)

and a pair of expressions, Eqs. 6-99 and 6-105,
involving thermodynamic quantities only

em € = %(pl L O Ul)
(6-107)
1 - p,lp, = K, (pyv, - 1)

S




“u

SR e s
R

c

AMCP 706-190

that suffice to determine p, and v;. We must
now consider the solution ‘of the latter pair of
‘equations.

Eqs. 6-107 contain-two functions of the state
of the reaction products, the specific energy ¢,
and. the adiabatic exponent Kk,; whose
dependence c¢n the state variables Py and v1 is

‘made explicit by the mtroductlon of an
-equation-of state; As a:practical matter, it is-not

convenient to express either of these quantities,
either analytically or by means of tables,
directly- in' terms. of these- two- state variables.
Consequently, the equation of state introduces
an additional state variable—e.g:, the entropy or
temperatur=—and Eqs 6-107 ate then to be
solved simultaneously’ with the equation of state
for the thr¢e. state variables, Since" the*Hugomot
equation. expresses a (:ondmon on: the energy of
the reaction products and since thé energy-is the

characteristic thermodynamic function for
systems described in terms of entropy and
volume, it would be consistent to employ an.
equation of state having entropy-and volumeé the
independent variables. ‘Howeéver, again as a
practical matter, the thermodynamic-data to be
employed in the evaluation of the energy
differénce - e, —e, are of sich a nature a5 to
require: the selectiog of {emperature as :an
indéependent state variable and the form of
equations -of staté for nonideal -gases makes
appropriate the selection..of the volume -as. the
second independent state vnnable ‘The effect of
this choice of variables, whxch is an: unnatural
one from. a thermodynamic viewpoint, is to
confer-on the resulting setof equations-a degree:
of algebraic complexity thut is not required of
the- formnl presentation of-the.theory. A-method
for their- solution is presented in Appendix F.
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CHAPTER 7 APPLICATION OF THEORY TO CONDENSED EXPLOSIVES

7-1 INTRODUCTION

It has been noted in Chapter 5 that the
detonation velocity of solid and liquid
explosives is observed to be in the range 4000 to
8000 m per sec, and that for a given explosive in
cylinders of large diameter the detonation
velocity is very nearly a linear function of the
initial bulk density. Since the pressures and
temperatures of the reaction products at the
detonation wave front lie far outside of the
region that can be explored by ordinary
experimental methods, the variation of
detonation velocity with initial density has
constituted the chief experimental fact for
determining the pressure, density, and particle
velocity. In recent years, this evidence has been
supplemeénted by isolated -experimental
determinations of the detonsiion pressure.
However, it is necessary to employ the theory to
evaluate the state of the detonation products at
any point other than that for which a direct
experimental determination is available.

Since 1940, a large amount of wr~k has been
done in an effort to formul € . generally
applicable equation of state to supjlement the
hydrodvnamic equations of the theory of the
detonation wave. The work had-the objectives of
determining the physical and chemical
properties of the detonation gas in sufficient
detail so as to make possible the evaluation of its
thermodynamic state behind the detonation
front and curing its isentropic expansion from
the detonation state. The latter information ‘is
necessary for the solution of flow problems
when the initial boundary couditions are
determined by the defonation wave,

In much of this work, the theory has been
employed in an inverted form—using
experimental values of the detonation velocity
and, when available, of the detonation
pressure—to evaluate the parameters of an
equation of state of assumed form. The equation
of state obtained in this way can be employed to
evaluate the unknown properties of the
detonation wave in the explosive for which the
equation was calibrated. If the parameters of ths
equation can be related to the basic molecular
parameters of the explosive and if the form of
the equation is sufficiently general, the theory

can be used to predict the properties of other
explosives,

Attempts have Yeen made to employ
theoretical equativhs of state, based on
molecular models, for @ priori calculations of the
detonation velocity and the properties of the
detonation products. The most interesting of
these efforts has entailed a very substantial
degree of algebraic complexity in the resuiting
computational procedure. The theoretical
approach is of great intérest as a program of
basic research-in the theory of the properties of
matter at high temperature and very ‘high
density. It may provide valuable qualitative
guidance in the formulation of empirical
eqguations in relatively simple analytical forin
that are in at least approximate agreement with
the requirements 1 basic theory. As 2
computational procedure to evaliate detonation
properties for practical applications, the
theorstical approach has been disappointing.

The inverse procedure, involying the
calibration of an equation of state of assumed
form by experiméntal values of the detonation
velocity, has been pursued with. much
elaboration of mathematical and numerical
detail. The parameters of the equation of :state
depend upon the composition of the gas, The
latter, if not assumed a priori .on the basis of a
conventional reaction scheme, are détermined
by the thermodynamic equilibrium ccnditions
which depend on the equation of state.
Furthermore, it is necessa~: to conduct -the
calculation of equiliti,ufs composilion and
evaluation of th? Jnermodynamic properties of
the gas with the temperature as an independent
variable, even though this state variable is an
unnatural choice from the point of view of the
hydrodynamic equations themselves. The
introduction of the temperature as a parameter
of the problem leads to a degree of algebraic
complexity that is absent from the fundamental
equations, Because the simplifying assumptions
employed by different workers have varied, the
literature contains a variety of results on the
properties of the detonation products;
consequently, a comprehensive review of the
field is impossible within the scope of this
chapter,

7
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In some applications, eslimates of the
detonation properties and to first order of their
variation with the parameters of the system, e.g.,
the heat or energy of explosion and the initial
density, will suffice. Such calculations do not
justify elaborate computational procedures
requiring computers and they will usually be
based on an a priori specification of composition
by means of a conventional decomposition
scheme. In such calculations, simplicity of
procedures is of greater importance than full
inathematical rigor, and. the equation of state
may be of physically unrealistic form provided
the properties of hesic interest are not seriously
sffected thereby.

In other applications, it may be desired to
secure the most precise evaluation of the
t.etonation properties that is possible. Such
calculations will usually, at this time, be
conducted on computers, It will commonly bé
required that the ccmposition of the gas satisfy
the thermodynamic equilibrium conditions and
that the equation of state have a form that is
physically plausible. A computational procedure
that is suitable for use on an computer is usually
different from one that is suitable for desk
calculation, in that iterative methods of solution
are extensively employed to reduce the
complexity of the program.

In this chapter severul equations of sfate
sujtable for the two types of application are
described. In the case of the forms that are
suitablefor rapid estimates, the sclution of the
hydrodynamic equations is developed in some
aigebraic detail. In the more elaborate case, the
solution is extremely laborious when coi.ducted
by hand, and we give explicit equations in the
form in which they are conveniently utilized in
the formulation of a computer pr.gram,

7-2 THE ABEL EQUATIOM OF STATE

The simplest of tne various empirical
equations that seek to describe the dependence
of the pressure of nonideal gases on temperature
and volume is that of van der Waal’s. In the
form, due ta Abel, that is appropriate for
applications at high temperature, it can be
written

i

p(v-a) nRT (7-1)

7-2

in which « is a constant volume correction or
covolume for unit weight of gas, This equation
was first employed to solve the Hugoniot and
Chapman-Jouguet equations by Taffanel and
D’Autriche® and it has been extensively used in
connection witls calculations for condensed
explosives by Schmidt®. The Abel equation can
be obtained as the low density limiting form of
the equation of state of a gas at high
temperature composed of hard spheres.
Therefore, it can be expected to describe the
nonideal hehavior of gases only if the specific
volume is large compared fo the covolume
constant. This quantity turns cutto be of thesame
order of mag...cude as the specific volune of the
explosion gases from conventional explosives at
custcrnary values of the initial density.
Consequently, a theory of the detonation

velocity based on this equation of state can be.

expected to yield acrurate results only atinitial
densities that are much lower than those of
practical interest for condensed explosives. In
spite of this fundamental limitation, such a
theory is of practicar value berause it yields
simple relations giving useful esiimites -of thz
detonation properties.

Application of the general relations of Chapter
2 for the nonidesl gax corxection to the
thermodynamic properties of the explosion gas
leads to the result that efv,T) = ¢°(7), i.e., that
the gas is thermodynamically ideal with a
specific energy function independent of the
specific volume, a function of temperature only,
and equal to the specific energy function of the
ideal gog at-the same temperature. It follows that
¢ =co endy=c /e, =" for a gas described by
the Abel equation of state, where the superscript
zero refers to the ideal gas and ¢, and ¢, are the
specific heats of the gas at constint pressure and
cgnstant volume, repectively, Furthermore,

h(pT) =e + pv =h°(T) + ap
k= 9 vlfv-e)

where h* is the specific enthalpy function for
the ideal gas and ¥ is the adiabatic exponent,
= (3 8n p/38n p),.

In par, 6-b, it was shown that the detonation
pressure p, and detonalion specific volume are
determinad by the solution of Egs. 6-107

(7.2}

>
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1
- e -—2_-071+ po)(uo - vi)
’ (7-3)
1- p,fo, =Ki(po,-1)

When these relations have been supplemented by
an equation of state and solved, the detonation
velocity D and particle velocity #, can be
evaluated by Eqs. 6-106

D=, ',_—'41}51!’1

u = D(1- puy)

(7-4)

With a condense explosive, the pressure p, is
the order-of 10* to 11® atm. Therefore, p_ can
be neglected in comparison to p,. With this
simplification and with the introduction of the
enthalpy function and the heat of reaction g,
defined by Eq. 6-8, Eqgs. 7-3 can be written

1
b= (L) @ + 5B, + 4)

Ko, - 1) =1 (1-6).
By use of Eqs. 7-2 and introduction of the

average specific heat at constant pressure ¢’

¢ (T, - T,) = h*(Ty) - h°(T,) (7-6)

Eqgs. 7-5 bacome

% Gh-T) (1"
= q+p v, + v -20)/2

y= @, 7 T/ +1) (7-8)

Eq, 7-8 is the desired expression for the specific
volume of the explosion gas in the
Chapman-Jouguet detonation stat>, When the
pressure is climinated from Eq. 7-7 by means of
the equation of state and the specific volume o,
by means of Eq. 7-8, we obtain

5ls 1l 6,
T, nR

L %
27” ART, nR

0

(7-9)

An slternative form, because c"; =¢% +nR, is

o

T [ 1 q - g

—— L S = A g .

T Lok " 2y7] " ner, " AR (T10)
where ¢’ = ¢ +nRT -p v =g +nRT, isthe
energy of explosion, It will. be noticed that the

temperature Ty is a constant independent of the:

initial density. Because of the fo«= of the Abel
equation of state, these: exprissions for the
temperature are the same as thoxxthat would bé
obtained with the idesl gas equiicion of state, (In
fact, Eq. 7-9-can be obtained-from Egs. ¥-10.by
neglecting p, comoared to p,, 33 we have done
here, and substituting the ideal gas equaton.of
state.)

The specific heats and the heat capacity ratio-

are slowly varying functions of temperature. Eq.
7-9 or 7-10 is easily solved by iteration. The
specific heat and the ratio v aré evaluated for
an approximate value of the temperature, an
improved value of the temperature is obtained
by: solution of one or the-dther of the equations,

and the process it repeated until sucressive

approximations are in salisfactory agreement.
Application of thé theory based on the Abél
equation is-not usually of svificient accuracy to
justify a calculation of the .equilibrium
composition of the explosion gas. If a special
application is cuch .as'fo justify this elaboration,
the composition may bhe adjusted at each stage
rf the iteration by a calculation of the
equilibrium compoiition at the approximate
values of the temperature and specific volume of

the detonation state, using the methods

descrihed in Chapter 2, The activity coefficients
f, that are needed for the calculation ar¢ easily
shown to be f. = w/(y-«), independent of
temperature and composition. It wha usually
suffice to base the application on a conventional
composition as described in Chapter 3.

By substitution of the equation of state and
Eq. 7-8 into Egs. 7-4 and the-second of Egs. 7-2,
expressions for the detonation velocity, particle
velocity, and adiabatic exponent of the
detonation products are obtained,

e
mtl
D= V g
(l + apo> "Rh
4 =\/'7RT1/ % (T11)

Ky =y, +apg)I(1 - ep,)
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For an explosion gas described by the Abel
equation, the particle velocity uy is independent
of the initial density p,-

It is a convenient computatnonal device to
define hypothetlcal ‘‘4deal” detonation
properties calculated for the actual explosion gas
composition ard initial density but with the
ideal gas equation of state, If such quantities are
designated with. a superscript zero, expressions
for their calculntxon are obtained at once from
Eqgs. 7-11 by setting @ = 0. Thus, when the
axplosion. products .are described. by. the fbel
equation, T, = T} and u, =~ uJ, we can write

ol =1+ op, fy]
' -1 (7-12)
D/D® = (1~ ap,)
where
o

vy = I+ 1)
D= (y) +1) V‘nRTl",/‘-yf

= \/nRT: %

and where T} is obtained by the solution of Eq.
7-9 or 7-10. .

An approximate solution. of Eq. 7-10,
sufficiently accarate for -estimates of the
detonation properties, can be obtained by
factoring the term (N ¢%/nR trom the coefficient of
T, /T, énd usummg that the hest capacity is
independent of the tempercture in evaluating
the remainder; If, in .addition, we neglect T,
compared to ¢, we-obtain

T, =T/ =2 i [(7: +1) ;5—] (7-14)

Substituting this expression into Egs, 7-1 and
7-11: and using Eq. 7-8, we obtain

5y oy &
G
1 o
D= (1 o },/2(1’(7;’ +1)nR/c
u, =V2q'(o? + 1)nR/C

7-4

(7-13)

(7-156)

which, together with Eq. 7-8, can be used to
furnish estimates. of the detonation properties.if
a value of the cuvolume o is known. A .useful
relation is obtained by eliminating g between
the first two of these equations

- 1 - ap,) 7.16
b p"Dz'('fl” *1 ) e

which can be used to estimate the detonstion

pressure from an experimental value of the

detonation velocity if the covolume o is known.
One can estimate the covolume constant by
companson of an observed detonation velocity
with a value calculated by the first of Eqgs. 7-11.
This procedure is not strictly consistent with the
aasumptxons on which that equation are based
since it will be found that the covolume, assumad
in the derivation to be constant,.depends upon thé
initial density. It do¢s,however provide a simple
method of estimating the
properties of the explosion gas wheén a
detonation velocity has been experimentally
determined that is-superior to a votal neglect cf
the effects of gas imperfection. If the detonation
velocily has been measured as a. "u.nction of the
initial denslty, the quantity g » | + d@nD/dn
p, can Le evaluated from the expenmental data.
By differentiation: of the first of Eqs. 7- 11, we
obtain the result
a= (g, - VHp,8,) (1-17)
By substitution into Egs. 7-8, 7-16, and the
third of Eqs. 7-11, we obtain the relations

K= gy +1) -1

Coen
—_— 1+ 5 ’ g
. 7{’+1[ | |09

p,D* [1 10
e |- -
Yoy le wmtl

that depend only on observed quantities and on
the heat capacity ratio for which a sufficiently
accurate estimate can made for an
approximate composition and an approximate
temperature,

The application of these approximate
equations can be illustrated by a calculation for
Composition B consisting of 64% RDX, 35%
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TN, and 1% wax, by welght The detonation
velocity for this mixiure is accurately known
and the adiabatic exponent x; has been
evaluated .experimentslly at a single initial
density. These data suffice for the evaluation of
experimental values of the detonation pressure,
density, and particle velocity at the initial
density for which the adiabatic exponent is
known. According to Deal®,the experimental
values of the detonation 'velocity can be
represented by

D =2639+3127p,

where 0 is in m/sec and p_ is in glec. At p =
1,714, Deal reports that k4 =277,

We employ the conventional decomposition
scheme

C, Hy7 06N, o = 4.4C0 + 1.25H,
+1.6H,0+ 2.45N,

to define the composition of the explosion
products, according to which the oxygen is
considered: to react first to form CO and then to
the extent possible with hydrogen to form
water. This reaction yields 0.0434 mole of
gaseous praducts per gnm of explosive and an
energy of explosion g’ = 1.068 keal/g at 256°C.
The mtio v = 1.25 between 3400° and
8000°K. The results of the calculations are
summarized in Table 7-1,

The unexpectedly good agreement between the
estimates and the experimental values at p =
1.714 is. unquestionably fortuitous, and it
cannot be asiumed that equally good agreement
would extend to lower initial densities, were
experimental values to be available. The
comparison does imply that very useful
estimates can be obtained by simple calculations
when experimental values of the detonation
veloeity are available.

73 DETERMINATION OF THE
DETONATION STATE FROM
VELOCITY.DATA

The usual procedure for formulating an
equation of state descriptive of the detonation
products of condensed explosives has involved
the assumption of an analytical form of the
equation and the evaluation of its parameters
from experimente] values of the detonation
velocity. It has sometimes been erroneously
claimed that the fact that this program-can:be
accomplished implies that the assumed form of
the equation of state is valid and that the
thermodynamic properties calculated with .its
aid are accurately evaluated. It turns out that
various different.forms of the equation lead to
approximately the :same values of those
variables, that are explicit in the hydrodymm)c
equations but to widély different values of those
variables, such a3 the temperature, that appear as
paramelers cfthe problem.,

It is instfuctive to consider the general
problem of determining the thermodynamic
state of detonation gases using the
hydrod_ynamic theory and an experimental curve
(2. ). 5gs. T-3.and the first of Egs. 7-4 can
be reariar' ,;e..lo theZorm

Py =0, 0' (A p,0;)
- 2. (7-19)
e ~e, =AD(1- p,u)

where the Chapman-Jouguet equation is written

P [ - p,u;) (7-20)

In these expressions, we have without loss in
generality neglected the initial pressure p_
compered to the detonation pressure p,. The
equation of state is customarily taken to be an
expression of the form

TABLE7-1  ESTIMATES OF THEVDETONA'HON PROPERTIES OF COMPOSITION B

0,4 Rlce [ a, cc/g Ky pyilcc ppatm 7, °K
Eq.7-18  Exp, Eq,7-18  Exp. Eq.7-18 Exp. Eq.7-11 Eq.7-14
1.0 1.548 0.352 247 1.404 94.6 4370 406¢
1.26 1.697 0.502 2,61 1723 146 4370 4080
1.5 1.640 0.260 2.69 2,060 216 4370 4060
1.714 1.870 0.234 2,76 2.1 2.338 2.335 289 | 280 4370 4060
75
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(7-21)

expressing the pressure as 4 function of the
temperaturse, specific volume, and the mole
numbers of each constituent of the mixture-of
reaction products. The mole-nutiibers n, may be
fixed a priori by an assumed composmon or
dalérminied as functions of specific volume and
temperature by Eq. 7-21 together with the
equilibrium conditions, Either case implies the
existence of an.vnpllc:tly defined function

p=pwT) (7-22)
By nmeans of the laws of thermodynamics, the
entropy of the .detonation products is
determined as a function- of spécific volume and
temperatire

s=3(v, T)

and Eqs. 7-22 and 7-23 togethér imply the
existence of an implicitly defined function

(7-23)

P =p, 8) (7-24)

The ususl program for determining an equation
of state in the form of Eq. 7-21, subject either
to the equilibrium conditions or to an a priori
specification of the composition, is the formal
equivalent of determining function 7-24 for
given values of p e, and D = D(p_) by means
of Egs. 719, 720 and the laws of
thprmodynamxcs By use of the thermodynamic

relations a_e_ r _a_‘;_ .
3/, ' \dy, »

and the definition
k= -(3% p/d ;v),

Brinkley* has pointed out that the Jacobian

./(—'—i)

v, 8

vonishes at the point (p, ,v;) satisfying Egs.
7-19-and 7-20. This means that these equations,
the thermodynamic relations, and the observed
data can be satisfied together with any urbitrary
function s = s(v) or T = T(v). The program of
evaluating the thermodynamic state is thus

76

indeterminate in general, and determinacy
requires the infroduction of some restriction
having the effect of specifying the arbitrary
function. This is accomplished by assuming a
form for the equation of state but the
experimental data provide no criterion for the
correctness of the assumption.

Jones® has remarked that Eq. 7-22 represents
a -surface in the p,i,T space and that the
maximum amount of information thai can. be
derived from a D(p_) relation would fix aline of
a certain length.on this surface, Thus, when one
attempts to analyze detonation velocity data by
fixing on one surface by the assumption of an
equation of state, the result is'largely arbitrary
since there are evidently any nimber of surfaces
which contain the same line. Jones concludes

that very little information about the form of

the equation of state can he obtained from
detonation velocity data but that if a form is
assumed, then the values of its parsineters can in
general be determined: It foillows that the

assumption of a form of equation must be

guided in the main’by considerations of physical
plausibility.

The first-of Eqs. 7-19 defines-a ruled surface in
Py, Y , v, space. The second of these equations
determines a curved surface in the same space
which, according to the Chapman-Jouguet
theory, touchen the ruled surface along 4 line P,

=p, (u hv (v ) that can be called the
ChapmanJouguet 1]00'0! In an investigation of
the properties of gases.that can be deduced from
measurements of the detonation velocity, Jones
has deduced from this gecmetrical circumstance
a relation that is of great practical value, Eqgs,
7-19 are written in implicit form

Fip,,0,,0,) = p,D* (1 -8,0)-P, =0

Gp,,v,0,) =e ¢, -~ %p (1= pp)=0

(7-25)

The condition that the surfaces definea by these
equations be in contact is that at any point of
contact the direction cosines of the normals to
the two surfaces be equal. This condition leads
to two relations

(3F/3v,)/(3F/p,) = (3G/dv,}/(3G/dp,) (1.26)

(3F/0u,)/(3G/Au,) = (3F/2v,)/(3G/3v,)
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On evaluation of the derivatives, the first
relation leads to Eq. 7-20 which is an expression
of the Chapman-Jouguet condition. The second
relation leads to a new result. Defining a
thermodynamic quantity A by

11 (o
X p \, (7-27)

.and noting the thermodynamic relation

1) 1 (0
v\op, « A (728)

Jones obtained the relations

P, = 8,D*/[g,(2 + V)]

v =}- 1- L e
e &(2+N

2
4 *"’o+§ /[302 (2"'7\)2]

K =g(2+N)-1

(7-29)

trom the second of Eqs. 7-26, together with Eqgs.
7-19 and 7-20. Furthermore,-from the second of
Egs. 74

u, = D/[g;(2+ N)] (7-30)

In these expressions, g, " 1+d D/aan as
defined and employed in the Jast paragraph.

The utility of these relations resides in the fact
that A contains all of the thermodynamic
information ‘that is required when the
detonation velocity is krown experimentally
and g, can be evaluated. Jones shows that this
quanmy is essentially positive so that Eqgs. 7-29
and 7-30 with A = O provide upper limits to pl,
e,, and u, and lower limits to v, and x,
Furthermore, Jones shows that A is msensitive to
the forin of the equation of state and that it lies
in the auage 0 <A << 2 Rather accurate
estimates of A can be made with approximate
equations of state, thus making possible the
direct evaluation of those properties of the
detonation products that are of principal
interest in studies of their subsequent flow,
Tsing available equation of state data for

nitrogen, Jones estimated that A is not likely to
be greater than 0.25,

In par. 7-2, reference was made to the
experimental determination by Deal of the value
of the adiabatic exponent for Composition B at
an initial density p, = 1.714 glec. The
measurements made in, this investigation
permitted the evajuation of the pressure as. a
tunction of specific volume along the isentrope
passing through the Chapman-Jouguet point.
The experimental datz were quite well
Tepresented, particularly in the neighborhood of
the Chapman-Jouguet point, by the simple
adiabatic law

p=p, oy =271 (181

with constant adiabatic exponent, where p =
p(vsg) = p, (v) is the pressure on the uentrope
passing through the experimental
Chapman-Jouguet. point {p;, v3j. Along an
mentmpe obeying Eq. 7-31, the.specific energy
is given. by

e=ef +(pu-prdy -1) (7132
where ¢, = e(v,s?) and e, = e(p], ”1) (We have
employed an aswnsk to designate properties. at
the experimental Chapmari-Jouguet point for P,
=1.714 glec.)

The equation of state of the detonation
products could be determined if, in addition. to
the known isentrope, the energy were known on
a single nonistentropic curye in the same region
since the rate of change of energy along an.
isentrope is defined by the first law of
thermodynamics and the nonisentropic- curve
would provide initial data for the integzation.
Fickett and Wood® bave shown that the
uentxope and the Chapman-Jouguec locus
passing through the expenmental point (p,,v, )
lie close together in the (p,u)~plane They
expand the energy as a Taylor series in the
pressure about the point on the isentrope having
the same specific volume and assume that the
expansion can be terminated after the term of
first order. For points near the experimental
isentrope, this assumption leads to an equation
of state

elp, v) = ¢+ fi(p - p)v (7-33)
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where f is the value on the experimental

isentrope of the quantity
de
8= 1 (—) (7-34)
v \3p/,

The Chapman-Jouguet locus for varying initial
density is completely determined by Egs. 7-28
to 7-34. Fickett and Wood have obtained the
solution by nv- erical methods. The original
papér should be consulted for details. Their
fesults for the coefficients §, k, aund A are listed
for several values of the initial density in Table
7-2. The values of the other detonation
propetties can be evaluated at once by means of
the basic hydrodynamic equations previously
given.

The results listed in Table 7-2 depend only on
the validity of Eq. 7-33; are independent of any
assumptions regarding the form of a temperature
explicit equation of state; and did ot require
evaluation of the composition of the product
¥as. Eq. 7-33 is correct to terms of first order in
the increment (p - p,} and is probably a vevy
good approximation when employed to
determine the Chapman-Jouguet iocus since that
curve lies close to the experimental isentrope.
Although the namerical solution of the equation
is tedious, this method is probably ‘the best
available for the calculation of p,,v,, and x; as
functions of p_ along the Chapman-Jouguet
locus, Its application requires the availability of
an experimental Chapman-Jouguet point and, in
the abeence of an experimental isentrope, the
further assumption that the isentrope car be
represented by equations in the form of Egs.
7-31 and 7-32. Additionally, the calculations
summarized in Table 7-2 can be employed as a
criterion: for the physical plausibility of assumed
analytical forms of the equation of state.

7-4 MODIFICATIONS OF
EQUATION

When the simple Abel equation of state with a
constant covolume was employed by Schmidt?
and others to describe the detonation products
of condensed explosives, it was found that the
covolume, evaluated to secure agreement with
experimentai detonation velocities, is a function
of the initial density. This theoretical
inconsistency should have led the early workers
to reappraise the avalysis and it has led
subsequent workers to ;glflrive the inconsistency
by adopting less restrictive assumptions. The
Abel equation

THE ABEL

p(v - @) = nRT

can be made to describe the state of any
substance if « is a suitably prescribed function
of two state variables, e.g., & = a (p,v). However,
it was shown in the last par. 7-3 that a curve
D(p, ) does not provide sufficient information to
evaluate the function a in this generality, and
some resiriction must be placed upon it.
Restrictions that are sufficient, but less
restrictive than the specification « = constant
employed in par. 7-2, are &= a(v) or & = c(p).
The first of these has beeni employed by Cook’
in extensive calculations. The-second ‘has been
employed by Jones in calculations for the
explosive PETN,

Cook employs a modified Abel equation of
state in the form

plv - «(v)] = nRT (7-35)
According to this equation

%) _ (%) _, -
U)T- P(bT)., p =0 (7-36)

TABLE 7-2 THE DERIVATIVES f, K, AND AALONG THE CHAPMAN-JOUGUET
LOCUS FOR COMPOSITION B

Po g

1.714 111
1.6 1.79
14 1.82
1.2 1.86
1.0 1.91

7-8

: 13
2.7 0.266
2.74 0.267
2,67 0.260
2.69 0.262
2.50 0.266
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so that a gas described by Eq. 7-35 can be:said
to be thermodynamically ideal with e(v,T) =
e’(T), ¢, = c? Furthermore, the specific
enthalpy h =e + pv = e° + nRT + pafv) =h° +
peoi(u) so thate, -c: and v = <, /e, =¥°. At the
high density of the detonation products one
would expect the specific energy function to
have a substantial contribution from the energy
of gas imperfection arising from repulsive terms
in the intermolecular ‘potential junction. This
expectation is confirmed by molecular theories
of the propetties of dense gas, such as that of
Lennard-Jones and Devonshire, which is at least
qualitatively correct. The consequence of Eq.
/-35 that is expressed by Eq. 7-36 does not
appear, therefore, to be physically plausible.

‘The adiabatic exponent k can be evaluated by
Eq. 7-35 and the relation

N £/ WY CAY /2 7.37
“ P(av). 7<P)<au)r 0

‘We obtain the expression

k= (v _"a) 1-d @  (138)

where &’ (v) ig the derivative of & with respect:
to.v. Egs. 7-3, with the neglect of p_ compared
to Py become

b = (T + )T+ 1)

T, l::";, 1} q .c? (7-39)
—f— - —] =~ +
n

T, knR 2L RT, nR

‘where

P=q [1+@)] (7-40)

and where c =[e°(T, )- (T )T - T, )1san
average specxﬁc heat at constant volume and q
is the energy of explosion. It may be noted that
Eqgs. 7-39 have the same form as the solutions of
Taffanel and D’Autriche! for the unmodified
Abel equation of state, Egs. 7-8 and 7-10, with
the quantity T replacing the heat capas .ty ratio
~¥°. Egs. 7-4 can be written

T+
=( 1 hRT, T
1+ap, (7-41)

u = \/nRTI r

The adiabatic exponent can be evaluated with
= (T +ap,)/(1 - ap,) (7-42)

Eqs. 7-41 and 7-42 are analogous to Egs. 7-11
based on the Abel equation of state.

Cook has applied Egs. 7-39 through 7-42 to'a
Jarge number of explosives. His method of
calculation was iterative, commencing with the
solutions based on the Abel equation. At each
state of the iteration, he calculated the
equilibrium composition ‘of the detonation
products. He has in this way determined the

function a(v) from the experiment D(p ) for

the explosives considered. He concludes that the
tiinction a(v) found in this way 18 indepéndent
of the composition of the detonation gis and
may be used for the a priori calculation of
detonation propertles The function a(v) as
determined by Cook is:shown in Fig. 7-1. Some
of the results obtained with this:.equation of
state are listed in Table 7-3.

If"Cook’s equation of state is-to be employed
in a forward calculation of the detonation
properties, the calculation must be performed
by successive approximations. The
Taffanel-D’ Autriche! solutions expressed by
Eqs. 7-8 and 7-10 provide a convenient first
approximation. If the calculation is to be
élaborated by the assumphon that the
detonation pfoducts are in- equilibrium; the
compositions cah be adjusted at each stage of
the iteration by an equlhbnum calculation
enploying the methods detailed ii Chapter 2.
The activity coefficients f;, appropriate for &n
equilibrium calculation at specified temperature
and specific volume, are given by

_J_ - ‘ a(v)
fnf= fl;iT( ,) u] u-u(v)ud
(7-43)

and have been tabulated by Cook. These
coefficients are independent of composition and
temperature and, as noted in Chapter 2, result in
a calculation of the equilibrium composition
that is no more difficult than that for an ideal
gas.

Jones has employed a modified Abel equation
of state in the form

plv -~ a(p)] = nRT
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TABLE7-3 DETONATION PROPERTIES OF SOME PURE -EXPLOSIVES’
Po Uy 1 Tx’ 4y Py
Explosive g/em® cm? /g moles/g 2K m/sec 10% atrn
PETN 1.0 0.725 0.0352 5350 1540 85
16 0.478 0.0349 5700 1820 225
RDX 1.0 0.723 0.0405 5250 1660 95
1.6 0.469 0.0405 5750 2000 255.
TNT 1.0 0.740 0.0331 3700 1250 60
16 0,505 0.0245 4170 1340 150
Tetryl 1.0 0.752 0.0370 4200 1340 75
1.6 0.485

0 03565 4700 1670 200

and applled it to the exploswe PETN. Accordxng
to this equation

oh o
=y Pfoe] = 745
(ap) v-T (a T’)p a(p) (7-45)

so that a gas described by Eq. 7-44 has the
specific enthalpy and energy functions
p
h=h0(T) + / a(p)dp
o (7-46)

e=°¢°(ﬂ*f°‘(P)¢P"P°‘(P)

and ¢§,=cp, ¢, =¢f, Y=cp/c, =" Since this form
of equation predicts a contribution to the
enefgy from gac imperfection, it appears
intuitive,y to be a more plausible form than that
employed by Cook.

This -equation of state appears to have been
applied only to the explosive PETN. For this
material, Jones has employed the detonation
velocity data of Friederich®to evaluate the
function a(p). For an equation of state of the
assumed form, the coefficient N, defined by Eq.

7-27, is A=q° -1 (7-47)
and it may be regarded a constant to a good
approximation. Then by means of Egs. 7-29, the
detonation properties can be evaluated directly
from the experimental D(p ) curve, Using Eqgs.
7-29 and 7-46, Jones shows that a(p) can be
evaluated by the numerical solution of

p a(p)

»
- A\ Masd Nak g | dp
cu {2 /@ o

o
7-10

(7-48)

wheze ¥ i$ a function of p given parametucanly
in terms of p_ by

D? 2%, ~ 1
o 2o ng (149
2(2{_7\)( > Ag' (7-49)

(1L+N¥ =

together with the first of Eqs. 7-29, where ¢’ is
the energy of explosion. Jones’ determination of
the function a(p) for PETN is shown:in. Fig. 7-2.
Calculated values of the detonation properiies
are listed in Table 7-4. The energy of gas
imperfection resulting from this form of the
equation of state is shown in the last column of
the table, The quantity increases strongly with
increasing .initial density and is responsible for
the downwatd trend of the temperature.

The Jones modification .of the Abel equation
of state does not appear to have been applied to
other explosives, and its application at the
present itime to an @ priori calculation would
require an assumption thet the function afp) is
independent of composition. If such an
assumption should turn out to be justified, the

;equation should. provide a useful and relatively

simple method for the calculation of detonation
products having the desirable feature that the
energy of gas imperfection is not neglected. The
analytical form of the equation is such as not to
yield useful expressions by-a partial reduction of
the equation, similar to that employed in-our
description of the Abel equation or of Cook’s
modification of it, It would be most convenient
in this case to conduct the calculation in the
general manner described' in par. 6.5, using, if
desired, the methods of Chapter 2 to evaluate
the equilibrium composition.
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The coefficient A defined by Eq. 7-27 is given
by Eq. 7-47'when the modified Abel equation of
state employs the assumption & = afp), and by

A=Y - 1)/l - o ()] (7-50)
when the assumption a = a(v) is made. We have
employed these expressions together: with Eqgs.
7:29 and the observed: D(p } to estimate the.
adiabatic exponent x on the Chapman- -Jougues
locus for Composition B. We employ the same
assumptions as were employed in par. 7-2 and
take 7° = 1.25, independent of the initial
density. The results are summarized in Tzble 7-5
where we include for comparison the values
obtained by Fickett and Wood, and previously
listed’in Table 7-2.

The results for @ = constant and a-=afp) are
identical because both assumptions lead to the
same estimate of the coefficient A, namely 7° -
1. These results are in rather g‘ood agreement
with the resulis of Fickett and Wood. The
results based on the assumption & =ofv) are
systematically much higher than the othér

conclude that the assumption a =.a(v) is inferior
to the assumption « = afp). Furthermore, we can
conclude that the simple Abel equation when:
calibrated by obeérved detonation velocities at
ea~h initial density can be used for reliable
estimates-of the detonation properties in spite of
the mathematical inconsistency that attéends its
use,

76 APPLICATION OF THE
CHAPMAN-JOUGUET CONDITION TO
MIXTURES WITH VARYING
COMPOSITION'

The application of the Chapman-Jouguet
theory to the calculation of the properties of the
detonation products- has been based on the
solution of two equations between
thermodynamic properties, Eqs. 7-3, which- with
the equation of state siiffice to specify the
thermodynamic state of the product gas. The
application of the second' of these, which has
been employed in the form

m | PE AR " SR
I e
}
- - /;'*'i
| ; A AMCP 708-180 -
. i ) ?
- TABLE74 DETONATION PROPERTIES OF PETN® f
-’ po, 'Dt uly p'l: "11 le E‘v ,
A glem? mfsec m/sec 10° atm em®/g °K cal/g i
0.50 3940 1305 26 1.34 4870 135 i
{ 0.75 4720 1416 50 0.933 4630 245 |
- 1.00 5550 1660 86 0.719 4400 376. ;
1.26 6450 1710 137 0.588

rezults. If the calculations of Fickett and Wood k(oo -1)=1 (1-51y |
B are used as a standard of comparison, we 117 '
TABLE 7-6 THE ADIABATIC EXPONENT FOR COMPOSITION B ALONG THE
o CHAPMAN-JOUGUET LOCUS :
P, o = Const, « = afv) o = afp) Table 7-2
174 2.76 3.80 2.76 2.77
16 2.72 3.66 2.72 2.4
14 2.66 3.43 2,65 2.67
) 1.2 2,57 3.18% 2.57 2.59
N 1.6 2.47 2.92 247 2.50
713
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and which is a statement of the
Chapman-Jouguet condition, requires further
discussion for calculations in which the
composition of the product gas is determined by
the equilibrium conditions and in which, in
consequence, the compogition will in general
vary in moving from one state point to another.

If we: recall that the .adiabatic exponent is
defined as the derivative

k= (38 p/d8np), (7-52)

it is necessary to specify the way in which the
differentiation is to he performed in cases where
the composition is a function of state. It has
been imylicitly assumed in the reduction of the
equations presented in the preceding paragtaphs
of this chapter that the differertiation is
performed at constant composition. The
quantity so obtained may be called the
adiabatic exponent for fixed composition or,
more shortly, the “frézen” adiabatic exponent.

TFor calculations in which the composition is
assumed to be fixed, there is no incompleteness
in the definition of the quantity k since the
“frozen” quantity is evidently consistent with
the a priori.assumption as to composition.

1t has been noted in Chapter 2 that the laws of
thermodynamics for mixtures with fixed
composition or for mixtures with equilibrium
composition assume the same form as for
systems of one constituent, The thermodynamic
state functions and their derivatives for mixtures
are thus completely defined in texms of two
state variables either when the composition is
fixed a priori or the composition is the
equilibrium composition. In particular, a
differential coefficient such as the adiabatic
exponent is a well defined function of the
thermodynamic state when it is specified that
the equilibrium conditions in differential form
ate to be satisfied when the differentiation of
Eq. 7-52 is performed. The quantity so obtained
may he called the adiabatic exponent for
equilibrium composition or. more shortly, the
‘equilibrium™ adiabatic exponent.

The sound velocity and the adiabatic exponent
are related by the expression,

c2 = Kplp (7-53)
Therefore two sound velocities, a frozen sound

714

velocity or an equilibrium sound velocity, are
obtained, depending upon whether the frozen or
equilibrium value of the adiabatic exponent is
employed . Eq. 7-53. In physical terms, the
former quantity is the velocity of propagation of
acoustic waves in the limit of wvery high
frequencies; the latter, the velocity forthe limit
of very low frequencies. Now Eq. 7-52 is an
expression of the Chapman-Jouguet condition
that the detonation velocity is equa! to the local
sound velocity with reference fo the detonation
products. Consequently, the application of the
theory is not completely specified until the
meaning of sound velocity (and of the quantity
k) is further specified. There is no
thermodynamic argument that will definé the
proper quantity unambiguously.

In Chapter 8, we discuss in some dets’s the
question of completing the statement of the
Chapman-jotiguet condition by specifying the
nature of the sound velocity. It sppears that the
equilibrium sound velocity is properly employed
in cases that are truly one-dimensional.
However, we believe, in at.least some instances
where the one-dithepsional case is employed as a
simplified model of an actual two-diménsional Tt
explosive charge, it is more appropriate to %
employ the frozen sound speed in the statement
of the Chapman-Jouguet condition. These
questions will be more completely considered irt
Chapter 8. We here wish only totake note-of the
fact that the numerical results of a calculation of
the detonation properties will depend to some
extent on the assumption used with respect to
the statémeni of the Chapman-Jouguet
condition, As a practical matter, the distinction
between the two forms of the Chapman-Jouguet
condition is largely academic. Cowan and
Fickett? report that pressures calculated using
an equation of state due to Halford,
Kistiakowsky, and Wilson, differed by less than
1% at an initial density of 1.2 g/lcm® and were
almost identical at high initial density, the
pressure being higher when calculated from the
equilibrium Chapman-Jouguet condition.

Almost all of the calculations that have been
reported: have employed a Chapman-Jouguet
condition based on the frozen sound speed.
(Most authors have regarded this an
approximation.) If il is desired to base the
Chapman-Jouguet condition on the equilibrium

Pt
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sound speed, two methods of computation ¢

possible. The first, which has been employed by
Cowan and Fickett, is to construct the
equilibrium Hugoniot curve in the neighborhood
of the Chapman-Jouguet point, using cnly the
first of Eqs. 7-3..and-to determine by trial or by
graphical or mumerical interpolation the point
on the Hugoniot curve resulting in the minimum
detonation velevity. This procedure clearly is
equivalent to empioying the equilibrivm sound
velocity in  the statsment of the
Chapman-Jouguet condition. The second, which
we prefer because it requires substantially less
computation, is to employ the general iterative
procedure described in Appendix F which,
together with the methcds for eva’sating

equilibriurd  composition and  equilibrium
thermodynamic  propertie described  in

Appendix b, ieads to a direct solution of the
problém,

The frozen composition Chapman-Jouguet
condition appears generally to be an entirely
adequate approximation. It is much more easily
employed. Even su, the general iterative
procedure of Appendix F remains, in ovur
opinion, the most straightforward
computfational approach for any equation of
state except the simple forms suitable for order
of 'magnitude estimates. In Appendix B, we have
described computational procedures in detail for
evaluating the thermodynamic properties of

-equilibrium: ‘mixtures. The Chapman-Jouguet

point is then determined by an iterative
procedure involving thermodynamic quantities
only. The computational procedure is thus
ccmpletely prescribed if the équation of state is
presented in analytical form.

7-6 EXPLOSIVES WHOSE
CONTAIN A SOLID PHASE

PRODUCTS

The products of detonation of an explosive
may consist ncl -only of an homogeneous gas
mixture but also of a mixture of gas with various
condensed  constituents.  Nongaseous
constituents may be present in the products
because species found in the reaction condense
at the prevailing detonation temperature and
density. Explosives such as tetryl or TNT hsve a
marked oxygen deficiency end, as a result, free
carbon is formed as a reaction product. Some
commercial explosives are cor ounded with
chemically inert diluente present i the original

explosive mixture, and these maflerials form
condensed phases in the defcnation products.

The first case where some of the reaction
products are condensed can be treated in a
direct manner. It is natural to assume that such
products are in thermal equilibrium with the
gaseous reaction products and completely
entrained by them. These assumptions applied
to explosives con‘aining inert diluents are more
arbitrary in nature and will be the more closely
applicable the finer the particle size of the
diluent and the lower its conJentration. For the
case of inert diluents, Taylor'! has compued
calculations in whlch thermal equilibrium is
assumed with calculations in which it is assumed
that there is no heat transfer to the diluent.
Complete entrainment was assumed in each caie,
and Taylor concludes that the assumption -cof
thermal equilibrium: results in the better
theoretical model.

The pressure of the gas phase is represented by
-an equation of state as an erpression of the
general form

P = p(y,T) (7:54)
where v, may be defined as the volume of the
gas DLaSP for unit total weigh} of explosion
pzoducts Since the volume ¢f gas and of
condensed phases is additive

(7-55)

where v i3 the specific volume of the mixture as
previously defined and v, is the volume of
condensed phases for wnit total weight of
products, Furthermore,

y = nV,

condensed
phases

(7-£6)

where n, is the number of moles of the i-th
condensed species fror unit weight of explosive
and V, is the molar volume of the i-th condensed
speues In the case of an. exploswu producmg
solid carbon, such as TNT, this expression is

gimply
u=nV, (1-57)

The general form of the equation of state fcr a
mixture of gas and condensed species expressed
in terms of the spevific volurae of the mixture,
can now be written in the form

718
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p=p( - u,T) (7-58)

where v is, in general, a function . pressure
and temperature

.An equation of state of the Abel type can be
written in the form

p{v - @)= nRT

- - (7-59)
o=+ U'

where n is the number.of moles of gas produced
by unit weight of explosive, Thus the quantity o
becomes an effective covolume, and the
equation has the same form for a mixture of gas
and condensed phase as for « gas phase alone. In
calculations that are -calibrated by observed
detonation velocitics: -sucl a8 have been
described previoudly, a may be considered: (1)
an adjustable constant as in the Abet equation,
(2) a function a (v) as has been done by Cook, or
(3) « function a(p) as would be appropriate in a
calculation employing the Jones modification of
the Abel equation.

In a priori calculations of the detonation
properties using an equation of state with
known parameters, the quantity v, must be
evaluated. This requires knowledge of the
cuncentration of each condensed species in the
detonation products and the molar volume of
each species at the temperature and pressure of
the detonation gas, The former .quantity
concentration must be based on an jnitial
estimate that is improved as the overall iteration
procedure progresses hy successively more
accurate determinations obtained from the
solution of the equilibrium conditions, The
molar volumes of the condensed species can
usually be taken as constants of the system
unless their concentrations are very large, They
can be evaluated, when ¢ necessary
compressibility and thermal expansion datu
exist, at a temperature and pressure in the range
of detonation conditions and thereafter held
constant, Lacking such data, the molar volume
at ambient conditions can be employed as an
estimate. The overall precision with which the
equatinn of state of the gas 1s kaown does not
appear for most applications to warrant an
claborate equation o & . for condensed
species. Furthermore, as a practical matter, the
use of more accurate forms is awkward because

T8

such forms are explicit either in the pressure or
in the molar volume of the solid and they are

not easily combined with thé equation.nf state-

of. the -gas which is explicitin the vélume of the
gas. We cite; however, the work of Cowan and
Fickett® who have quoted an equation.of state
for carbon (graphite) with parameters that are
derived from experimental measurements- of the
shock Hugoniot curve in' graphite. It is an

accurate but extremely-cunbersome equation of

state for carbon that could be employed ir
calculations if the high accuracy could -be
justitied by comparable accuracy in the other
paxameters involved.

7-7 THEVIRIAL EQUATION OF STATE

According to the virial theorem, the equation:

of state for gases can always be written in the
form

Py, B(T) &M . D7)
———=]1 to—g (o
nRT v, v, v: (7-60)

where B(T), C(T), D(T},. . . are the first, secord,
third, ete., virial coefficients which are func/ions
of wmpemture and composition but nat of
volume. For molecules with an intesaction
vnérgy that can be expressed as a functiops of the
intermolecular distance, the second virial
coefficient can be theoretically evaluated. For
nonatiracting rigid spherical molecules, the virial
coefficients aré independent of temperature, For

such a gas, the third virial coetficient has been.

calculated by Boltzmann and Jiger aad the
fourth virial coefficient by Happel and
Majumbar? 2, For the gas of rigid nonattracting
spheres, the virial equation to cubic terms in the
density has the form

pU, 2
—£ 2142 4 oags()+0.2860(% ) (161
nRT v, u' '

At high temperature, Hirschfelder and
Roseveare!? proposcd the equation

pu, },2
L a1+ 2 068
nRT v, ¢

- o (162)
b b

+0.2869 (—T)Jr 0.1928 <~;)
uf vE
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where the second virial coefficient is calculated
according to the theory of imperfect gases in the
limit of vanishing density and is found at high
temperatures to be nearly independent of
temperature, Thus, the second virial coefficient
can be evaluated theoretically, and its evaluation
makes possible a theoretical evaluation of the
higher virial. .coefficients for a hard sphere gas

‘which is taken to be a satisfactory model of a

real gas at hiigh temperature. The value of the
fifth virial coefficient in. the expression given
was chosen to make the equation agree-at high
density with the free volume theory of liquids of
Hirschielder, Stevenson, and Eyring®4

The calculated high temperature second virial
coefficients of some species appearing as
explosion products are listed in Table 7-6.
The coefficients in Table 7-6 are for pure gases.
Rules for mixtures having a theoretical
justification are quite complex in form, In view
of the approximation, only the simplest
combination rule can be justified and the
formula:

b=3 nb (7-63)

has been employed in applications of Eq. 7-62.

Hirschfelder and his coworkers have employed
Eg. 762 in extensive calculations of the
thermodynamic prcperties of the products of

propellants, Its application to the a priori

cilculation of the-properties of the detonation
products of condensed explosives is due to
Paterson’ &, It is-of the form

AMCP 708-180
Py, = nRT F g-\) {7-64)
(72
so that if b is a constant
oF ap
 escnner F T — - = 0 P
A (aT , p (7-66)

and ¢, = ¢J, ¥ = ¢/cy = 7. The equation neglects
the ene.gy of gas. imperfection and will, for this
“eason, overcstimate the temperature of the
cetonation products. Paterson justifies this
neglect by stating-that il is justified at low initial
densities and will affect to only a small extent
all properties except temperature at higher
initial densities,
Eq. 7:62 can be written.in the Abel form

p [y, - o(v,)} = nRT (7-68),

where

oy,) = v, [1- 1/F(x))
x= b/v“

Therefore, ‘the quantity I’ can be calculated by
the relation

r= 1[z-~~?(‘”>] (168)

and the solution for the Chapmpn-Jouguet

.oint, based on: ‘the frozen Chapman-Jouguet
condmon, s given by Egs. 7-39. Thus. the
modified Boltzmann orm of the virial equation
of state can be employed to obtain an a priori,

{767

TABLE7T6 HIGH TEMPERATURE SECOND VIRIAL COEFFICIENTS OF
GASEOUS DETONATION PRODUCTSS

Species | b, cm®/mole  Species i by, em® /mole
co,” 37.0 NO 21.2
co 33.0 N, 34.0
Hz 14.0 CH " 31.0
H,0 7.9 NH, 15.2
0, 30.5

* At densities wherc the CO, molecule is sssumed not
to rotate, At lower demltm, with rotation permitted,

tha value of b for CO is 63.0 cm3/mole,
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theotetical evaluz.ion of the function a(v) that
was evaluated empirically by Cook.

The results of some of Patetson’s
calculations—using the equation of state Eq.
7-62, the frozen Chapinan-Jouguet condition,
and assuming equilibrium .composition of the
detonation products—are given in Tsble 7-7,
Paterscn has also -applied .his equation of state
to calculations for a Jarge number of commercial
blasting explosives. .

In these-calculations all of the necessary data
were delermined without referénce to
detonation  experiments. Considering the
completely a priori nature of the calculations,

surprisingly good agreement with experimental

detoriation velocities was obtained, particulaxly

at’the lower values of the initial density.

787 THALFORDKISTIAKOWSKYWILSON
EuJATION OF STAYE

An extensive computation of the detonation
state ‘was carried out by Brinkley and Wilson!?
employing an empirical form of equation of
state that was proposed by Halford,
Kistiakowsky, and Wilsor!?, The equation is a
modified form of one that was originally
employed by Becker to represent an
experimental nitrogen isctherm. It was modified
by the omissica of terms that are significant
only it low temperature and in such a way as to

provide for a contribution due to gss
imperfecticn to the energy content of the gas.
The parameters of the equation were calibrated
in part by :the use of experimental detonation

velocity data and in part from theoretical

considerations. Since the original work, this
equation has had many miodifications -as new

data became avrilable. The most extensive and:

most recent re.ision has been carried -out by
Cowan and Fickett who were able to
supplement experimental velocity -data with
some experimental pressure rneasureiiients,

Cowan and Fickett employ an équation of
siate in the form

Py, = nRTF(x) ]

Fx)=1+ xeP i“'
P +{7-69)
x =ki[v (T +0)]

R = E;n,k,

Here, v, is the volume of gas from unit weight of
explosive; n, is the number of moles.of the i-th
gaseous constituent from unit weight of
explosive; «, B, and § are empirical constants;
and the k; are empirical constants, characteristic
of the individual species, having:the nature of
covolumes. The cohstant ¢ was added to. the
original form to suppress a spurious minimum
that the unmodified form presented in-curves of

TABLE?7-7 .DETONATION PROPERTIES OF SOME CONDENSED EXPLOSIVES!®
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pressure versus temperature at constant volume.
Cowan and Fickett have employed the value 6 =
400°K. in all of their work,

When Eq. 7-69 is employed as the equation of
state, the specific energy ¢, of gas imperfection,
whete e=e° + e, is given by

¢/(nRT) = a T+o

which is a rapidly increasing function of the gas
density at constant temperature.

Eqs. 7-69 and 7-70 can be written in an
approximate form

(F-1)  (110)

e = a(py, = nRT) (7-71)

if we negiect 6/T compared to unity. Now, it
can be shown from the virial theorem that if
attractive forces are neglected in comparison
with repulsive forces in the intermolecular
potential function .and if the latter varies
inversely as the n-th power of the intermolecular
distance, then

e= (:'J/n)(pu‘r - nRT) (7-12)

Thus, Eq. 7-71 is of the correct form for the
internal energy of a gas that is sufficiently dense
so that attractive forces can be neglected in
comperison with repulsive forces. Furthermore,
the parameter @ can be identified with the
quantity 3/n, where n is the exponent of the
repulsive term in an intetmoleculat potentml
Iuncl:ion of the wennevd-dores wype. From
theoretical considerations, n>6so that a <!,
Cewan and Fickett fouad the best overall fit

‘with experimental data with the value a = %,

The high value of this coefficient reflects the
fact that attractive forces are not entirely
negligible at any gas density. Also, there is now
evidence that an inverse power law for the
repulsive term is too “hard” for dense gases.

The discussion of th, last paragraph is not, of
caurse, a complete justification of the form of
the essentially empirical equation of state, Eq.
7-69. It does, however, indicate that this
equation takes account of the energy of gas
imperfection in a way that is physically plausible
and in this respect, at least, is superior to the
other forms of equation of state that have been
considered. Unfortunately, itz use in routine
calculations involves a considerably more

elaborate computational program. It is not
convemehtly employed for desk computatnons,
and it.is most suitably employed in calculations
employmg a computer for which the effort of
préparing a computer program can be justified,
We can summarize the values of the equation

of state parameters adopted by Cowan and
Fickett as follows:

=050

Bg=0.09

0 = 400°K
The values of the k, are given in Table 7-8.

VALUES OF THE CONSTANTS k?

TABLE 7-8

Species T S Species k¥
Hy 3636 co, 6407
N, 6267 NO 4148

2

Table 7-9 contains values of some detonation
properties of several exploeives calculited with
Cowan and Fickett’s form of the
Halford-Kistiakowsky-Wilson equation of state,
Experimental values and some calculated values
by Cook and by Paterson are included for
compa.ison.

Cowan and Fickett conclude that reasonably
good agreemment between calculated and
observed quantities is obtained except for
explosives such as TNT with large oxygen
deficit. In the case of TINT the calculated values
are unsetisfactory even though an elaborate
equation of state was used for solid carbon, The
causc -of this discrepancy is nét understood at
the present time,

The equation of stare employed by Cowan and
Ficket{ leads to detonation temperatures that
decrease with increasing initial density. This
behavior follows from the fact that the equation
of state results in a contribution to the energy
due to gas imperfections as a strongiy increasing
function of density. It will be noted from Table
7-9 that the calculated temperature is

*A more extensive list of the constants ¥ 1 .« to the
best available ex&loslves property data, & o ‘tained in
rep);arts by C. Mader, LASL, which havc not been
pubtished,
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substantially lower than for eguations of state
for which the energy of gas imperfection is zero.
Cowan and Fickett conclude that the
Halford-Kistiakowsky-Wilson equation of state is
probably fairly reliable if its-use is restricted to
exploiives which. are similar to those that were
inciudediin the determination of its parameters,
and to pressur¢s and volumer that are not too

different from those at the Chapmun-Jouguet
point. There appears to be no justification for its
use in an extended extrapolation.

We conclude this chapter by remarking that
the problem of formulating a generally adequste
equation of state is not solved. The
Halford-Kistiakowsky-Wilson. equation: appears
to be the best available,

TABLE7-9 COMPARISON OF CAL.CULATED DETONATION FROPEQTIES
Py 3 T P
Explosive Source g'm? m/sec dbidp,  *K 107 atm Xy Ay
RDX Experimental 16 8060 3470 2% 2.92 0.32
:Cowan & Fickutt. 16 8037 2260 2788 269, 279 0.30
Cook 1.8 8040  ~ 3670 5750 258 3.01  ~034
RDX Experimental 18 336 3,08;
Cowan & Fickett 1.8 344 %
SNT Experimantal 16 6840 2800 168 344 088
Cowan & Fickett 16 8894 3120 2715 193 388 0.25
Cook 14 7030 ~ 3660 4170 150 420 0.84:
Paterson 16 6790 3310 3900 135 4.81 1.26
INT Experimental 164 178 3.48
Cowan & Fickeit 164 204 2.91
RDX/TNT, 78/22  Expetimontal 1.765 313 2.82
Cowsn & Fickett 1.765 307 2:30
Comp. B Experimental 1718 288 2.79
Cowan & Fickett 1718 281 2.89
7-20
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CHAPTER 8 STRUCTURE OF THE PIANE DETONATION WAVE: FINITE
REACTIO.. ZONE

8-1 INTRODWCTION

The elementary theory of plane detonation
waves, described in Chapter 6, is based on 2
model in which the reaction zone is idealized as
a mathematical plane, thus implying &
detonation reaction of infinite rate and a
reaction zone- of zero thickness. The properties
of the detonation. wave are then deiermined by
the expressions for the transport of mass,
momentun;, énd energy across che discontinuity;
by the Chapman-Jouguet condition which
provides a sufficient description of the Row
behind the detonafion front; and by the
equation of state and thermal properties of the
«detonation products. The properties of the
detonation wave are independent of the rate of
the -detonation reaction according to this

“ idealized modei.

This elemeritary theory correctly describes the
main features of the detonation process. In
particular, it correctly predicts the detonation
velocity and the thermiodynamic state of the
detonation products of cylindiical explosive
charges initiated' at. one end; provided, the
diameter of the charge is not too small.
However, extension of the theory toc more than
one dimension—eg, to the spherical
charge—involves mathematical difficulties that
result from the over-idealization of the reaction
zone to a mathematical surface. Many details of
the detonation pre :éss in finite charges—e.g., the
effect of charge diameter on the detonalion of
small cylindrical charges—areidetermined by the
structuré of the réaction zone. In this chapter,
the consequences of a more realistic model
which takes account of finite reaction rates are
investigated; however, we limit the treatient to
plane waves propagating in one dizection.

82 CONSERVATION CONDITIONS FOR
STEADY REACTION WAVES IN ONE
DIMENSION

We assume the existence of a wave of chemical
reaction propagating in one .lirection parallel to
the x-axis of a rectangular coordinate system
and assume ihat the properties of the flow are
constant on planes perpendicular to the

direction of propagation. We fix the origin of
the coordinate system in' the moving reaction
wave and ‘assume that there exists a region of
finite extent in the moving cocrdinate system'
within which the flow is steady.

The hydrodynamic equations for inviscid flow
without heat conduction or diffusion have been
given in par, 2-6. For flow in one dimension,
they can be written

% o) -0
dt ”ax

do  1fo)
f.1(0).,

de _p (dp) _
dt  p*\dt)

In these equations, p is the pressure, p is the
density, e is the specific energy, and w is the
particlé velocity measured with respect to the
moving origin of coordinates. The operator d/dt.
is the mobile time derivative, denoting the rate
of change with respect to time.as measvred by
an observer moving. with the fluid, i.e.,

d 2,2 82
dt ot x 82)

For steady one-dimensional flow, partial
derivatives with respect to time vanish and Egs
8-1 become

dp dw!
—) ——) =
o) ()

dw 1 (dp \
= = () = (8-3
w (dx) + P’ dr) 0, (8-3)

where, in the steady state, the properties of the
fluid are functions only of the space coordinate
x, measured relative to the moving coordinate
system. Eqs. 8-3 can be integrated, with the
result

8%

{8-1).
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wp = M = constant

p + M2y = P = constant (8-4)

e + pu + Yaw® = Q = constant

where: ¢ is the specific volume. The hew
constants have the fonowmg significance: M is
the mass current, P is the dynamic pressure, and
Q is the kinetic enthalpy. The three quantities
aré constants of the flow in a region ‘where the
flow is steady and where the effects.of vxscmxty,
heat, conduction,.and diffusion can be neglected.

Eqs. 8-4 are supplemented by the reaction rate
equations of pat. 2-6

fdn\
s
4nd by the stoichiometric con. 1ions given in
par. 2-2

(8:5)

Thm =g (86)
where the stoichicmetric constant ¢, is the
nimbeér of moles 6f the j-th component in unit
weight of a hypothetical mixture consisting of
components only Without loss of generality, we
can assume that the componerits are assigned the
labels =1, 2, ... ¢, so that constituents that are
not components are assigned the labelsi=c + 1,
¢+2, ., .5 Eqs 85 and 86 can then be written
in a more explicit form that takes into account
the fact that only the BR,i=c+1,c+2,.

can be 1ndependentl} specxfled For the sbeady
atate these expressions are

dn, R,
— = — P=c+1, ..
o e e+l .s
3
d-'v
= - e R, /=12 ..c
dx pw l-c+16” wd

(8-7)
The rates R, are linear combiiiations of the rate
expremon tor the elementary reactions occurring
in the ye..on of reactive flow. 'These rate
expressions depend upon the composition,
temperature, and pressure. Therefore

noan)

and if the mechanism of ‘the reaction.is known,

R =BT, p; (8-8)

. the expressions summarized by Eq. 8-8 can, at

82

least in principle, be evaluated. Eqs. 8:4 are also
supplemented by an eguatijon of state which we
may take to be an expression of the form.
p=pl I;n, ..n) (8-9)

Now, we suppose that fluid is moving from
left to right, ie,w>0. (This convention i3
opposite to that employed in Chapter 6.)

‘Further, we- suppose that the material to the left

of the plane x = 0 is in the uniform state P,

with w, = D and R, = 0 for.all i. Atthe planex
= 0, we -consider- tv'o cases, Virst, assume that
the-properties of the flow are continuous at this
plane. Then the constants of Eqs. 8-4 are given

By M=pD
P =p, + gDt (810)
Q=g +pu, + ®D*

where e is the speclflc energy of the

nom‘enctmg fluid in the .uniform state.
Altematwel;, assume that the reacting flujd in
the region x>0 is. connected o the uniform
norireacting. fluid in the regionx <0 by a shock
wave fixed in the plane x = ¢, If the properties
of the shocked fluid at x = 0 are designated by a
prime, we have

M=

P ap 4w (8-11)
Q=¢ +pv + %K')

Here.e' is the specific energy of t.he materijal at
pressure p' and’ specific volume v' hiwing the
samie composition as the material in the uniform
stateat p, and v . ‘Assuming that e shock can.
be represented by a ‘discontimicus transition
from the unshocked fo the shocked state at
constant composition, we may employ
conservation conditions of par, 28 and
transform Egs, 811 to expressions that are
identical with Eqs. 8-10. Thus Egs, 810 can be
employed for the two cases under consideration,
Combining them with Eqs. 8-4, we obtain

pw=pD )
p+ pu;2 =p, + R,Dz {8-12)
e+ pu + %' =e, +pu, +1h?

™
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The left-hand members of Egs. 812 are
evaluated at fixed arbitrary values of the
x-coordinate, x>0, It the first of Egs. 8-12 is
employed to eliminate w from the second, we
obtain

8 D% = ~(0 ~ P - v,) (7.13)

If the first and second of Egs. 8-12 are
employed to eliminate w and D from the third,
we ¢itain

e-e, = %P+ p,)u - v) (8-14)

If we denote by u = D - w the particle velocity in
the regionx >0 relative to that of the uniform
state existing in the region x <O, the first of Eqgs.
8-12 becemes

oD - u} = pD (8-15)

It the uniform state is at rest in a laboratory
system of coordinates, u is the particle velocity
in a laboratory system of coorlinates.

Examining Eqs. 87 and &12 we note thatwe
have s + 3 equstions connecting the 8 + 4
variables n, p, p, u, and D when the uniform
state is specified. (The equation of state and
thermal properties of the ‘explosion products
determine the specific energy e as a function of
By B and p.) The mndeterminacy corcesponds,
for detonatiom, to ‘tha absence of the
Chapmen-Jouguet conditioh from the equations.
Insofar as these equations are concerned, we
may regard D as a parameter whose value can be
specified. Egs. 8-7 and 8-12 are then in a formal
sense determinant, determining each of the
dependent variables as functions of x and D.
Thus, the solutions of Eqs, 8-7 and 8-12
determine a two parameter sequence of states
through the moving reaction wave. It is
necessary, in principle, to determine the values
of D for which these equations have suitable
solutions. For the general case of multiple
simultaneous reactions terminaving in an
equilibrium state, this presents a formidable
problem,

A model that is easily visualized and that
provides a useful description of the reaction
wave is obtained by assuming that the reaction
proceeds toward a final invariant composition
that can be specified a priori independently of

final press..e and density. A progress variable &
can then be introduced by the relation.

e(E) = Eel (o) + a E_)eo (p,U) (8'16)

where € is the specific energy of the products
and e is the specific energy of the reactants,
esch considered a function of p and v, In this
approximation, Eq. 8-14 can be written

Eel(Py ) + (1 - 5)% (va) (8-17‘)
= (1,0} = (P + p,)(y, - v)

where p and v are to be regarded as functions of
the progress variable £, When = 1, Eq. 8-17 is
jdentical with the Hugoniot equation for
jnstantaneous reaction, Eq. 8-17 describes a
famﬂy of curves in the (p,v)-plane, each member
of which is labeled by a value of £ with I<E<].
For exothermic processes with e, (p,v!>e, (pv)
this family consists of nonmfmsectmg curves
{hat arc concave upward. Eq. 8-13 is the
equation for the Rayleigh line. With p and v
regarded as fisnctions of £, the reaction in &
steady reaction wave is.constrained to states on
this line. When we employ the subscript unity to
identify properties of the flow when £ =1, Eqgs.
813 and 817 becorne identical with the
analogous expressions of Chapter 6.

83 THE STEADY DEFLAGRATION WAVE

The branches of the family of curves given by
Eq. 8-17 for which p() <p, describe the states
in a steady deflagration wave -that satisfy the
conservation equatizns, These curves are shown
in Fig. 8-1, together with & Rayleigh line OABC,
This Rayle}gh line reépresents two different
processes with the game propagation velocity D.
One consists of a discontiniuotis trunsition in the
unreacted material from the state O to the state
C, followed by the reaction zone representad by
the segment of the Rayleigh line CB along which
£ chariges from 0 to 1, tarminating in state B
which is a strong deilnsratxon The other consists
of the continuous transition from the state O to
the state 4, which is a weal deflagration, along
the segment of the Rayleigh line OA for which
changes from 0 tu 1. It has been noted in par.
2-8 that a nonreactive rarefaction shock, as in
the {ransition from O to C, does not exist since
it would entail a decrease in entropy and violate
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the second law of thermodynamics. It follows
that strong deflagrations are impossible for the
assumptions made. Therefore, starting at the
point O with p,, vu,, the state point can only
reach the upper intersection A without passing
through regions for which £>1.The-only states
on- the final Hugonioi cuive of Fig. 8-1 that are
physically ‘admissible-are the weak-deflugrations
lying  between (and including) the
Chapman-Jouguet deflagration J and the
constant pressure deflagration for which p, =
P,

“In Chapter 6, we noted that a -useful
description of deflagration waves is not obtained
frem thehydrodynamic equations in which heat
conduction and the diffusion of chemical species
are neglected. The propagatxon velocity of a
defligration wave is determined by these
transport processes from. the reaction zone
upstréam into -the reactants. In the ‘theory of
flame propmtlor, ithe differential conservation
equations are stated so.as to amiciude 'the effects
of viscosit;, dnffus.)n, heat conduction, and the
rate -of chémical reaction. For particular
boundary conditions, these equations possess a

velocity. In a deflagration wave, the Teaction
must be initiated by heat conducted
upstream from the reaction zone :nfc the
medium ahead of the reaction zone.

84 THE STEADY DETONATION WAVE

We begin our discussion of the structure of
plane detonation waves by commenting on thé
role of transport processes. in the mechanism of
the detonation reaction. The solutions of the
steady one-dimensional heat
conduction-convection equation and of the
steady one-dimensional diffusion-convection
equation are characterized by

e—x/xo

where x is the distance and x, is a characteristic
distance. For thermal conductlon, x, = ofw,
whete o s the thérmal dif{usivity and w is the

‘particle velocity in the frame of reference within

which the motion i is steady. For- diffusion, =, =
Dfw, - here D is the diffusion constant, 'l‘he
thermal diffusivity and -diffusion constant are
each of orcer unity or less, when expressed in
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solution only for a unique value of the wave units of square centimelers per second. ‘The
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Figure 8-1. ‘Family of Hugoniot.Curves for Steady Deflagration Wave
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particle velocity associated with a detonation
wave is of order 10° to 10° cm/sec. Therefore,

the characteristic length x_ is of order 10" cm

or-less.

We need to consider two different possible
mechanisms for initiating the chemical reaction.
Tt may be-effected by the diffusion of chemical
species into the unreacted: material or it may
consist of an initiation reaction that is 0-th order
in its products. If the initiation is exclusively of
the first type, the detonation wave may be
conceived of 2as a shock wave
combined with a diffusion wave similar to a
diffusion flame. To satisfy the boundary
conditione at the reaction front by a
temperature or concentration distribution with a
characteristic length of 10°% cm or less, it would
be necessary to postulate a :edctxon rate of
unreasonably high vsalue, so that the reaction
zone width is.also of the order of magnitude of
the characteristic length. In‘this connection, it is
to be remarked that the particle velocity in

-diffusion flames is many orders of magnitude

less than in detonation waves and the
characteriscic lengths of the former (diffusion
flames) are correspondingly many ordexs of
magnitude greater than those of the latter
(detonation waves). It follows that the effects of
transport processes can be entirely neglected i1
the reaction zone of the detonation reaction,
except for their occurrence within a shock front
where their effects are adequately described by
the conservation laws across a discontinuity. The
primary  contribution to the initiation
mechanism must. be by an initiation reaction
that is 0-tk order in iig.oroducts,

These considerations lead tc a model wherein
the initiation reaction has a negligible rate
before thr front and an appropriately laige rate
behind it, 1.e., to-2 model wherein the reactivn 1s
initiated by the shock front Sus 3 mode! was
independently postulatzd b ok, von
Neumann, and Doering v, Ton lingoudcl
curves oreseribed vy kq. 8—17 fox- the-uhreacted

‘aterisl imunserdinzely Luhing the shock front (&

= ), for the completel, teueted material (£= 1),
and-for an interinediste degree of reaction are
sketched in Rig, -2, The Rayleigh line OABC
1epresents two different processes with the same
propagation velceity . One consists of a
continuous teansition: from the state O to the

state 4, which s a weak detonation along the

the state with lowcs*

‘reaciion can reaci

A girtienary veseilon Lene

segment of the Rayleigh line OA for which £
changes from 0O- to 1. The other consists of a
discontinuous transition through # shock front
in the unreacied material to the state C on the
Hugoniot curve for £ = 0, followed by the
reaction zone, represented by the seyment of the
Rayleigh line CB along which § chares from. 0
to 1. The state B.is evidently a strong-d«tonation
and the second process corresponds s that
postulated: by Zeldovich, von Neumann, and

Déering. In Chapter 6, it was remarked that a
detonation wave is formally equivalent to -a

shock wave followed by a deflagration wave.
Thus, the detonation states of Fig. 8-2 centered
on the initial state O can be regarded as @
deflsgration wave centered on the state C. It was
also remarked that a strong detonation wave is a

shock wave fcllowed by a weak deflagration; a°

weak detonation wave is a.shicek followed:hy 2
strong deﬂagrmon, ang & Chapman-Jouguet
detonation is a sheek followed by a

Chapman-Jougueé'; deflegration. Ty 4ng previcas

paragraph; it wus  snown dhif & sticsg
deflagration dies aot exist e Loat, or
the assumpticas made, & wsuk detonation-ioes
not .cxist. Therefors, stucting fram & hork wave
in the unreacted materisl ceﬁthdd«:‘ the point
2 with p v, , the s.ute puid e esi oy reach the

upper iatersection B. Trapoyd of Dig. 8-2 1s
‘ure a0 the Hugoniat
£or which the

curve for the unrex &:1 o,
Hie
complete reaction, 1 ling OJ ds
tangent. -to tie Hugoict 2wt § pomnlafe
reaction; i Mp{esgnts iy ceaclion viive
terminating ir - "hapmap—o'mguer detonanon,

Prior to the deséxip of the rea.iion zone
given by Zeldovich, von-Neumepe  snd Diering,
it was gugsoste® aa
rongtant pieiel,.e equal M"- angpran-deguet
prassure }: A(;{:D;fa - this hypathers, “he
pEnCess Lurxsls b gf

by 2 teastion at the constard pressie p}‘K It is
readil, zer:that §u chra rox ag cannof reprosent

shuchal stete and fipw vere ﬂa sme lie on
ditécipt Rpgleigh  tnes, ' and O
wspoctively,

Wank detoravons, under the gssumpticos

male, are impossible. Furtherinore, a ravefaciing

25

ot curve for

e résciion pécuts at a

ceontinions 3 xm*ﬁon
theat o shagk ’{zp’\t froma che stale ¢ fo the
state " on the isitial Bagomot curvs, Followed:

. the initiak
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wave will originate in the explosion products,
and will overtake and weaken a strong
detonation until it becomes. 4 Cirapman-Joliguet
detonation. Therefore, the Chapman-Jouguet
detunation is the detonation that is stable.

It has been assumed that the family of
Hugoniot curves, labeled. by a value cf the
degree ‘of reaction £,0<E<1, form a family of
nonintersecting cuzves such as has been sketched
in Fig. 8-2. This will be the.case if, as has been
assimed, the reaction proceeds to a fixed
invariant mizture of products and if the
exothermicity -condition, e, (p,0)> e (py), is
satisfied at all values of the pressure and.specific
volume. However, von Neumanr. has pointed out
that the family of Hugonict curves may have a
different form if the reaction is. not. exothermic
at all pressures- and densities: Such a condition
may, in.principle, arise if the mechanism of the
explogior: reaction consists of several different
elementary reactions whose relative contribution
to-the overil.decomposition may depend on the
strength of the initiating shoek wave and one or

-

more of which may be endothermic. In such a
case, the Hugoniot éurves may intersect. and
liave an envelope, as shown in Fig, 8-3. It would
then te possible for the process to consist of a
discontinuous transition from the state O to the
state B on the Hugoniot .curve for £ = 0,
followed 1 -a reaction desciibed by the segment
of the-Rayleigh line BA during which £ changes
continuously from 0 to- 1. The point A on the
Hugoniot curve for & = 1 is a weak detomnation,
and the Rayleigh line OAB is tangent to the

-envelope to the Hugoniot cuxves and. represents

the only process for which £ takes on all values
fromm 0 to 1. This solution is known as von
Neumann’s pathological wea%: detonation. No
case of the actual existence of such a detonation
is known,

85 'FLOW BEHIND A CHAPMAN-JOUGUET

WAVE

Riemann’s equations (see par. 2:7) can be
employed to construct the nonsteady flow

Figure 5-2, Family of Hugoniot Curves for Steady Detonation Wave
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behind a Chapman-Jouguet discontinuity. At the
discontinuity, located at x = Dt, the explosion
products -are chdracterized by the quantities
Ug,p1, and ¢, which are determined by the
Chapman-Jouguet condition, the Hugoniot
equations, and the equation of state. One of
these .quantifies may have an arbitrary initial
distribution behin- the front, The whole flow
can then be determined as a simple wave.

For definiteness, we suppose that the steady

detonation begins at.a piston face located atx =

0 at t = 0. The Chapman-Jouguet particle
velocity u, B accommodated to the piston
velocity, assumed to be less than u , by a
centered simple- wave, ie., by an unsteady
rarefaction wave, The C, characteristics of such
a‘'wave:are straight lines with the equation

x=(u+c)t (8-18)

The Chapman-Jouguet point, which s a

discontinuity between the steady reaction zone

and the nonsteady rirefaction wave, follow: a
psth in the (x,t)-plane: which is the Cj
characteristic

X =(uy +e))t=Dt (8-19)
In par. 27 it was-remarked that the Riemann

invariant ¥ is constant throughout this simple
wave. Because of this circumstance

- o(p,)=u~ o(n)

>
o= [ (8-20)
‘ o .pc

Thée function o :can be regarded. a known
function of the pressure along the isentrope

Figur: 83, The von Neumann Pathological Weak Detonation
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passing through the Chapman-Jouguet state.
‘Therefore, Eq. 8-20 provides one relation
between the. pressure p and the particle velocity
u. Along this isentrope, the acoustic velocity ¢
can also be regarded a known function of the
pressuve. Eq. &18 thus provides a second
relation, comiecting the pressure and particle
velozity to the reduced distance-variable x/Dt

u+c(p)=(u, +c,)\(x/Dt} (8-21)

Egs. 820 and 821 determine the particle
-veldeity and pressure in the rarefaction: wave as
functions of the reducéd -distance x/Dt. For
general equations ‘of state, they can be solved
numerically from tables of ¢ and o versus the
pressure, When the pressure distribution through
the rarefaction wave is known, the distributions
of the other thermodynamic variables through
the wave are determined since ‘these variables
depend only on the préssure along a prescribied
isentrope.

If the explosion products obey a ‘polytropic
law, Eqs. 8-20 and 8-21 can be solved expli.itly.
If the adiabatic exponent is x, the resulis can be
written in the form

g-::]_.p 2 M

iy K+1 uy

e 2 +x-1 D¢ ~ uy

¢, k+1 k+1 D-wu

(8-22)

» 9 K- 1 Dt - ;ﬁszmrcw
PHJK+1 K+ 1 D—ui,

p 2 K_lDi‘-ul 2K =1

p, lk+1 k+1 D-uy

where § =x/Dt. It wili be noted that the particle
velocity and acoustic velocity are linear
functions of the reduced distance { for this case.
The solution for a polytropic gas was obtained
by Taylor, and the unsteady flow behind the
Chapman-Jouguet detonation is sometimes
called the Taylor wave. Egs. 822 assume a
particularly simple form when k = 8, Then

88

CRPPLLERY
1 4
e _ Y-y
¢ %;D—u +1$
. (8-23)
D -
£=1/s{ J ,u1+1}
py D-u
£_=% D{_ul"_lz
N D-u

In this case, the density is also alinear:function
of the reduced distance {. This particular
solution is' of interest since the explosion
products of condensed explosives obey,
approximately, a polytropic law with an
adiabatic exponent in the neighborhcod of
3 56, It can, therefore, be expected to displdy
qualxtatwely the features of the flow associated
with such explosives.

The transient portion of the flow is tetminated
by the straight characteristic along which the
particle velocity is equal to the piston velocity.
Th' L haracteristic separates the. transient flow
from a uniform flow. The uniform flow is found
by the solution of Egs. 8-20 and 8-21 with u set
equal to the piston velocity. The case of steady
detonation initiated at a rigid fixed wall
corresponds to a texminal characteristic along
which u = 0, In the polytropic case; from the
first of Egs. 8-22; the uniform state at rest
extends from the back wall to a point given by

K+ 1
-———-( ) when u = 0
2 \D (8-24y

=1~ 2(u,/D) fork =3

¢=1-

For cundensed explosives, the ratio u /D =1/4
so that § = 1/2 when k =3, For thls case, the
pressure on e back wall can be caleulated from
the third of Eqs. 8-23. Using k = 8,¢ =1/2, and
u, /D = 1[4, we obizin the order of magnitude
xesult p/p, =~ 8/21.

From these considerations, we see that the
reaction zone is followed by a column of
forward-moving explosion products, the length
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of which increases linearly with time. For a solid
explosive, the length of this column is of the
order of one-half the distance traversed by the
detonation wave from its point of initiation. If
initiation is at a rigid wall, the column of
forward-moving products is followed by a
colurin of stationary gas -‘which also increases in
length and within which the pressure is constant.

Shear” has employed numerical methods to
solve Egs. ‘8-20 and 8-21 for the explosive
pentolite at a loading density of 1.65 g/cm?. He
employed the equation of state of Halford,
Kistiaskowsky, and Wilson to construct the
isentrope through the Chapman-Jouguet state
and obtasined the function o by numerical
integration. The particle velocity and pressure
through the Taylor wave for a detonation
originating at a rigid surface as determined by
these calculations are shown in Fig. 84. It is
interesting to note that in Shear’s detailed

calculations, u = 0 and p/p, = 0.295 at{'= 0.483.

For the polytropic gas with x = 3, D. = 4u_, we
have obtained the estimate, u = 0 and p/p, =
0.296 at & = 0.5.

Suppose that the peint x = 0 represents an
interface between explosiv.-ahd-ajr, i.e., that the
plane of initiation is unconfined and that a
Chapman-Jotiguet detonation is initiated at ¢ =0
on this interface. There will then result a
backward flow of explosion ‘products in the
negative x-direction. This flow is the same as
though the piston of our model is conceived to

‘begin to-move at ¢ = 0 with a constant velocity

sufficient to reduce the pressure on the piston to
the ambient air pressure. The velocity of the
air-explosion  product interface can be
determined by solving Eqs. 8-20 and 8-21 with p
= p,. For .he polytropic casc, and neglecting p,
compared- to p,, we obtain from Eqs. 8-22 the
result

i‘-v’c+1-2 2)whenpzo
u -1 u\k-1

(8-25)
=2 - Dfu, for k=3

Thus, for a condensed explosive with k =8,D =
4u,, we obtain the order of magnitude result
chat ufu, ~ -2,

Wé have-seen that when the rear surface of the
explosive charge is unconfined, the flow behind
the reaction zone consists of a column of
forward-moving explosion products, the length

of which increases linearly with time, followed
by a column of backward-movirg products
whose length also increases lineatly with time,
For a solid explosive, the length of the
backward-moving products is of the order of
twice the length of the forward-moving products
and the negative velocity of the air-product
interface is of the order of twice the (forward)
particle velocity of the Chapman-Jouguet state,

Equations of state of detonation products
8.6.8 have been generated from hydrodynamic
properties -of the products meesured by
impedance mismatch methods®'® . The early
work of Lawion and Skidmore, and Deal
showed that shock compressions and adiabatic
expansions: of the detonation products {from:the
Chapman-Touguet state in many high. explosives
are consistent with a p-lytropic -e., -ation of
state. The value of the polytropic index above
100 kbar .is found to be about 3, Further work
by Skidmore and Hart on overdriven
detonation waves in Composition B in the 300
kbar regime indicates that the simple polytropic
relationship with a constant index appropriate
to the Chapman-Jouguet state i adequate for
predicting  overdriven  detonation  wave
properties, shock compressions, and adidbatic
expansions from a given overariven state.
Equations oi state of detonation products
applicable over a wider pressure range below the
Chapman-Jouguet state have been generated for
many explosives by Wilkins'? and coworkers at
the Lawrence Radiation Laboratory. The basis
of the method s to use the
enexgy-pressure-volume eguatlion -of state ot the
products as a variable in a two-dimensional code
for calculating the radial expansion of a copper
vessel containing a -detonating explosive.
Numerical experiments are performed with a
computer until calculated expansions agree with
those observed -experimentally.

86 THE DETONATION WAVE WITH
EQUILIBRIUM PRODUCT COMPOSITION

In order to provide an easily visualized model
of the detonation wave reaction zone, we
assumed in par. 8-4 that the detonation reaction
proceeds to a fixed composition that is known a
prieri. With this assumption, it was possible to-
define a *‘degree of reaction’ and to emplay this
parameter to characterize points within the
reaction zone at which the reacticn is
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incomplete. The degree of reaction was thus
described by the progress variable £, defined by
Eq. 816 as the fraction of the energy of
explosion released at the point in the reaction
zone characterized by a particular value of £.

Under these-assuraptions, Hugoniot curves can
be constructed for all points in the reaction zone
between the ihitiating shock wave and the point
at which the reaction is complete, each curve
being labeled by-a value of {£. Within the context
of the model employed, theseé curves have
physical meaning, representing the locus .of all
states that are compatible with the conservation
conditions and for which the amount of energy
released is given by Eq. 8-16. Under these
assumptions, no ambiguity is enicountered in the
statement of the Chapman-Jouguet condition
since the Hugoniot curve for complete reaction
is a cuxve-for constant composition. This curve is
tangent to an isentrope along which the
composition is constani and whuse slope is
characterized by the frozen sound speed in
which the differeritiation is performed at
ceastant composition. The Chapman-Jouguet
condition can thus be written in the usual way
in teris of the frozen speed of sound.

However, the final Hugoniot cu.ve is supposed
to describe the states that ate compatible with
the conservation conditions when all of the
reaction rates R; of Eqs. 8-7 have vanished, i.e,,
whenn the explosion products are in
therm odynarnic equilibrium. Therefore, the final
Hugoniot curve of Fig. 8-2 does not necessarily
represent physically accessible states of the
explosion products and it may, in fact, not even
be a good apvroximation to the states that can
actually be reached from different points.on the
initial Hugoniot curve,

Suppose that the segment of the Rayleigh line
CB of Fig. 82 represents an actual reaction
process, initiated at the state C on the initial
Hugoniot curve and te;minating at the state B.
In general, the Hugoniot curves labeled with
different values of the progress variable § and
drawn for constant composition represent
physically real (i.e., accessible) states only at
their points of intersection with this particutar
Rayleigh line, If a different process—represented
by a Rayleigh line frora a different point on the
initial Hugoniot curve—is considered, the fixed
composition Hugoniot curves, drawp for
particular values of the progress variable ¢, will

not in general coincide with those for the first
process. In other words, the sequence of states
between the initial Hugoniot curve and the final
(equilibrium) Hugoniot cuzve, each of which
represents a locus of physically real states,
depends not only on the fraction of energy
reieased but also on the position on the initial
Hugoniot cu~ve from which the process starts.
Thus, in- general, the sequence of states in the
reaction zone of a detonation wave depends-on a
progress variable such as £ and an additional
pararaeter- which may be-the detonation velocity
D.

Although it is evident that a single parameter
cves not suffice in principie to- prescribe a
unique family of cutves of the von. Neumann
type (such as those of Fig. 8-2), descriptive of
states within the reaction zone that are:reached
from any poinc on the initial Hugoniot curve,
such a model may provide a useful’approximate
description. This would be the case if only one
reaction process were to be involved, or
alternatively if all other reactions were to have
much faster reaction rates so that a state of
quasi-equilibirium:is approximately established at
each stage. In practice, 1 singlé reaction will
hardly ever be sufficient to describe the reaction
process, but it may very well happen that one
particular step is much slower than the rest.
Thus, for example, in granula¥ explosives it can
frequently be assumed that grain or surface
burning determines the rate of release of energy,
and that this process is followed by equilibration
among the products at a much faster rate.

It has been customary tacitly to assume that
the equilibrium sound speed should be
employed in defining the stable velocity of a
detonation wave that is not supported by a
piston when the reaction terminates in an
equilibrium state, Although imany numerical
calculations have been conducted in which the
frozen sound speed was employed- for this
quantity, it has been assumed, either explicitly
or implicitly, that this simplification is an
approximation, justified by the fact that the tvio
different statements of the Chapman-Jouguet
condition do not lead to very different values of
the detonation velocity.

Wood and Kitkwood'® have shown that if a
stable Chapm .i-Jouguet detonation wave exists,
its velocity must be determined by a
Chapmsan-Jouguet condition in which the
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equilibrium sound speed is employed. This
implies a physical model in which the reaction is
initiated in a shock front.and terminates at the
leading edge of a rarefaction wave at which
point the reaction is complete and thé explosion
products are in thermodynamic equilibriur.
Consider the reaction pictured in Fig. 8-5 that is
initiated at the point C on the initial Hugoniot
curve S and during which the state point moves
along the Rayleigh line CB' B. Let the point B
be an equilibrium state at which the Rayleigh
line is tangent to Hugoniot curve F at fixed
composition for the composition of the pointB.
Let the Hugoniot curve E be the curve for
equilibrium states that is also centered on the
point (p_,v ). This curve evidently passes
through the ‘point B. It can be shown by the
‘thermodynamic equilibrium conditions that the
curve E lies to the left of the curve F for
pressures ‘gieater than the pressure at the point
B. The Rayleigh line CB thus has a point of
intersection with the equilibritim at a point, say
B', that lies between the points C and B. It
follows that the predicated process cannot
terminate .at the state B’ but must terminateat
the state B’ which also an equilibrium state.
Now, the wave of minimum velocity that
terminates in a point on the equilibrium
Hugoniot curtve js the wave whose Rayleigh line
is tangent to the equilibrium Hugoniot curve, It
has bemn shown in Chapter 6 that the
equilibrium Hugoniot curve is tangent to an
equilibrium isentrope at its point of tangency. to
the Rayleigh line, Thus the slope of the Rayleigh
line at this point is characterized by the
equilibrium sound speed. Our physical model
implies that this is the speed at which the
rayefr ction Wwave advances into the explosion
products, It is vo be noled that this argument
does not prove the stability of the postulated
flow.

The curves for the rates of the chemical
reactions that occur in the reaction zone as
functions of time must be asymptotic to the
time axis for any rzasonable rate laws.
Therefore, if the reaction terminates in an
equilibrium  state, the separation distance
between the shock front and rarefaction wave
must, in the one-dimensional case, be infinite,
This formal result is without substantial
practical importance for two reasons. The first is
that even in the theoretical one-dimensional

case, the reaction of substances of practical
interest is substantially complete in a short
distance behind the shock fromf, so that an
eifective reaction zone thickness exists that is
finite but of somewhat indeterminate extent
within which all but an infinitesimal amount of
the energy of reaction is released. The second is
that in detonation waves of explosive charges of
finite extent, the position of the rarefaction
wave. in the flow is unambiguously fixed by
other dynamical considerations. Thus, these
considerations -of the nature of the stability
conditions for the one-dimensional detonation
wave are mainly of theoretical interest.
Although the matter is not satisfactorily settled,
it appears from these considerations to be
plausible that a detonation wave with a steady
reaction zone -terminating at a rarefaction wave
in an equilibrium state exists only in an
asymptotic-sense.

On this basis, the results are .physically
reasonable. The isentropes which appear in a
theory based on equilibrium Hugoniot curves
must necessarily themselves correspond. to
equilibrium  changes, This 5 physically
acceptable since the infinitesimal rarefactions
that enter into the Chapman-Jouguet theory are
presumably real rarefactions, involving a change
in composition when the system is one in which
such changes can occur. Since we are herfe
concerned with the asymptotic properties of a
rarefaction wave whose gradient approaches zero
with time, it is physically acceptable that the
sound speed appearing in the theory be that
characteristic for the propagation. of scund in
the limit of zero frequency.

We have shown that a steady reactive flow
exists in which the reaction is initiated in a
shock wave and terminated at a rarefaction wave
advancing into the equilibrium mixture of
explosion products with the equilibrium velocity
of sound. (We have not shown that this flow is
stable.) We now want {o exclude other
possibilities, Brinkley and Richardson'* haye
supposed that the rarefaction wave is located a
finite and fixed distance downstream from the
shock wave. They have shown that a steady flow
exists between the shock wave and the leading
edge of the rarefaction wave, and that the
propagation velocity of the rarefaction wave
ralative to the explosion products is the frozen
ecand speed. They culled such flows subideal
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Chapman-Jouguet -states. Since the reaction is
complete an infinite distance downstream, it
follows that the reaction is proceeding in the
unsteady rarefaction wave.

Now we wish to show- that, if the chemical
reaction is still proceeding in the. rarefaction
wave, a pressure pulse-must eventually overtake
its front. In a rarefaction wave there are two
possibilities: either a signal overtakes the front
of a signal does not overtake the front. Let us
make the hypothesis. that a signal does not
overtake the front. Then the rarefaction wave
will, in the passing of {ime, approach a steady
state (in most cases this steady state will be a

uniform state; however, we do not need to

assuine this here). Now suppose that upstream
ahead of the rarefaction front we have a subideal
Chapman-Jouguet state and, consequently, that
*he rarefaction front is movmg with a constant
velocity équal to the velocity of the shock front.
We have alréady shown that, in this case; the

Po

second law of tkermodynamics allows the
existence of thesteady state only upstream from
the rarefaction frorit. Therefore, the hypothasis
must be false'since it implies that a steady stafe
is approached on the downstream side of the
rarefaction front. Consequently, a signal must
overtake the rarefactior front. To-completé the

argument, we must show that this signal ihust'be
a positive pressure  pulse. Reasonable
assumptions concerning the variation of sound
velocity with pressure will imply that a
rafefdction wave cannot overtake .a rarefaction
wave: therefore, the signal st be a positive:
pressure pulse (which may or may not crest up
into a shock).

These arguments are limited to the case in
which the reaction is not coinpléte at the
rarefaction front. This required use of a subideal
Chapman-Jouguet state ‘between the shock and
raréfaction fronts, and the: corvesponding finite-
separation distance between the fronts. If the

Figure 8-5.

Constant Composition and Equilibrium Hugoniot Curves®®
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reaction is complete at the rarefaction front, the
ideal Chapman-Jouguet state will exist between
the ¢wo fronts, and the rarefaction front will be
an infinite distance downstream from the shock
front. In this case a rarefaction wave can behave
in the usual fashion, with no signals overtaking
its front, and can approach a uniforn steady
state without contradiction since there is now
no definite limit downstream for the steady
state.

These considerations lead us to the conclusjon
that, in the one-dimensional case, if the reaction
is not complete at the rarefaction front, the
chemical energy will not be lost forever behind
the front. At least a certain fraction of the
energy must eventudlly be delivered upstream.in
the form of a positive pressure pulse. However,
in two- or three-dimensional processes a sidewise
expansion in the rarefaction wave is possible
with the result that signals may never overtake
the front, and the total amount of the chemical
energy libeyated in the rarefaction.may never be
delivered upstream.

Brinkley and Richardson  erroneously
concluded that the propagation velocity, the
asymptotic ideal Chapman-Jouguet wave in
one-dimension, is defined by the frozen sound
speed. We have shown that this cannot be the
case and have inferred from arguments of
physical plausibility and from the demonstration
of Wood and Kirkwood that the asymptotic
wave, if it exists, is characterized by the
equilibrium sound speed. In an earlier paper,
Kirkwood and Wood?® had reached s milarly
erroneous conclusions. They had noted that
when specialized to one-dimensional flow, the
general equations for reactive flow give a syslem
of hydrodynamic equations which is hyperbolic
and irreducible, and for which the characteristic
sound speed is the frozen sound speed. This
property of the equations led them to the same
conclusion that had beer. reached by Brinkley
and Richardson. Subsequently, Wood and
Kirkwood presented the elementary proof, that
has been summarized, that the frozen
Chapman-Jouguet state cannot be reached in a
one-dimensional steady detonation.

Wood and Salsburg'® have conducted the
most complete theoretical study of the existence
and stability of steady state supported
one-dimensional detonation waves. It is beyond
the scope of our treatment to reproduce their
analysis in detail. Their work is, however, the

814

definitive treatment at this time of this subject.
They  consider the possible steady
one-dimensional flows that can occur in a
medium in which an arbitrary number of
chemical reactions proceed behind an initiating
shock wave, and they investigate the stability of
solutions to the chemjcal rate equations in
conjunction with such flows. They show that,
under suitable conditions on the chemical rate
functions, there are stable solutions resulting in
2quilibrium final states for detonation velocities
equal to or greater than those for an equilibrium
Chapman-Jouguet condition corresponding to
tangency of the Rayleigh line to the equilibrium
Hugoniot curve. They suggest that these
solutions correspond to piston-supported
detonations after the decay of initiation
transients, and that the equilibrium
Chapman-Jouguet detonation is stable with
1espect to, the removal of the piston after a
sufficiently long time. They also show that the
frozen Chapman-Jouguet detonation, in which
equilibrium is attained at a point where the flow
velocity is sonic in terms of the frozen sound
speed, is unstable.

8-7 FINE STRUCTURE OF DETONATION
IN GASES ANL LIQUIDS

Expérimental investigations since the late
1950's have shown that self-sustaining gaseous
detonations propagate as three-dimensional
nonsteady waves rather than as one-dimensional
steady-state waves. In view of this discovery, it is
necessary to give a brief discussion of recent
developments in the study of detonation
structure, For more details the reader is referred
to the reviews of Wagner'”; Oppenheim,
Manson, and Wagner*? ; Scho$t?? ; Soloukhin?® ;
Shchelkin?! ; van Tiggelen and de Soete??;
Strehlow?? ; and Edwards?4 .

Although Chapman-Jouguet theory predicts
gaseous detonation velocities to within a_few
percent °® | recent experimental studies 1921
2528 have led to the conclusion that the
one-dimensonal model of the detonation wave
is an approximation. Careful examination of
gaseous detonation shows that the detonation
front has a fine structure camposed of a system
of unsteady interacting shocks and is not a plane
shock. The existence of such fine structure in
self-sustaining gaseous detonation shows the
detonation to be a three-dimensional nonsteady
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phenomenon that exhibits steady gross
characteristics. White?® first associated the fine
structure with turbulence in the reaction zone,

but it was leater identificd with Mach
interactions?™”, In a  self-sustaining
detonation, points at which the forward

propagating curved shocks intersect travel across
the detonation front as waves®®., These
transverse waves occur at the detonation front as
Mach stems or, triple shock intersections of finite
amplitude3182 | As shown by Oppenheim and
Urtiew?? , the motion of the triple points writes
the patternon the smoked surface in studies of
detonation structure- wploying the smoke irack
technique developea  Denisov and Troshin®® .

The occurrence and structure of transverse
waves have bee amined extensively by
Strehlow and coworkers34*37 | The experimental
evidence suggests that transverse waves are an
inherent property of the flow behind a shock
that initiates an exothermic reaction. Transverse
waves are produced in juitiation of detonatior. in
controlled one-dimensional experiments, and are
observed  repeatedly in  self-sustdining,
overdriven, and  spherical  detinations.
Examination of cell patterns on smoke track
records shows that transverse waves exhibit a
well-regulated spacing in many self-sustaining
detonations. The regularity depends on the
confining geometry and the nature of the
chemical system supporting the detonation. In
rectangular tubes, the characteristic size of a
regular patter is dictated by the initia} pressure
level and the amount of diluent present in the
reactive mixture. At present, transverse wave
spacing is thought to be controlled primarily by
induction and recombination zone kinetics, but
can be influenced by the tube containing the
detonation.

A theoretical treatment of the stability of
steady one-dimensional detonation waves, based
on the assumption of a square wave reactio",
zone, was started by Shchelkin®® and continued
by many workers. The restrictions imposed by
the square wave model have recently been
removed by Erpenbeck®®4l apd Strehlow, et
al. 4248 who considered a more realistic
reaction zone. The studies of Erpenoveck on the
response of an overdriven discontinuity to a
transverse harmonic perturbation in the reaction
zone indicate that instability depends on the
frequency of the disturbance, the activation

energy of the assumed first-order excthermic
reaction, and the amount the detonation is
overdriven. The stability conditivns for high
frequency fransverse waves show systems with
sufficiently low activation energy to be stable,
The studies of Strehlow and Fernandes*? and
Barthel and Strehlow4® on the beiiavior of a
high frequency coherent transverse acoustic
wave in the reaction zone give two important
results. The first of these is that a shocii with
exothermic reaction, of Mach number greater
than 8, is unstable to a transverse avoustic
disturbance. The second is the possibility of the
wavefront of a sonic disturbance producing
multiple shock contacts which asymptotically
approach a regular spacing related to the
reaction zone thickness.

Theoretical studies show that hydrodynamic
instabilities are to be expected in flows where a
shock initiates an exothermic reaction, and are
consequently -consistent with experimental
observations.

Although the mechanism of propagation. of a
self-sustaining gaseous detonation is qualitatively
understood, there is no satisfactory model at the
present time for calculating quantitative
properties of the fine structure, It can be
concluded that the gaseous -detonation wave
with steady gross properties contains an intrinsic
unsteadiness on a scale some 1 order of
magnitude greater than the one-dimensional
reaction zone thickness, The overall motion is
sustained by the collisions of Mach interactions
which continually provide new centers of
reaction as the shocks propagating forward
attenuate. The detonation front as a whole
propagates at very close to Chapman-Jouguet
velocity, even though the velocity of a leading
shock in the front varies from a value 10 to 20
percent above to 10 to 20 percent below the
Chapman-Jouguet  value. Since the
Chapman-Jouguet hypothesis is successful in
predicting detonation velocity, it must be of
some significance even though at the present
time il cannot ke justified on structural and
stability considerations.

Experimentel investigations of self-sustaining
detonation in liquids have not been as conclusive
as those of self-sustaining detonations in gases.
Detonations in liquids are more difficull to
study experimentally than detonations in gases
because they generate pressures in the 100 kbar
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regime. The experimental observation of fine
structure in.  the detonation front in
nitromethané and its mixtures with acetone led
Dremin4447 to-postulate that detonations inall
liquids' should exhibit fine structure simiiar to

that in gases. However, the detonation frontsin
nitroglycerin, dinitroglycerin, and
tetranitromethane were found*® to -be smooth
and to.exhibit.no fine structure:
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CHAPTER 9 DETONATION WAVES OF CYLINDRICAL AND SPHERICAL
SYMMETRY

9-1 INTRODUCTION

The theoretical development of the previous
chapters has béen limited to detonation waves in
one dimension in which the wave front is planar
and the flow behind the front is parallel. A
rather complete description of this idealized
wave is possible, becdusé of the simple

geometry. The theory-of plane detonation waves.

is strictly applicable only to asemi-infinite mass
of explosive. The treatment becomes a good
approximation to charges of finite size if the
dimension of the charge perpendicular to the
direction »of .propagation of the wave is large
enough so that édge effécts become of negligible
importance, and if the dimension in the
directioni of propagation is large compared to
the distance. in which transients arising from the
initiation process exist.

Explosive charges of practical interest are, of
course, of finite size. One expects the
one-dimensional theory to apply to a cylindrical
charge of explosive, initiated at one end and
with the wave propagating in the direction of
the axis of the cylinder if the cylinder is
contained in a perfectly rigid casing and if the
interaction of the explosion products with the
casing wall has negligible effect on the main flow
behind the detcnation wave, Such a situation is
allowed in the case of an explosive gas mixture
contained in a mefal tube if the tube diameter is
not-too small.

The pressures; developed in the explosion
reaction of a condensed explosive at the reaction
front are of the order of 10% atm. At such
pressures, material cannot be completely
contairied and it is impossible to conceive of a
perfectly rigid envelope. Consequently, the
materiat velocity of the product gases has a
radial componeni and the flow cannot be
one-dimensional. One: expects, therefore, that
the one-dimensional theory will have asymptotic
velocity, becoming the more realistic the larger
the diameter of the cylindrical' chaxge.
Cylin,d_r:iqal charges of finite diameter are
expected to differ in their behavior from that of
the ifeal one-dimensional charge to a degree that
depends on the diameter of the charge and on
the nature of the confining envelope.

In a cylindrical charge of explosive, the flow
of the reaction producis must have eylindrical
symmetry. The detonation velocity along
finite  cylindrical charge is  observed,
experimentally, to be constanf afier a short
distance in which initiation transients disappear.
It is, therefore, appropriate to assume that the
flow. in the reaction zone of such a charge is
stationary (in a coordinate-system moving with
#he wave). The equdtions of hydrodynamies for
steady flow with cylindrical symmetry are
approximately as tractable as those for plane
unsteady flow. Some progress has been made in
the theoretical description of the flow in steady
detonation waves in cylindrical charges, but a
theory of the effect of finite charge diameter-on
the detonation velocity in such charges cannot
be said to exist. ’

A further type of nonparallel flow that has
received limited theoretical attention is the flow
with spherical symmetry resulting from
initiation in a large mass of explosive at a-point.

These two instances involving nonparallel flow
of the reaction products are the only ones that
have been amenable to even limited theoretical
study. It is thus apparent that the traditional
methods of classical physics have not been
employed. to describe the detonation process in
any actual explosive charge of two or three
physicai dimensions. The material of this chapter
is intended to display the limitations of the
one-dimensional theory and to assist in the
understanding of the reasons why actual
detonations may differ in their properties from
the predictions of the theory. In the present
state of knowledge, the theory cannot provide
all of the design data needed for the rational
design of an explosive charge for a particular
application.

9-2 THE EFFECT OF CHARGE DIAMETER
ON THE DETONATION VELOCITY

Soon after detonating explosives began to be
studied, it was observed that the detonation
velocity of a cylindrical charge of explosive,
initiated at cne end and with the wave
propagating in the direction of the axis of the
charge, depends upon the diameter of the charge
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and upon the nature of the charge confinement.
The velocity increases with increasing charge
diameter in charges with {he same confining
envelope and with increasing strength of
confinement at constant finite diameter. At

constant confinement and with. increasing

diameter, the detonation velocity approaches
asymptotically a limiting value which, on
physical grounds, we consider to. be that
prédicted by ‘the one-dimensional théory. If D is
the observed detonation vélocity for charge
‘diameter d (i.e., D = D{d)) ant D the ideal
value gi.‘sn'by ‘one-dimensional theory, then

D/D,~>1asd=>= (9-1)

This behavior is illustrated in Fig. 91, in
which the detonation velocity of RDX at a
density of 0.9 g/cm® is plotted against the
reciprocal of the cylinder radius. The
experimental data are s2en to be well

6000 1 s

represented by a straight line. (Experimental
data on the variation of detonation velocity with
charge diameter have been represented in the
literature in-graphs employing the radius instead

of its reciprocal-as abscissa. Since the detonation'

velocity is expected to- approach the idesl limit
asymptotically as the radius goes to- infinity,
there can bhe no justification for this mode of
treatment of the data, calling as it.does for an
extrapolation of infinity.)

It is found experimentally that the slope of

curves such as'that of Fig. 9-1 depends. strongly

on thé density of ithe explosive, its chemical
nature, and its state of aggregation, The velocity
depends on the charge diameter more strongly
for explosives at low loading deénsity than for
the same explosive at high loading density, for
pressed  granular  explosives than for
homogeneous cast explosives, for composite
explosives than for pure explosive compounds,
and for explosives of low energy release than for

5900
5800,
§700
85600
5500

D, m/sec

5300
5200 }
5100

1/7d,em-l

Figure 9-1. Effect of Charge Diameter on the Detonation Velocity of RDX, P, =09 (Ref, 1)
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—-" those of high energy release. Thus, a high energy
explosive such as PETN bas a smaller
dependence of velocity on charge diameter thian
does one such as TNT. Cast TNT has a smaller
dependence than does pressed TNT at about the
same density. The dependence for a pressed
TNT charge of high density is less than that for a
pressed charge at low density. At low density,
the dependence of the velocity on charge
diameter is strongly influenced by the particle
size of the explosive, being the greater the
greater the particle size, The latter observation
suggests that the rate of decomposition of a
granular explosive is controlled by the rate of a
surface reaction -of the individual particles, By
contrast, in homogeneous explosives that can be
expected to undergo a bulk homogeneous
decomposition reaction, only a relatively small
dependence of detonation velocity on charge
diameter is observed.

Although the general features of the
dependence of detonation velocity on charge
diameter and the nature of the confinement
have beer studied experimentally for many
years, atten'pts to explain the effectin terms of

. the hydrodynamics and thermodynamics of the
, " system were not made until about 1940, Since
'« that time a qualitative understanding of the
effect has been gained but a satisfactory
quantitative theory of the phenomenon does not

exist.

In the onedimensional cage, the
Chapman-Jouguet coridition has been shown to
-define a surface aviu.s which. energy cannot be
transmitted. In the infinite charge of explosive,

,or alternatively in a finite charge under ideal
confinement, the reaction is complete at this
surface and this surface lies an infinite distance
downstream from the leading edge—the shock
wave—of the detonation wave. In the Iast
chapter, it was stated that steady reaction zones
can be shown to exist between a surfice defined
by a frozen sound velocity Chapman-Jouguet
condition and the shock wave, where this
surface is a finite distance from the shock front
in a region where the reaction is incomplete, but
that such steady flows are unstable. These
theoretically steady but unstable configurations
of shock wave and rarefaction front were called
subideal Chapman-Jouguet states, If a cylindrical

§ charge of explosive is imperfectly confined, the
'v; high pressure explosion products will expand

o .

laterally, and this lateral expansion will begin at
the intersection between the initiating shock and
the boundary- of the charge. Thus, both in the
reaction zone, which we may assume to be a
region of steady flow, and in the expansion
wave, which cannot be a region of steady flow,
the vector particle velocity of the explosion
products will have a nonvanishing radial as well
as axial' component. The region.of steady flow is
followed- by a two-dimensional rarefaction wave:
that is determined by ‘boundary conditions
prescribed on the interface between explosion
products and surrounding medium. As a
consequence, the leading edge of the rarefaction
wave, propagating into the explosion products
with the local velocity of .sound, must be fixed
in space relative to the position cf the shock
front. Shock front and head of rarefaction wave
are surfaces of revolution about the axis of the
cylindrical charge defining a reaction zone
having the shape of a meniscus and a volume
characterized by two linear dimensions, .of
which one is the diameter of the explosive
charge and the other can be taken to be the
distance on the-axis of the charges between the
shock front and the rarefaction front.

As far as the propagation of the detonation
wave is concerned, the reaction: is drrested-at an
intermediate stage corresponding to only a
partial release of the energy of explosion.
Energy released in the rarefaction wave-cannot
be transmitted across the sonic surface
comprising the head of. the rarefaétion wave, and
it is expended in partial suppcrt of the lateral
expansion of the gas in the rarefaction wave.
Only the energy that is released ahead of the
sonic surface is effective in supporting the
propagation of the detonation wave, The
consequence of the establishment of a.
two-dimensional analogue of the subideal
Chapman-Jouguet state that has previously been
considered, with an energy deficit caused by
incomplete reaction on the sonic surface, is a
decrease in the detonation velocity

There is a further mechanical consequence of
the lateral expansion of the reaction products in
finite cylinders of explosive. Work is performed
in maintaining the radial component of particle
velocity which, as we have already noted, is
nonvanishing in the steady reaction zone. Asa
consequence, not all of the energy released in
the region of steady flow is effective in
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supporting the axial propagation of the wave,
and- the detonation velocity is less for diverging
flow than for parallel flow with the same energy
release.

Divergent flow across a shock front implies a
curved shock front and vice versa. Flow crossing
an: oblique shock is tumed toward the shock.
Therefore, the shock front is convex toward the
intact explosive and concave toward the reaction
zone. The assumptions that have been made in
formulating the model that has been described
are supported by experiméntal Ghservations of
the curvature of the front in cylindrical
explosive cnarges. The .observations are made
with a streak camera with the axis of the
cylinder oriented- in the direction of the camera
optical axis and with the wave propagatmg
toward the -camera. The detonation wave is
observed to emerge first from the explosive
charge at the axis.

The curvature of the shock front, the
divergence of the flow in the reaction zone; and
the extent of the region of steady flow are

détermined by the diameter of the chaige and

the nature of the confinement. The thecretical
caleulation of the curvature (or, alternatively, of
the flow divergence) would require the solution
of a complex hydrodynamical problem involving
the formation of shock wave or waves in the
exterior medium and  requiring  the
determination of the location of the contact
surface between explosion products and exterior
medium, In a bare charge, surrounded by air, a
cylindrically symmetric shock wave will be
propagated outward in the air. If the charge is
cased, a shock wave i§ propagated into the
casing. If the casing is thin, the problem is
further complicated by the subsequent
reflection of this shock wave at the boundary
beiween casing and air, resulting in a reflected
wave and a trarsmitted wave into the air
surrounding the cased charge.

The shape of the reaction zone may be
characterized by the diameter d of the reaction
zone and the axial distance @, of separation
between shock front and the head of the
rarefaction wave. If the surrounding medium is
defined, and the problem of fully describing its
motion could be solved, these two dimensions
would fully characterize the region of steady
reaction upon which the propagation of the
wave depends. The only dimensionless
combination of these lengths is the ratio a,/d,

94

and no other characteristic lengths can occur in
the theory. Therefore, from -dimensional
considerations alone, we can write

D/D_ = F(a, /d) (9-2)

The function F can always be represented by its
MacLaurin expansion. Taking into account the
asymptotic behavior sumr, rized by Eq. 9-1, we
can write

D/D, =1 + A(a,/d) + = (9-3)

where A is a constant and where. for small values
of e, /d the higher order terms can be neglected.
It will be noticed that the data shown in Fig. 9-1
is. well represented by an equation linear in 1/d.
1t is, in fact, generally true that experimental
data for the veloclty deficit i in finite cylindrical
charges can be represented, for small values of
the deficit, by Eq. 9-3. The r-oportionality
constant Ado is a function of the confinement
on the charge for charges of a given density.

9:3 DIVERGING FLOW WITHIN A
CYLINDRICALLY SYMMETRIC
STEADY REACTiON ZONE

When a detonation wave progresses in the
direction of the axis of a cylindrical charge of
explosive, it is found experimentally that the
rate of propagation is constant and that the
leading shock wave is convex in the direction of
propagation of the wave. These observations
iraply that a steady reaction zone exists and that
the reaction zone has cylindrical symmatry. In
order to connect such a flow region with a
stationary  {in  laboratory  coordinates)
downstream boundary on which the values of
the varicus quantities describing the flow are
prescribed, it is necessary to postulate a
cylindrically symmetric unsteady expansion
wave, Thus, we may consider the flow illustrated:
schematically by Fig. 9-2, in which the
coordinate system is at rest in the wave front,
the x-axis being coincident with the axis of the
cylindrical charge of explosive with origin in the
wave front and with the radial coordinate r
measuring the distance from the x-axis. The
intact explosive moves from right to left with
constant velocity w = D. To the left of the
wave front, the particle velocity vector has an
axial component w_ and a radial component w,.
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If u and w are the axjal and radial components,
respectively, of particle velocity relative to
laboratory coordinates,

w=D-u
(9-4)
w o= w
Wood and Kirkwood? ‘have considered the
flow illustrated By Fig. 9-2, assuming a single
chemical réaction in the steady reaction zone.
The.progress of such a reaction can be described
by & progress. variable A which has-the value 0'at
the wave front where the reaction is initiated
and the value 1 when the reaction is.complete.
The rate equation for such a reaction cin .be
written

aw B (9-5)
where the rate function R is a function of the

instantaneous state of the system. Since the
mobile time derivative is

d d ] i
e - ) — — (96
@ o TP MRTey )
Eq. 9-5 becomes
D - u) & +w h,
( ox or

for-thie steady flow under consideration.

The differential e{juations for the conservation
of mass, momentum, and energy are given in
par. 2-6. For cylindrically syminetric flow, they
are the equation of continuity

R . DR 1ILC))
d *P,(ax) * r [ ar ] =061

the equations of motion

du 1 fap
—_— =)=
dt  p \oxy
(9-8)

g-(-“).‘\._l. .a£=0
dt  p\or

and the equation fur energy transport

de ds p [do
- =)+ %) 4 rar -
ar (dt) o (dt) & ©9)
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where AF is the change in free energy for the
reaction occurring in the reaction zone.

For the postulated steady flow, Wood and
Kirkwood? transform these hydrodynamic
equations into the form

b-oo su_ o ofo) 100w
pc® | ox  Bx ¢ od \orf r I_‘ar )
(D~ u)'gi‘ + w(y)=—1—(§£)

% a; p \ox, (9-10)

x —‘
de p 8p Vde p BP]
- ukb = ==+ —— e e e o2
0-u '[ax o (ax)] “’[ar o (iir £ ¢

where ¢ is heve the frozen sound speed

¢ = (3p/op),, (911
and 0 is the quantity
)
o\, (9-12)

Tnstead of attempting a complete solution of
these equations, Wood and Kirkwood specializé
them to the axis of symmetry (r =0) whete w =
0, 9p/dr-= 9-and 3p/dr = G ‘When theresults
are solved for the .derivatives of the axial
component of particle velocity and pressure
with respect to the coordinate x, there are
obtained

/az,:‘F’ 1] o\
-4

9-13)
2 T AR 7 o R
0% P5 o ar

Je B [p)_,
x  p*\ox

where
a1 22
G=1- (D~ u)jc (914)
and where the superscript zeraindicates that the

derivative so-designated is evaluated on the axis,
r=qQ
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Now, the postulated flow has been assumed to
consist of a steady reaction zone that is
connected to the rear boundary by an unsteady
expansion wave. The surface separating these
two regimes must be a weak discontinuity. At
such a surface, the axial derivatives of pressure
and axial component of particle velocity .are
discontinuous. If these quantities are
-discontinuous on the surface separating the:two
regions, and in particular if they are
discontinuous at the intersection of this surface
with the x-axis at the point labeled x-=a_ in Fig.
9-2, the right-hand side of the first two of Eqs.
9-13 are indeterminate-at x = a,. Therefore, at x
=q,

G=0oxrD=u+c (9-15)
and’
0w _
> OB2 (9-16)

Eq. 915 is identical in form. to- the
Chapman-Jouguet condition for the plane
detonation wave. It is appropriate, therefore, to
refer to the surface separating the steady
reaction zone and the unsteady expansion wave
as the Chapman-Jouguet surface. The relation
states that the rarefaction wave advances.into
the explosion products with the local velocity of
sound. However, from Eq. 9-16 we conclude
that the Chapman-Jougaet surface is fixed in
space relative to the initiating shock wave. The
surface intersects the axis of symmetry at the
point & =-a_at which, according to Eq. 9-16 the
reaction is~ incomplete; R > 0, if dw/or > 0.
Therefore, not all of the energy of the explosion
reaction is released in the steady reaction zone.
Furthermore, the Chapman-Jouguet point
defined by Eq 9315 s a frozen
Chapman-Jouguet point,-defined in terms of the
frozen sound speed

The distance a | is a characteristic length of the
cylindrically symmetmc diverging flow and may
be employed to characterize the thickness of the
reaction zone.

Egs. 9-13 can be integrated to yield integral
relations analogous to the Hugoniot equations
for plane, one-dimensional flow ihrough a
steady reaction zone, obtained in the last
chapter. With the aid of the conditions on the
axis of symmetry relating the state of the

unshocked explosive to the shocked unreacted
explosive, Wood and Kirkwood obtained the
expressions,

L
po(l D) 1 - L(x)
ool
. A,

ol
1+ f—_ L 1[21,(::) - ;%mxﬂ. |

1 .
o _) 917)

)n(x) -2=2 (x)‘

)

LA
Qx) = B /(ar)dx
0

In deriving Egs. 9-17, terms quadratic in’
(0w/dr)° have been neglected. Eqs. '9-17 are
generalized Hugoniot:equations for cylindrically
symmetric diverging flow throlugh a steady
reaction zone. They determine the state of the
material in the reaction zone and on the axis in
terms of the state of the intact explosive ahead
of the wave. For parallel flow, dw/dr = 0 and
Eqgs. 9-17 become identical with the Hugoniot
equations that were obtained in the last chapter
for parallel flow.

When the conservation conditions, as derived
by Wood and Kirkwood, are analyzed, it can be
seen that they differ from the analogous
expressions for parallel flow in an important
aspect. As a mechanical consequence of the
divergent flow, the propagation velocity is less
than that for parallel flow for the same energy
release at the Chapman-Jouguet point. A further
decrease in propagation velocity is the result, in
principle, of the fact that the reaction is not
complete at the Chapman-Jouguet point,

In order to make use of these expressions, it is
necessary to obtain a relation for the radial flow
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divergence 9w/dx on r= 0 as a function of x. To
do this exactly would require the complete
solution of the flow equations subject to
boundary conditions prescribed on.the interface
between explosiun gases and exterior medium.
Wood and Kirkwood obtain an approximate
relation by using the law of .conservation of
mementum to relate dw/dr to 32p/0r? and then
‘employing an estimate of the latter -quantity.
When the second of the equaticns of motion is
differentiated—specialized to the axis r= 0—and
then integrated with neglect of tefms of order
{3w/dr)*, they obtain

SRS
\ar "(af'ﬁo p,D J \or ©19)

The quantity (3w/9r)? at x = 0 can be expressed
in terms of the radius. of curvature of the shock
front at the axis s by

(29)0 _ ;0 (9:19)

ar s
x=Q

v'here u(0, 0)is the particle velocity atx = 0,r =
0. The second radial derivative of the pressure is
estimated by means of asimplified model of the
geometry of the reaction zone, shown
schematically by Fig. 9-8. It is assuméd that the
Chapman-Jouguet surface is a  plane
perpendicular to the x-axis at # = a_. This
surface intersects the curved: shock front, as is
shown. It is further assumed that the portion of
the curved shock front ahéad of the
Chapman-Jouguet wirface can be represénted
with sufficient prc-ision by a ségment of a
sphere of radius s. The pressure p,(x} on the
shock front at « point where the axial
coordinate i5 x can be represented
approximately be an expansion about the
pressure on the axis

0 2/.9
op\ r°fo p>
x) = p(x, 0) + r{=——} +—{=5)+ = (9-20
p,(x) = p(x, 0) r(ar,) Py (arz (9-20)
The second term on the right-hand side of this
equation vanishes because of the cylindrical
symmetry. In approximation r? = 2sx, If the
further approximation- is made that the shock

r
X=aq,
X \
' AN X=0
~. -

Figure 9-3, Model of the Reaction Zone Employed by Wood and Kirkwood
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pressure is constant on the shock surface p, =
p(0, 0), Eq. 9-20 yields the desired relation in
-approximate form

azp" o1
53) = [po o - e o ©2
\or xs

By use of Egs. 9-18, 9-19, and 9-21, the
expression for (3¢/0r)® becomes

(%gj (0, 0)3 J[

where higher order terms have again been
neglected.

Additional approximations are made to obtain
an approximate explicit solution. Wood and
Kirkwood assume that the pressure profile on
the axis is square with

p=p0,0 , x<g

plx, 0)dx

9-22
(0, 0) §( )

p= p1 , X =0 (9-23)
where p, is the presure on the
Chapman-Jouguet surface at the axis. Using a
free volume equation of state for the explosion
products and the typical values p, /[p(a_,0)] =
0.7 .and p, ([p(0,0)] = 0.55, they fmally obtain
the relation

D/D, =1 - 3.5a0/s (9-24)
This relation, although based on an approximate
model of the reaction zone and with the
coefficient evaluated for a perticular physical
explosive, exhibits the nature of the dependence
of the detonation velocity in a finite cylindrical
charge on the radius of curvature of the shock
front.
9-4 THEORIES OF THE CHARGE
DIAMETER EFFECT

The analysis by Wood and Kirkwood of the
consequences of divergent flow in a steady
reaction zone provides a considerable insight
into the conditions that obtain in a cylindrical
charge of explosive along the axis of which a
detonation wave is propagating with constant
velocity. Howevcs, not even their approximate
result, Eq. 9-24 relating the velocity deficit to

the radius of curvature of the shock front, is a
satisfactory theory of the charge diameter-effect
since the radius of curvature is difficult to
measure experimentally and it cannot at-present
be calculated in terms of the dimensions-of the
charge. A complete theory of the charge
diameter effect would make possible the
calculation of the velocity deficit U.‘ =U from
a knowledge of a characteristic time or length
characterizing the chemical reaction, the:
diameter of the charge, and the properties of the
confining media. Several authors have attempted
this more elaborate program. In each case, the:
analysis has been based upon a drastlcally
simplified physical model, the mathematical
description of which has involved a variety of
mathematical and numerical approximations,
together with various self-contradictory initial
assumptions. These ireatments have had as a
common .aim the evaluations of the function
F(a/d) of Eq. 9-2.

The resultmg theories have always been
employed in an inverted sense. Since kinetic
data permitting an a priori -calculation of a
characteristic reaction time for condensed
explosives is, in the main; nonexistent, the
theories have been employed to deduce the
characteristics .of the reaction zotie from the
experimentally determined dependence .of
detonation velocity on charge diameter. When.
expressed- in terms of a “reaction zone length”,
the various different models yield results
differing by a factor of about 2 and thus.are in
agreement as to order of magnitude. Ix new of
the arbitrary nature of the -underlying
assumptions and the approximations entering
into the subsequent derivations, there exists
considerable unceitainty as to the physical
significance to be.ascribed to the patameters of
the various theories. It is the authors’ opinion
that they have little to recommend them over
the simple empirical result expressed by Eq. 9-3
In. these circumstances, and becaise detaﬂed
treatments are readily available in the literaturs,
we shall not attempt a detailed exposition of "he
different theories but shall limit our-discussion
to a description of the models and a statermunt
of the results,

Two theoretical treatments of the nonideal
detonation velocity in a cylindrical charge of
explosive of finite radius have a common hasic
assumption, namely, of the hydrodynamic
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equations, only the equation of continuity
differs from the form for parallel flow due to
the expansion in the reaction zone. Both
treatments assume that the reactiun is complete
a finite distance a, behind the shock front and
that this parameter is, therefore the thickness of
the reacticon zore.

The physical model employed by Jones is
shown schematically in Fig. 9-4(A). Although
the shock front is curved when the flow
diverges, near the axis it is plane. Jones assumed
that it is plane across the cross section of the
charge. He approximated the divergence of the
flow near the axis by that of a Prandtl-Meyer
expansion around a-corner a distance from the
axis equal to the original radius of the charge, In
addition to the assumption of complete
reaction, Jones assumed the one-dimensional
form of the Chapman-Jouguet condition
(Chapter 9) and he employed the-Abel equation
of state with a covolume appropriate for TNT
and -an -adiabatic exponent of 3. The cquations
resiilting from these assumptions are solved
graphically and the results are tabulated. They
can-be expressed by the relationship

(O/D) =1~ 0.8 (2a,/d) (9-25)

Eyring; Powell, Duffey, and Parlin® adopted a
model consisting of curved shock front and a
parallel curved surface of complete reaction as
shown schematically by Fig. 9-4(B). They
assumed- that the curved shock front is made up
of spherical segments and that the radially
divergent flow behind a spherical detonation
wave that is described in the next paragraph
occurs behind each spherical segment of the
curved shock front. The piecewise
representation of steady flow in a cylindrical
system by spherically divergent flow s
self-contradictory since the radius of curvature
of a spherical detonation increases with time
and, therefore, a cpherical detcnation is not
steady., Eyring and his coworkers obtiained
relations between the ratio D/D_ and the ratic
of the radius of curvature {o the reaction zone
length a , assuming that the reaction is complete
at the surface a distance a_ behind the shock
iront, Using these results, they performed
calculations of the detonation velocity for a
typical solid explosive described by an Abel
equation of state for given width of reaction
zone and charge radius. In these calculations, the
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curved front was constructed from consected
spherical segments, the spherical radii ¢f which
decrease as one moves outward from the uxis of
the charge. The construction was subject to a
requirement that the whole wave have thie same
constant velocity in the axial direction. For a
charge surrounded by sir, the wave front was
required to reach the surface with an angle of 90
deg between the charge axis and the-normal to
the final segment. In its detail, the developmer:t
of this theory is algebraically complex. The
results .of the calculations weve represented by
the empirical formula

D/D,=1-0q/d (9-26)

which is identical in form with Eq. 9-83 and-in
which the proportionality constant is unity.

‘Cook has based his treatmant of the charge
diameter effect on a fundamental ‘assumption
different from that employed by Jones and by
Eyring, and their coworkers. T... Tatter authors
have assumed that the reaction is complete on
the Chapman-Jouguet surfuce and have ascribed
the velocity deficit in finite cylindrical charges
to the mechanical affects of the diverging flow.
Cook assumes that the flow is parallel in the
reaction zone up to the Chapman-Jouguet
surface and ascribes the velocity deficit to the
fact that only- a portion of the energy -of
explosion is released in the region of steady
flow, the remainder being dissipated in the
expansion wave. He visualizes the steady
reaction zone as having.a conical shape of height
a_ as shown schematically in Fig. 9-4(C). This
distance is determined by the mers~t'on with
the charge axis of the rarefaction wave moving
in from the side, caleulated from

g =ad (9-27)

where « is a constant having a value between 0
and 1 and d’ is a corrected diameter

d =d-0.6cm (9-28)

Cook assumes that any reaction occurring at
x > a,00es not effect the steady zone. According
to these assumptions, the velocity deficit is due
to the fact that a, <r.z1 where g, is the distance
on the axis at which’ the reaction would be
complete, These assumptions imply that D= D_
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when o, 2 a, and that no diameter effect is
then observed. This deduction is not consistent:
with ‘the experimental obcervation that D
approaches D asymptotically. Cook made the
further assumption that pressure, density, and
particle velocity are constant between the shock
front and the Chapman-Juuguet plane, With
these sssumptions, he deduced the relation,

(D)= 1 [1 -5 (aofalﬂz- 4 <a
(9-30)
D, ~1

The distance g is to be calculated from Eq.
9-27. The distance a, can in principle be
calculated if a reaction mechanism yielding a
finite time to complete the reaction is
employed, or it may be treated as an adjustable
parameter. Such a mechanism is provided if the
surface buming of grains of granular explosive is
the step controlling the rate of release of
explosion energy. In a homogeneous
explosive—~where the reaction is
homogeneous-wl =«, and Eq. 9-30 does not
predict a-charge diameter effect, which is not in
accord with experience.

The assumptions upon which Cook bases his
treatment constitute a very substantial
oversimplification of the flow within the
reaction zone. The results deduced from his
raodel are not in particularly gocd agreement
with experiment. In the next paragraph, we
show that the curvature of the wave front can be
simply described by a treatment that does not.
require use of arbitrary assumptions.

.,ao>a1

&5 THE RELEASE WAVE MODEL

The relcase wave model is a description of
reawtion wave geomeiry that has been developed
by Eichelberger® based upon the method of
characteristics, for prediction of the impulse
imparted to an zlement of surface area on an
explosive charge of arbitrary geometry. Its
virtues are simplicity and versatility, but
sacrifices of precision are required in order to
obtain these advantages,

In principle, the model describes the
propagation of isobars dn the rarefaction
following an idealized detonation wave. The
propagation of the detonation front from the
initiation source is described by means of
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Huygen’s principle. As the front sweeps the
boundary of the explosive charge, it
progressively initiates a simple, .centered
rarefaction, To each isobar, or characteristic
surface, in the rarefaction a specific density,
pressure, and propagation velocity can be
assigned; thus, barring interactions among
characteristics  initiated from intexrsecting
boundaries or convergence due to gomvnlex
geometries. Accordingly, Huygen’s principle can
be used to describe the propagation of each
characteristic.

The special simplifications inherent in a
polytropic gas law with k& = 3 are exploited in
order to salvage the coucept; for this specific
condition, rarefactions from different sources
penetrate  without change, Thus, when
rorefactions from severai surfaces affect the
impulse: delivered at a point on the charge—as is
generally the case for real, three-dimensional
charges—Fermat’s principle of least time ¢tn be
ustd to determine the earliest time of arrival of a
characteristic surface identified with a given
pressure. Fortunately for the model, the best
measurements of equation of state of explosive
products indicate that the polytropic gas lz.v,
with a value of k = 3 (aclually telween 2.8 and
2.9) describes the gases through the entire.region
from the C-J plane to very low pressures,

In applications to date, the reaction zone in
the explosive has been neglecied, although this is
not a necessary feature of the model. A region
of constant thickness snd pressure distribution,
between the detoration front and the
rarefaction, could be added without signficant
increase in complexity.

The model, then, uses a histogram
representation of the pressure behind a
one-dimensional pulse, as illustrated in Fig. 9-5.
The precision of the results depends upon the

number of elemernts into which the pulse is

divided. The values of particle velocity, sound
velocity, etc. associated with each finite segment
of the pulse are determined by use of
one-dimensional  theory. The subsequent
procedure can follow either of two directions.
The pressure distribution behind the detonation
iront can be developed by constructing the
isobars in the detonation preducts as illustrated
in Fig. 9-6. Alternately, the impulse delivered at
a selected point on the surface can be estimated
by applying Fermat’s principle, determining the
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time of arrival of each isobar at the selected

point, synthesizing the pressure-time history at

the-zelected point, and integrating,

As ithe ultimate in simplicity, for ease of
calculation, a single square pulse has teen used
to replace the histogram composed of several
elements. For rough. approximations, a pulse
bounded by the detonation wave and by a
“release wave” whose propagation velovity is 0.6
times the detonation rate suffices. The
amplitude of the square pulse is adjusted to
make the total impulse equal to that of the resl
pulse for a one-dimensional case. In this
simplified version, the release wave model very
closely resembles the ‘“detonation head”
concept described by Cook; there is no claim of
physical reality in the square pulse version of the
release wave model, however,

Refinements to the model have been
developed to permit handling of confined
boundaries, using simple, centered rarefactions
with an artificial delay time and displacement of
the boundary.

SQUARE PULSE
APPROXIMATION

N

9-6 THE SPHERICAL DETONATION WAVE
INITIATED AT A POINT

The expanding detonation wave with spherical’

symmetry is the -only instunce of &

three-dimensional {ransient wave that has
received attention. This case js of practical
interest since it represents the immediate reguit
of a Jlocalized initiating source embedded; in a
mass of explosive. G. 1. Taylor” has analyzed the
dynamics of spherical detonation from a point

-and has demonstrated the theoretical existence

of a particular flow; i.¢., that the particular flow
resulting £ w his assumptions is compatible
with the consdrvation equations and therefore a
possible flow, His analysis does not prove that
such a flow is the actual result of the point
initiation of a detonating explosive.

Taylor assumed thas the reaction is
instantaneous, resulting in a wave whose
reaciion zone is of zero thickness. The muodel
employed is thus the spherical analogue of that
used in the elementary theory of plane

—

i T A

Figure 9-5, Typical Histogram Representation ¢f the Pressure Pulse for Use in “Release Wave™
Calculations Together With the Simplified Square Pulse Approximation
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detonation waves, given in Chapter 6. He
examined the possibilify of a flow for which the
Chapman-Jouguet condition D = u, +e s
satisfied at a spherical surface expanding with
radial velccity 2, where D was assumed to be
constant, Under these assumptions, all .of the
properties hehind the wave front are easily
shown {o be functions of the single variable x =
r/t, where r is. the radial coordinate, and the flow
is said {o be self-similar.

The eiuations. of continuity: and motion for
sphencally symmetric radial flow are given in
par, 2-6. They can be written

9p opy: i . _ Zpu
af * u(br) * "(ar)' - r

9-31
du [ r<?%) (3-81)
U=y —~t—) = 0
at or/  p\or,

“théte u is. the radial particle vélocity. Since the
reaction is assumed to bé complete at the wave
front, the flow behind the front is isentropic,
0s/d¢ + uds/0r = .0, and the pressuve can be

INITIATION

INITIATION

eliminated from the second of Eqs. 9:31 by the
introduction of the sound velocity c¢. The
condition that the density and'particle velocity
depend only on the variable x can be written

W,
ot “\or)
ap ap)

—— + e | as
ot x(ar 0

Combining Bqs. 9-81 and 9-32, and introducing
the sound velocity, we-obtain

' (9:32)

(9-33)

Following Taylor, we intraduce the vatiables

$ = u/k
Y= ufe

' (9-34)

INITIATION

DETORATION
VAVE

K=0.}

{ DETONATION
WAVE

K=0,1

DETONATION
WAVE

Figure 9-6. Illustration of Progress of Characteristic Surfaces in o Three-dimensional Explosive
Charge, as Described in the “Release Wave" Theory
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in terms of which Egs.. 9-33 become
agnt _ 3% - (- 9’

dinx (1 - {39 - g2
(9-35)

don¥ _ §128 - (1 - $)¥PS]
dinx (1 - )R - ¢

where f = 2 (dfn c/dp). To integrate these
equations, it is convenient to employ the
quentity ¢ = ¢/D = {x/(¥D) as independent
variable. Employirig the relation

dp __d¥ &  dx (9-36)

+

¢ ¥y ¢ =
Eqgs. 9-35 are transformed 10

av _ 2% - (- H'f
g 41 - O¥f

a8 - -5t (9-37)
d¢ o - HVf

dinx_ (1 - H°¥° - ¢
¢ 5 -V

Eqs. 937 are integrated numerically inward
from the wave front at which point the
dependent variables are defined by the Hugoniot
equations and the Chapman-Jouguet cundition.
For the flow behind the wave front, the pressure
and density are known functions of the sound
velocity along the isentrope terminating in the
Chapman-Jouguet state.

Taylor has performed the integration for
explosion products treated as an ideal polytropic
gas. Shear® has performed the integration for

the explosion products of the explosive
Pentolite at a loading density of 1.65 gfem®. His
results are given in Figs. 9-7 and 9-8, where they
are compared with his calculations for the plane
detonation wave that were cited in Chapter 8.
The particle velocity becomes zero at r/(Df) =
0.43 and the gas between this point and the
center of symmetry is at rest. Approximately 93
percent of the mass of .the explosion products is
contained by the-region at rest.

In Taylor’s analysis, the radial gradients of
particle wvelocity, pressure, and density are
infinite at the wave front. It is-stated.that these
infinite rates of change probably would not
occur if account were taken of the finite
reaction time, However, a steady finite yeaction
zone cannot exist behind a spherically diverging
shock front. In connection with the
development. of his curved front modeél for the
calculation of the charge diameter effect, Eyring
deduced for spherical reaction zones of finite
width a relation between theradius of curvature
of the front and the detonation velocity in
which the wave velocity increases with radius
and approaches the plane wave veldcity in the
limit. However, Eyring’s analysis is based on the
assumption of a stationary reaction zone, which
is self-contradictory. It has to be concluded,
therefore, that Taylor’s description of the fiow
behind a spherically diverging detonation wave is
an approximation and that more detailed
theoretical investigations will be required before
the degree to which his model js a useful
description of the actual flow can be
determined. In particular, it must be emphasized
that Taylor’s analysis does not demonstrate that
spherical detonation actually occurs with a
constant radial propagation velocity equal to
that given by the plane wave Chapman-Jouguet
condition.

8-16
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Figure 9-7. Particle Velocity Behind a Spherical Detonation Wave in Pentolite, p, = 1.65
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CHAPTER 10 THERMAL EXPLOSION

10-1 iNTRODUCTION

Thermal explosion is concerned with the
effects of uncontrolled internal heating on
explosive systems. Such uncontrolled heating
can be initiated by action of external heat
sources on the explosive or simply by
“spontaneous” decomposition of the explosive
itself. Under appropriate (or inappropriate)
conditions of temperature, physical dimension,
anc! thermal insulation, ail explosive materials
can undergo a build-up of chemical reaction
leading eventually to fire and/or explosion in the
material.

Since thermal explosion concepts have
significant application to the safe handling and
storage of explosives as well as to the
fundamental understanding of the mechanisms
of initiation and:growth of detonation, it will be
desirable to describe the thermal explosion
process in some detail. Par. 10-2 is devoted to a
description of the important physical processes
which give rise to thermal explosions. In par.
10-3, the theoretical treatment of thermal
explosions as developed by previous workers
such as Semenov’, Frark-Kamenetskii?,

.Chambre'®, Zinn and Mader*, Enig®, and others,

is presented. Some specific applications of the
theory are discussed in pars, 10-4 and 10-5. The
reader will also find reference to the concepts of
thermal explosion in Chapters 11 and 12.

10-2 DESCRIPTION -OF THE THERMAL
‘EXPLOSION PROCESS

The basis for a thermal explosion is the
exponential dependence of chemical reaction
rate on temperature, as expressed in the
Arrhenius. law for the reaction rate
proportionality constant &

k. = Z exp{~ E/(RT)] (10-1)

where
Z = pre-exponential factor
E = gctivation energy for the reaction,
cal/mole
R = gas constent, cal/mole-°K
T = absolute temperature,  K*

In-a first-order decomposition reaction, which.

is common in high explosive compounds, the
reaction rate constant has the dimensions of
(time)™® ‘and its reciprocal is the characteristic
life time of the .explosive molecules at
temperature T.

A typical high explosive compound /see Table
10-1) has a pre-exponential factor equal to
about 102 sec”? and an-activation energy-of the
order of 35,000 cal/gram mole. Table 10-2
shows how the characteristic life time charges
with temperature for such a material.

The figures in Table 10-2 are illustrative only
since the decomposition mechaniszn may differ
in various temperature ranges. In fact, this is
coramon since sorie of the larger molecular
aggregates found among the low-temperature
decomposition products of explosives disappear
at higher temperatures. In some cases the
reaction produces. molecules that catalyze
further decomposition (autocatalytic reaction).
However, the general lifetime béhavior
exemplified in Table 10-2 is characteristic of
virtually all high explosives.

Since the decomposition of an explosive is
exothermic and evolves heat, there is a tep j2ncy
for the decomposing material o become warmer
and, thus, for the reaction to become faster.and
the heat-production rate to. increase. :Opposing
this tendency is the flow and loss of heat to
cooler surroundings. The heat production. rate
depends  exponentially on  temperature,
according to Arrhenius’ law, while the rate of
heat loss usually increases in a linear fashion
with temperature. The .difference in the laws
governing heat production and heat loss lead to
interesting  consequences—depending  on
circumstances, either the opposing effects come
into balance and the temperature at some point
ceases to rise, and then gradually recedes as the
decomposing material becomes used up; or, the
opposing tendencies fail to reach a balance, In
the latter case the chemical reaction finally
dominates, and the resuit is a catastrophic
acceleration of the temperature rise. This is the

*While system temperatures in this chapter may be
uoted in dzgrecs centigrade, the veader is cautioned
that for calcuiation purposes g‘he temperature must vefer
to an absolute temperature unit, i.n., degrees Kelvin.

10-1
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TABLE 10-2 TYPICAL BEHAVIOR OF A SOLID
HIGH EXPLOSIVE COMPOUND
FOLLOWING AN ARRHENIUS
REACTION LAW

Temperature, Characteristic

°C Life Time, k;

29 1 nillion years
110 1 year

200 1 hour

260 1 minute

325 1 gecond

375 1 fenth second
435 1 ‘hundredth second
- 500 1 thousandth second
825 1 millionth second:

thermal explosion. Thé final development is
usually sudden and dramatic, and the effect on
the observer is heightened by the fact that
explosion can be initiated.or supptessed by-only
a slight change in experimental conditions such
as temperature, physical ditnensions, or thermal
insuiation.

The way this happens may be illusirated by
the following simple experiment. Although the
example chosen is hypothetical, such an
experiment cau safely be carried out -in the
laboratory if small enough quantities of
explosive are used—say, one-tenth gram or
less—and if adequate precsutions are taken. Fig.
10-1 depicts schematically the conditions of this
experiment. A test tube (in practice, preferably
made of 2 high thermal conductivity metal)
containing the material is placed in an oil. bath
that has bzen previously brought to a selected
temperature level T, and maintsined at that
point with a thermostat and stiring. A
thermocouple in contact with the explosive
records its temperature Ty. If the baik
temperature is low enough in the first
experiment, the temperature of the explosive
will be observed to rise to the température of
the bath, then to continue to a slightly higher
point before it levels off. After reaching this
maximum, it slowly cools down to the bath
temperature again as the explosive decomposes
and eventually disappears. When the bath

temperature T, is increased in successive
experiments, the maximum level of T} will be
found to exceed T, by a wider margin. The
decomposition Which encues after the explosive
reaches its maximum temperature will also be
faster. Then, at some critical bath tempersiure
T,, the matefial, after seeming to level: to a
steady condition, will suddenly explode. As the
bath temperature is raised still higher, the
explosion will occur earlier and the-tendency of
the temperature to level off near T, will beless
pronounced. Thus, one observes not only a
critical temperature effect but also an induction
period, or pause, before the explosion. The
induction period is .an important feature of
thermal explosions,

A somewhat oversimplified but informativé
description of this experiment will point out the
Jbasic physical processes occurring in thermal
explosions. One assumes; first of -all; that.the
rate g, of heat gain or loss from the explosive-
can be represented ‘by- the prodict of a constant
heat transfer coefficient h, the surface area A of
the explosive mass, ard -the temperature
difference; thus

q, = hA(To-T,) (10-2)
The explosive, of mass, m, produces Heéat &) a
- g, , given by the product of its reaction.rate
mk_ (first order reaction) and the heat of
decomposition Q, which is the heat produced
per unit weight of the decomposing éxplosive.
Thus

g = mk(T,)Q (10-3)
where the reaction rate constant k(Ty) is
expressed as a function of T through Pfq. 10-1.
The net rate at which heat is accumulated in the
material is the sum of ¢, and ég; and the rate of
temperature rise will Ye given by thiz sum
divided by the total heat capacity .-, where ¢ is

the specific heat. Thus
dr. (@ + 4,)
1= e =
T =5 (10-4)

The physical situation represented by Eq. 10-4
may be readily understood in terras of graphs of
the functions ¢, and g,, as shown in Fig. 10-2.
In the example given, realistic values of the

163
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various parameters of Eq. 10-4 have been
chosen, The vall =

the Arrhenius activation enérgy E, and the
pre-exponential factor Z, the same values have
been used as for the example in Table 10-2,
namely, 35,000 cal/mole and 103 sec?,

Fig. 10-2 shows the relationship between the
cuve for heat production rate, which is an
exponential function of tempemture and that
for the heat loss rate, which is a straight line of
given slope (pronottxonnl fo the heat transfer
coefficient &), The position of the heat loss rate
line in reference to the temperature scale
depends on the bath temperature T,. Three
different relationships are ‘possible between the
straight line and the curve, as shown in Fig.
10:2: (1) the line mayv cut the curve in two
points, (2) the liné may touch the curve at a
point of tangznéy, or (3) the line may not
intersect the curve at all. In the cases- shown, the
line for T, = 200°C is of the first type, that for

adl

are: m = 1.0 g, hA = 0.05.
cal/deg, ¢ = 500 caljg, and ¢ = : 0.2 cal/°C-g. For-

T = 208°C of the second, and that. for 210°C
of the third.

In:physical terms, wher the bath is at 200°C,
the explosive heats up to the temperature at
which the line intersecis the curve—i.e., the
point A in Fig. 10-2—and since the heat
production and heat loss rates are equal at this
point, the-temperatyre stabjlizes, in this case at
about 202°C. When the bath is at 208°C, the
temperature stabilizes at a value corresponging
to the tangency point B in Fig. 10-2, about
221°C. When the bath temperature is above
208°C, the heat production rate exceeds the
heat loss rate, and an expiosion occurs. In this
example, the temperature of 221°C is the
highest point that can be reached by the
explosive without exploding.

Fig. 10-3 shows the temperature-time-curves
corresponding to various bath temperatures, as
obtained by numezical integration of Eq. 10-4
vased on the data depicted in Fig. 10-2. The
curves illusirate the behavior just described,

Thermocoupie to
measure temperature T,
of explosive

=| Test tube

containing

..

" | Olg Explosive

_1_ Thermostatted
Oil Bath T,

J

Figure 10-1. An Experiment To Nlustrate tne Critical Nature of @ Thermal Fxplosion
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namely, explosion when 7, >208°C and no

explosion when T, <208°C, the temperatare

208"0 being in thls case the critical temperature
of the explomve

Also indicated in Fig. 10-8 is the induction
time before explosion. This is equal to 25 sec
whea T, = 210°C, and 10 sec when T =
220°C, For this purpose, the induction time is
defined as the interval between the point when
the explosive temperature T; becomes equal to
the bath temperatuxe T') and the point when the
temperature rise becomes exiremely steep, the
heating curve being almost vertical, The
induction time decreases rapidly as the bath
temperature is raised 'above the critical level of
208°C.

Some points illustrated in Fig. 10-3 are worth
noting. These ohservations apply to all materials
that have a relatively high heat of decomposition
aad a high energy of activation for
decomposition, conditions which are met by
rtost high explosive compounds. The first point
is that the temperature at which the explosive
pauses in the induction period before exploding
never exceeds by very much the critical
explosion temperature T, .

The second point is that very little of the
material reacts during the induction period.
Numericai integration under the curves in Fig.
10-3; based on.the scale of decomposition rate
on -the right haud side of the figure, shows that
about 4 percent of the material decomposes
before explosion when T, = 210°C, and about 2
percent when T = 220°8.

Another xmportant observation concerns thé
relationship between T' R and the heat loss rate
()q It is clear .thaf there is an intimate
connectxon between ¢, and T, because for a
perfectly insulated botfy of e.‘pfoswe, explosion
would occur eventually, in principle, even at
very low jnitiation temperatures. That the
exxplosion temperature must increase as the heat
transfer coefficient h and surface area A are
increased may be seen from the fact that lines
representing (-)§, in Fig. 10-2 would then be
displaced downward (or toward the right).

Some of the important factors in determining
thie explosion characteristics of a system are seen
from the foregoing discussion to be the
following:

(1) Activation energy

(2) Heat of reaction

(3) Thermal conductivity and heat capacity
(4) Effective hested surface area
(5) Mass of explosive.

10-3 MATHEMATICAL TREATMENTS OF
THERMAL EXPLOSION

In this paragraph the theory of thermal
axplosion is given in a somewhat more rigorous
form, following the early developments of
Frank-Kamenetskii? and Chambré3, and the
later numerical and approximate treatments
given by Zinn and Mader* and Eaig®, for various
heated surface boundary conditions.

10-3.1 THE HEAT COMDUCTION EQUATION

In principle the analysis of the behavior of
solid explosive materials undergoing nonuniform
heating can be accomplished by considering the
heat conductior equation which neglects
convective heat flow and which includes an
energy source term to account for chemical
reaction®, i.e.,

oT
(at) = AVT
sell‘«heéiing ‘heat loss
by
conduction

(1e-5)

production of
heat by chemical
reaction

where

T' =solid temperature,°K
= specific heat, cal /g-°K
= density, g/cm?
A = thermal conductivity which is assumed
temperature independent, cal/cm-° K-sec
Q = heat of reaction, calfg
€ = fraction of explosive reacted,
dirnensionless

o O
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P .4

V2 = Laplacian operator, which in Cartesian

space coordinates x, y, z is
2 2

vi ¥ ¥ L%

w?  ay? a?

Since symmetric explosive geometries such

that the conduction process depends only on a

single space coordinate 'will be considered here,

V2 can be simplified to

vio_ ¥, e (10-7)
w2 X\

az 2

(10-6)

where £ = 0, 1, or 2 for planar, cylindrical, or
spherical symmetry and x now refers to the
appropriate single space coordinate.

From simple chemicsl kinetic theory the rate
of reaction can be expressed as

L& = (1-¢" k, = (1-¢)" Zexp|- E/RT)]
(10-8)

where n is the reaction order and k, the reaction
rate constant is replaced by its Arrhenius form
(see Eq. 10-1).

Thus the heat conduction equation for
thermal explosions becomes

oo (1) =2 [22, 2 (67\] (1090
=) [ @) o
+ pQ(L - €)" Z exp [~ E/(RT)}

It is well known that there are no exact
analytical solutions to Eq. 10-9 under any
boundary conditions because of the nonlinearity
introduced by the exponential chemical reaction
term. However, from the description of the
thermal' explosion process given in the preceding
paragraph; two reasonable approximatiens can
be made which give rise to useful solutions. The
approximations are:

(1) The temperature T of the expiosive
just prior to explosion is not too
different from the initial explosive
temperature T, i.e., (T -T,)/T, <<1

(2) The amount of reaction just prior to
explosion is slight so that the reaction
is essentially zero-order, i.e., n = Q.

With these assumptions, Eq. 10-9 simplifies in
the following manner: Denoting T = T, + AT,
then

18

E = _Fi- _._..._1__ (1010)
RT  RT, \1+ AT/T, )

~ E_ ({57
RT, T, }

Defining new space and temperature variables

® E
= .
0 RT} {T To) (10_11)
R (10-12)

where a 15 the significant dimension of the
explosive—for example, the one-half thickness of
an explosive slab (2 = 0), the radius of a long
cylinder (2 = 1) or of a sphere (2= 2)—the heat
conduction.equation becomes

a2 30\ 30 2 e

where (10-13)

QEa%pZ
= - E/(RT
’ ART? el AR (10-14),

10-3.2 STEADY-STATE CONDiTION 97/0¢ = 0, AND
THE CONCEPT OF CRITICAL
TEMPERATURE.AND SIZE

Frank-Kamenetskii and Chambre’ examined

the possible steady-state solutions to Eq. 10-14

(i, with 08/3t = 0) subject to symmetrical
heating where the boundary conditions are

£=0, di/dt =0 (at the center)

E=1, 6=0 (at the surface)
For each of the three geometries (2 =0, 1, 2),
it was found that a meaximum value axists for
the parameter 5 (Eq. 10-14) for which
steady-state solutions to Eq. 10-13.are possible,
For § < 8., , steady-state solutions are possible;
but for § > §_, a stationary temperature
distribution is impossible, Tt is therefore seen
that .§, defines the critical conditions for
thermal explosion under uniform surface heating
conditions. The values obtained for 5,, and the
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corresponding maximum critical stationary
temperatur distribution 0., «, o 2re shown in
Table 10-3.

The critical explosion temperature 7, is then
just that value of the exploswe surface

temperature T, which results in § = $,, in Eq.
10-14, i.e.,
T, = E/R
on (2Ee20Z_ (10-15)
ART 8.,

For given values of @, E, g, etc. Eq. 10-15 can be

readily solved by iteration to yied T, .
Likewise, fro:n Eq. 10-14 there is a 1 critical size

a, of explosxve which can result in § = §_,

r
e,

" s,
6, =\QEpZ To explE/(2RT,)] (10-16)

For a given explosive- composition it is seen
that the critical tempemture T, . below which no
explosions dre obtained is related to the rate at
which heat can flow to the explosive surface,
which in tum is related to the surface/volume
ratio of the expiosive geometry, Thus for a given
value of a the slab will have the lowest T, and
the sphere will have the h.ghesl: T,

10-3.3 ADIABATIC HEATING (V2T = 0) AND THE
CONCEPT OF EXPLOSION TIME

The ¢ itermination of the tifne to explosion £,
is ah important aspect of thermal explosxon
theory, As described in. par, 10-2, the onset of
explosion is accompanied by’ a rapid rise in
explosive temperature after a relatively long
self-heating or inductior period; hence it is

convenient to consider the rapid temperature
rise as the explosion criterion.

An important case that will now be considered
is adiabatic self-heating which-is applicable to an
infinitely large explosive mass at uniform
temperature or to a finite explosive riioss that is
thermally isolated.

From Eq. 10-15 it is seen that for an mﬁmte
explosive size, the -critical temperature T
zero so that in pnncxple any finite value ot

Jinitial temperature T, will lead to a thermal
-explosion ‘(though the value of ¢, may be quite

large e.g., see Table:10-2).

The adiabatic heating conditions correspond
to the case where the heat conduction term in
Egs. 10-5 and 10-13 is sufficiently small so that
it may be neglected (i.e., V2T = 0). Thus from
Eq. 10-13 the varistion of temperature with

time of an explosivé initially -at uniform-

temperature T can be expressed as

do ZE
2 =28 o[- BART,)) exp6) (1017)
dt g2 |
It follows that
fe
[
° (10-18)
[¢]
cRT? ‘
= QZE‘ exp [E/(RT, )] A exp,[-0]d0

TABLE 163 CRITICAL VALUES FOR THERMAL EXPLOSION PARAMETERS §

AND ¢
Explosive
Geometry 8er gmax, or
Infinite plane-parallel
slab, &= 0.88 1:20
Infinite long cylinder,
2=1 2.00 1.39
Sphere, £ = 2 3.32 1.61
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or
6,
cRT2
Z, QZE exp[E/(RT,)] exp[-0}
6,
(10:19)

The integration limits on 6 correspond to
t * 0; 8, =0
t =t 6, = ITT-g—

However it may be shown?'? that within the
approximations. used in deriving Eq. 10-13 that
6, ~ 1."We can, therefore, express the explosion
time a8

(T, - T)

CRTZ
t, ~gzE  e[E/RT, )] (10-20)

It will be seen later in this chapter and in
subsequent clapters that experimental data on
adiabatic explosion times for many explosives
generally follow an empirical relationship. of the

type
. B
it =A+T (10-21)

This empirical relationship is consistent with
the form of Eq. 10-20.

1034 APPROXIMATE SOLUTIONS FOR ¢, WITH
NONADIABATIC HEATING

Several investigators®7'* have presented
approximate solutions to Eq. 10-9 for the
explosion induction time with nonadiabatic
surface  heating  conditions, Enig®  has
approached the problem in a general manner
which seems to be applicable to a number of
boundary conditions of practical interest, In
those particular cases tested, the approximate
solutions to {, yielded values which agreed
within ~20% of the values calculated by more
exact numerical methods.

Enig's approach makes use of the fact that in
many cases the chemical reaction is small up
until the time of explosion, and that the onset

10-10

of explosion, when the surface temperature of
the explosive is much higher than T, i
accompanied 'by a maximum temperature vety
near to the surface. The approachi can be
described in the following manner for symmetric
semi-infinite geometries.

Introducing the dimensionless variubles

o =BT
E Y3
= _(pQZR) .
AE
RQZt
T ek

Eq. 109 with zero order reaction (n = 0)
becomes

6p 9% 2 3
— === +e™  (10-22)
or 22 2z \dz

It will sufficc for our purposes to consider
only the planar.cese with £ = 0. The solution to
Eq.10-221is

at,’) -1
{ (2-er) e aom

=ﬂ=1| I
0z 02)z == 92

The explosion criterion is expressed as

Sl |
22| 0 (10:24)
Z=0
and since at 2 = w y¢(z,7) ~ g, the ‘initial

temperature for all ¢, this leads to

f (?_sz _ e-uw) dz =0 (10-25)

e a7

The -explosien time ¢, (or 7,) is just the root
of Eq. 10-25. While exact solutions for o(z,7)
cannot be found which would allow Eq. 10-25.
to be solved, the approximation of negligible
chemical reaction over the time period 0 <t <
t, allows us to replace ¥(z,7) by ¥°(z,7) in Eq.
10-25 where ¢° represents the soluiion to the
“mert” case of Eq. 10-22 (ie., the case where

€119 5 set to equal zero),
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This leads to
a G
- 51:1 = f ey (10-26)
iz=0 0

~ A difficulty arises in evaluating the integral of
Eq. 10-26 due to the negligible amount of
reaction occurring for ¢° = ¢ at z = =, This
makes the integral infinite. This difficulty is
removed by replacing the integrand by

exp[- 1/¢°] - expl- 1/¢, ], ie.,

)

~ f(é-uv" - e"”-)dz

=0 (3
(10-27)

Thus an explicit relationship ¢ can be found
for all cases where analytic soiutioris can be
found for ¢° and where Eq. 1027 can be
integrated in closed form.

Table 10-4 shows derived expressions for ¢,
for a semi-infinite plaaar explosive with various
boundary conditions. The reader is referred to
Enig’s original paper® for other possible cases.

9¢°

dz

10-3.6 ‘NUMERICAL METHODS

Numerical methods appear to be the only way
of obtaining exact solutions to the heat
conduction equation for thermal explosion (Eq.
10-9), and several investigators have carried out
such calculations for particular explosive
cases*?-2% For the one-dimensional case, the

‘numerical methods are relatively straightforward

and can be handled on many modern digital
computers. In some instances it has been
demonstrated that the numerical results for one
particular explosive can be generalized to other
explosives by simple-graphical techniques.

To solve Eq. 10-9, which is rewritten here as

(20) o (2T, &2 de)
pe (at> ) 7\(3,:)*' x (Eb)'c) v (dt)
(10-28)
‘-;—} = (1-€P Zexp - EART) (10-29)

by numerical methods in the manner of Zinn
and Mader*, the time scale is considered to be

divided into equal increments of 7 sec. It is also
considered that no chenfical reaction occurs
during the time 7, but at the end. of each time
period, the heat produced by chemical reaction

can be added to the explosive in the form-of an.

instantancous temperature correction, The heat
produced is taken as that given by pQde/dt
assuming a constant temperature T'(x,¢) during
the 7 time interval. In this manner, Eq. 10-28 is
solved with @ = 0 over each interval 7 but witk: 2
different initial temperature distribution f](x-)
for each consecutive time period.

The initial distribution ‘will be given by the
expressions.

frer &) =T(xjr) + ;,-Q(AE,) (10-30)
Ag = 7[1 ~ e(xJT)]" Zexp
{- E/[RT(x,jrx}

e{x,jr) = ZAE,
i

(10-81)

(10-32)

This numerical procedure is relatively simple
but it does require starting solutions to be
available for Eg. 10-28 with Q = 0. Ae an
example, we can consider the planar case (£ = 0)
of aslab (0 <x <2a),ie.,

oT 9?2 T
=t = w—= (10-83)
pe (a:) )\(ax’)

with boundary conditions f (x) = T(x,0) and
T(2,t)= T., a constant.

The solution-to Eq. 10-33. is given by Carslaw
and Jaeger® as

1 — n”w’)\tl
Tix,t) =T, + ;Z exp |-

2
Lt 4pca J
2a
X {sin (";—jf) [ E’o(x) - '1;]
2
in (M12) 4 ,
si % X (10:34)

If 7 (x) is known at a sufficient number of
values of x, the integral can be evaluated

10-11
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TABLE 104 APPROXIMATE SOLUTIONS FOR EXPLOSION INDUCTION TIMES
FOR A SEMI-INFINITE PLANAR EXPLOSIVE®

Sitrface Condition (at.z = o)

Dimensionless Explosion Time 1,

Constant surface temperature, ¢

9, >,

Constant Surface Flux:
e, = ¢, +Kr*

K, a constant

Heat flux from medium at constant
temperature ¢, with 2 constant
coefficient of 'heat transfer h:

. =H [ip, - (o,r)]"

i kA 0

H= [B/NQZR )] “

_ 1 2 1y
. ”'77(1 - Y
o=

= T %5 .
IR - K

e = [urox]

T, = 7% - ‘Pf “P" ' o 2ew
4|, 9| ¥

(e =Hg, -p,)g, -9*)

numencally and T(x,t) determmed Utilizing Eq.
10-34 for the reactive case involves replacing
£ (x) by f (x) and solving for the temperature
dxstnbutlon at each consecutive time -period 7.
The accuracy of this numerical procedure is
limited by how practically small the increments
of 7 and x can be taken.

Zinn and Mader carried out solutions to Eqs.
10:28 and 10-29 for a: namber .of explosive
compositions and  geometries  assuming
zeto-order kinetics, and subject to the boundary
conditions of uniform initial tempersture T
and constant surface temperature T>T for
t=0.

Fig. 10-4 shows the results obtained for the
temperature distribution in 1-in, spheres of RDX
at various times. Fig. 10-5 depicts the calculated
explosion times for one-inch slabs, cylinders,
and spheres of RDX for different surface
temperatures T, >T_, In these calculations the
values for the physwal and ‘kinetic parameters of
the explosive are: p = 1.8 glem®, ¢ = 0.5
cal/g:°C, A=TX10 4 cal/"C -cm-sec, & = 500
calfg, Z = 10*8-%sec’?, E = 47500 cal/mole. It
also was found that the £, calculations for one

10-12

explosive composition could be generalized to
all other explosives by ultilizing a t vs 1T,
relationship of the form

2 .

t, = 3{“—- F(E/T,, - EIT))  (1035)
where F is a function.which depends only on,the
type-of geometry (slab, cylinder, or sphere) and
the initial temperature 7, . The variation of F in
terms of the argument (E/T, - E/T )is shown in

Fig. 10-6 for the three geometnes al initially at.

25°C. T, can be easily obtained from the
Frank-Kamenetskii expression Eq. 10-15,
Therefore, Fig. 10-6 makes it possible to readiiy
determine the explosion times for any material
for which the appropriate physical and kinetic
parameters are known.

Several pertinent facts can be gathered from
these numerical calculations which indicate that
previously discussed approximate solutions must
always be used with caution, First, fox ;e]atively
low values of T >T_ , the hottest region prior to

explosion is at %he center of the explosive. This
implies that the thermal explosion will initiate at
the center. The reverse situation occurs when T,

.
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is much higher than T . Here the temperature
near the surface is hottest prior to explosion
while the center temperature remains relatively
unchanged. Thus approximations based upon a
semi-infinite .geometry are only applicable for
T >>T,_,. Second, it is seen from Fig. 10-5 that
the temperature dependence of ¢, dues not
follow an Arrhenius curve (such as Eq. 10-21,
which is often used to curve fit experimentai
‘data) over all values of T,. Therefore, one must
be cautious in identifying the slope of such
empirical curves with an. activation energy for
chemical reaction (i.e, E or E/R). The
experimental studie.. of Gross and Amster!?,
which are discussed in Chapter 12, are a good
example of the considerations that must be
taken in deriving kinetic parameters from
nieasured explosion times.

Another point that should be considered in
connection with the Zinn and Mader

calculations, as well as with most of the available
approximate solutions, is the effect of assuming
a zero-order chemical reactioir. This assumption
applies that the source of chemicdl énergy
cannot be used up prior to explosion regardless
of the heat loss rate or the {ime to explosion.
For small explosive masses this may not be valid
since-u.e total heat content of the explosive may
be relatively small compared to. the effective
heat capacity of the medium immediately
surrounding the explosive. This point will be
discussed further in the next paragraph.

10-4 THERMAL EXPLOSICN OF HOT
SPOTS

A concept of great importance for the
initiation of detonation in high explosives is that
of “hot spois”. This topic is discussed in greater
detail in Chapter 11. However at-this point, it is

& 280 260 240 220 200 180 160
B LI l I I !
S =
o 103k ONE-INCH SLAB
e 5 E
o[£ ONE-INCH CYLINDER
g —
" 102 = ONE-INCH SPHERE
z = 4
3 E v
s S F
8 -
[« % —
>
Yoo =
5 E "ADIABATIC EXPLOSION
— SEMI-INFINITE TIME"
— SOLID
— (G.B.COOK ) :1
I t | [ L |
\7 18 19 20 2l 2.2 23 24
I0°x 1/,

Figure 10-5. Explosion Times vs 1/T, for RDX in Various Geometries, Initially at 25°C (Ref. 4)
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1
cooling of the sphere in subsequent .periods rf
time would be represented by the temperature
distribution curves in Fig. 10-7. These are
derived from the classical treatment of the

differential equation for heat conduction and

may be found in Carslaw and Jaeger®, Time is
depicted in terms of a dimensionless parameter
ot/a®, where a is the radjus of the sphere and «
the thermal diffusivity [ = M(pc]] where X is
thermal conductivity, p the density, and ¢ the
specific heat), )

The sudden creation of a hot spot by
mechanical action in an explosive material
causes thé reacticn to occur in the affected
region at a measuxably higher rate than that in
the body of the explosive, where it muzy be
virtually zéro'?. However, during inost of the
induction period before explosion the amount
of heat produced by chemical reaction is very

'small and the cooling behavior is little affecred

by the fact that reaction is taking place. To state
this more exactly: ‘he femperature rise at any
point in the hot spot caused by chemical
reaction in the induction pertod is small
sompared to the initial difference in
temperature between the hot spot and the body
of the explosive; therefore, the tempersture
gradient that develops at this point, and
consequently the flow of heat during this time,
is affected very litile by the fact that the
material is reactive and not inert. The
temnerature profiles in Fig. 10-7 are, therefore,
» ¢ ¢ approximation to those that would
obta. < in an explosive hot spot during the period
prior to explosion.

10-16

where ¢, is the nmiduction time. Equating ¢, ,
to he uéiahatic explosion time givén by Eq.
10-10, allows ope to obiain the criterion in
terms of the propeities of the explosive, i.e.,

7; 0.04QEa?

X o [BART,)] < == (1037)

This relationship, Eq. 10-37, can be used to
calculate typical guant/. -3 for hot spots of
various sizes. Such figw.es are given in Table
10-5, based on the explosive preperties quoted
in par, 10-3.4 for RDX. It is simificant that the
induction period is in the ovder of wcroseconds
for a hot spot in the order of microns in
diameter, This is consistent with the fact that
the total time for initiation and reaction in
detonating high explosives is usually in the order
of microseconds. The eritical {smperature
550°-600°K also falls in a physically plausibie
range. The fourth column in the table gives.the
total chemical enexgy pey unit area available for
heating the oxplosive medium just external to
the hot spot. It is seen that the values of ¢/s are
also strongly dependent or. .che size of the hot
spot, This points to the possibility that while
hot spots may explode, ihey may have
insufficient energy content to ignite the
surrounding cooler medium. For the case of
RDX there is evidence from adiabatic gas
compression studies (3 msec duration) that the
minimum ignition energy is 0.3 calfem® {Ref.
13), which is somewhat consistent with a hot
spot size of the order of microns,

It should be noted that this treatment of the
thermal explosion of hot spots assumes adiabatic

,
%
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explosion times and zero-order reaction, Neither
of these assumptions may be valid for the small
explosive mass that makes up the hot spot.

Friedman, for example, carried out numerical
solations foxr the ecritical quantities of a
nonadiabatic hot spot which was assumed to be
a thin slab'#. A good analytical approximation
to the numerical value of the critical one-half
slab thickness 4, was found to be

\T, - 7)) [z
@ = [T wolEm,| aos

For conditions of T, = 550°K and an.ambient
environment tcmperature T = 300°K, the value
of d for RDX is 220 microns, which is one
order of ‘magnitude greater than the valuea _in
Table 10-6 for the same T,. Part of this
diffrrence in calculated critical’ hot-spot size is
undoubtedly due to the fact that the twe
calcalations refer to different geometries (slab
and sphere). However it is xeasoneblr:to suggest
that a significant part of the difference is
actually due to nonadiabatic vs-adiabiic heating
conditions.

Friedman also investizated by numerical
calculations the extent of reaction in the hot
spot prior to explosion, Although he states that
typically a mdximum reaction of 1-8% is
indicated, it can be readily calculated from his
results that dn explosive having the propertiti B

= 20 kcallmole, ¢=0.26 cal/g-°C, Q@ = 250 cal/g,

= 800°K, T, = 300°K, wﬂ! undergo 80%
reactxon by ﬁrst order renctwn kinetics, The
possible effects of nonzero-order chemical
reaction in thermal explosion theory warrants
considerable more attention, particularly when
application is to be made to sinall quantities of
explosive.

10.5 THERMAL EXPLOS'ON' AN[) SAFETY
IN KANDLING HIGK EXPLOSIVES

High explosives are prime examples of
materials that can undergo therma.l explosion,
and it iv not suprising that this is an important
aspect of their behavior, The mechanism it most

-apparent in phenomena:related to initiation and

transition to detonation, subjects which are
treated in the following dnd subsequﬂnt
chapters. The potential for seli- heatmg iz also @
matter for sé.lous consideration in connection
with safety in-handling atid storing explosives.
Several disusters with great loss of life and
property have resulted from the failure to
appreciate the possibilities of self-heating in
explosive materials and the suddenness with
which a thermal explosion develops when it
oceurs' ®, Although numerous severe explosioris
following fires in dynamite facioxies and
ammunition dumps had wamed people of the
hazard of fighting fire in which high explosives

TABLE 105 VARIOUS CALCULATED QUANTITIES FOR HOT SPOTS IN RDX

Hot-spot Hot-spot
Temperature T, Radius a,,,
°K microns.
450 710
500 56
560 6.9
600 1.3
700 0.08
800 0.01

Explosion Total Energy
Times tg, Available g/S,
microsec cal/cm®*
260000 21
1600 1.7
25 0.21
0,83 0.04
0,0036 0.002
0,000066 0.0003

* ¢/S = (1/3) pQa, the total chemicel energy available in the hot spot per

unit of surface area.
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were involved by the customary method , it was
not generally appreciated that relatively
insensitive materials such as ammonium nifxate
and nitromethane have bagically the sane
tendency toward thermal expiosion. The
cataste sphe at Texas City in 1947, in which
several million pounds of amwmonium nitrate
fertilizer exploded following a fire, drew sharp
attention to the critical size phenomenon in this
material. This had been overlooked in this case
because countless fires in smaller quantities of
the material hac occurred and had not resulted
in explosion.

One of the lessons te-be learned from these
tragic events is that explosives should always be
stored in ways that will provide for the
maximurs possiié- dissipation of heat and never
in large consolidated piles if it can be avoided. It
is of interest in this.connection to calculate the
critical diamover at various rface temperatures
for spherical mass of RDX,£q. 10-16, and the
adiabatic explosion time fer: various initial
uniforin tempera’ ires, Eq. 10-20. The physical
.and kinetic parameters considered in these
calculations are the same ones used in previous
calculations in thic chapter. The calculated
values are given in Table 1C-6. )

The values of explosion time in Table 10:6
refer fo the condition in which a mass of the
explosive is at a uniform temperature initially;
therefore, these figures do not apply specitically

to the situation in a fire. The actual relationship
among surface température, geometry, size,
and time to explosion can be abtained by the
numerical methods described in per. 10-3.5.

In assessing the potential explosion hazards of
an explosive mass ot elevated surface
temperature, useful information can be -gaited
from the temperature distribution just prigr to
the thermal-explosion (theoxetically represénied
by a rapid increase in temperature or rate of
reaction at some point in the mass;. If repid
reaction starts at or near the surface, ihe
reaction will be unconfipzd and will probably
lead. to a less violent surfuce deflagration.
However if rapid reaction starts in the interior of
the explosive mass, the reaction will be confine.(

and-have a greater probability of building up.io

a detonation,

Referring to Fig. 10-4, we see that the
temperature distribution varies signiticantly with
the ratio T’/T‘r. As this ratio increases above
unity, the position of the maximum temperature
{which defines the position of runaway reacfion):
moves closer to the surface. In the example
shown (1—ir. RDX spheres) when T /T = 1.05,
the explosion starts at a distance of r/a = 0.7,
while for T /T #1.12t starts at r/a ~ 0,95.

In the particular case where an explosive mass
is burning, it can be suggested that T' /T will
not be too much greater than unity. if the mass
is sufficiently large and the buming ‘time

TABLE 106 CRITICAL DIAMETER AND ADIABATIC EXPLOSION TIME FOR

RDX
Critical Adiabatic

Temperature, °C Diametes* Explogion Time**

50 540  rmelers 9200 yirs,

75 148  meters 6.8 years

100 41  meters 217 weeks

126 5.8 meters 3.8 days

150 1 meter 3 howrs

200 5.6 cm 30 seconds

* Surface of explosive sphere at constant temperature.

** Sphere of explosive at uniform initial temperature,

1018
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sufficiently long, it is reasonable t3 expect that
the surface buming will léad to « -violent
explosion, However if the mass is sufficiently
-small, the surface burning can consume the entire
explosive ‘privr to the huildup of a violent
explosion, Thus, in disposing o%high explosives it
is’common to set the material afire but only when
it.is dispersédin small chunks on the ground, and
never-when it is in large consolidated masges.

10-20

The application of these .principles to

‘operations idvolving the heating of high

explosive materials, such as mnelting in
preparation for casting and drying in ovens,
will be obyvious, The importance of good
temperature control in these operations cannot
bé overstressed; and an overriding control

should always be provided in addition to &

thermostat to prevent overheating.
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CHAPTER 11 INITIATION OF DETONATION BY SHOCK. WAVES

11-1 UNDERDRIVEN AND OVERDRIVEN
DETONATION

Steady-state detonation is a self-supporting
shock wave in which chemical energy constantly
restores the deficit. of mechanical energy that
would otherwise be created because of
dissipation at the shock front (into heat) and
external losses. An inert or neutral shock wave
without such a source of energy loses strength
and ultimately disappears. The
Chapman-Jouguet (C-J) detonaiicn represents a
dynamic “stable” condition. If there is a s+" ‘ht
disturbance, such as a small gap in the explosive
charge or a narrow region with greater explosive
energy, the shock wave (or detonation front)
wil veaken or grow stronger temporarily, but
will tend to return to the original stable
condition when the perturbation is removed.
Thus, when the shock at the detonation front is
slightly weaker than the C-J wave, the energy
supplied by chemical reaction causes the front
to accelerate; and when the shock at the
detonation front is stronger than the C-J wave,
the chemical energy supplied is insufficient to
maintan it and the front siows down. This
behavior does not depend on whether the rate of
chemical energy conversion is sufficient or
insufficient per se, but rather whether the
conditions in the flow is such that the released
energy is transmitted to the {ront, i.e., whether
the flow near the end of the reaction zone is
supersonic, sonic, or subsonic (see Chapter 8).

In the situation represented in Fig. 11-1,
where detonation is transmitted from a “donor”

‘explosive to an “acceptor” explosive, there are

three possibilities: the shock wave transmit.ed
to the accéptor may be stronger than, of the
same strength as, or weaker than the stable C-J
wave in the acceptor. The first and last cases
may be referred to as overdriven and
underdriver  detonations, respectively. The
degree of o ‘erdrive and underdrive may be of
any given magnitude, and it is of interest to
determine the consequences of large departures
from the C-J condition on the ultimate fate of
the transmitted shock.

In the case of an overdriven wave, it is found
that the strength always decays until the C-3

condition is reached; but, for an underdiiven
wave in a given experimental arrangemen€, there
is some limiting shock strength below which the
wave decays and does not gain the increased
strength needed to reach the C-J condition, The
question of interest in this chapter may be
stated: “What conditions are required for
development of stable detonation from an
underdriven shock wave?”. The answer,
obviously, bears on the question of safety in
handling high explosives and materials, such as
rocket propellants, that are potentjal high
explosives. It also relates importantly to the
problem of designing reliable initiating
mechani~als in the practical use of explosives.

11-2 THE GAP TEST

Experimentally, a simple way to determine the
sensitivity of an explosive to initiation by shock
waves is represented in the gap test. This test
comprises a method of producing u- lerdriven
waves of variable strength by insecty varying
thicknesses of inert material between . lonor
and an acceptor charge (Fig. 11-2). Commonly,
the inert material consists of a number of
uniform “cards” which may be paper or plastic,
for example. (An air-filled gap is not desirable
because the hot explosive product gases from
the donor would impinge directly on the
acceptor;)

As in other tests of critical “go, no-go”
behavior in explosives, the gap test experiments
must be interpreted statistically. An efficient
way to perform the test is the so-culled
“up-and-down’’ method, whereby, in a sequence
of experiments, the number of. cards is increased
or decreased by one in each successive trial (or
by some other standard incremental number)
depending on whether the previous trial results
in detoration or failure, respectively (see
Chapter 12). The result of such a series of
experiments is usually reported as the numbet of
cards in the gap that produces, on the average, a
50 percent chance of detonation.

The gap test has been developed at the U. S.
Naval Ordnance Laboratory into a useful means
for camparing the sensitivity of solid rocket
propellants'. The stendard test assembly is
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DETONATION
——

DONOR

ACCEPTOR

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

Acceptor Charge

DONOR 111 GAP

ACCEFTOR

Figure 11-2. The Gap Test

illustrated in Fig. 11-3 and is described as
follows: ““a 5.08-cm length of pressed-tetryl (s,
= 1.51 g/ce) to supply theé shock; Lucite, or the
equivalent cellulose acetate, as the shock
altenuator; a mcderately confined .accep” ir
charge of 3,65-cm diameter by 13.97-cm length;
and a rmild steel witness (test) plate 0,952-cin
thick. The criterion of ‘detonation’ used is the
punching of a hole in the witness plate, The
measure of charge sensitivity is the length of
attenuator (gap length) st which there is 50
percent probability of detonation according to
the ahave criterion.”, )

Gap-test results become more significant when
they. are equaled not simply to the number of
cards or thickness of the gup-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 results in this manner, The methad
is described in the paragraph which follows.

112

11-3 SHOCK-PRESSURE MEASUREMENTS
IN THE GAP TEST

By means of simultaneous shack wave velocity
and free surface velccity measurements, such g
thos¢. described in Chapter 5, the “Hugoniot
adiabat” for Lucite has been determined. (The
method of erecting the Hugoniot curve from the
experimental data is explained in Chapter 8.)
With this basic information the shock wave
strength at-the end of the gap can-be determined
from either shock wave velocity or free surface
velocity measurements, with various thicknesses
of Lucite in the gap, under actual conditions of
the test, i.e,, with the donor charge shown in
Fig. 11-3. This kind of determination was
carried out at NOL, with the results shown in
Fig. 11-4, i.e,, axial shock pressure at the end of
the Tucite gap in kbar (1 kbar = 987 atm) vs
thickness of gap. ’

The shock pressure at the end of the Lucite

!

PN P

S v et A b e o

-



e e A b g G bl b S 8

AUV 5 ST IR SR -U— Py

REGAS

SRR

C

W

AMCP 706-180

p————[0.16
TEST PLATE—LZL L L L LA L L1 0.952
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COLD-ROLLED AN oap
STEEL TUBE ———4
PROPELLANT CHARGE 1397
(ACCEPTOR) .

CARD GAP____ SEee

|
a7 a7

DIMENSIONS IN CM

Figure 11-3. Charge Assembly-and Dimensions
for NOL Gap Test

gap, however, is not in general equal to the
shock wave pressure transmitted to the acceptor
explosive because there is usually an acoustic
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 the common high explosives in the
cast or pressed condition; therefore, the
transmitted shock pressure .in the explosive is
approximately proportional o the irzident
pressuteé in the Lucite, Fig. 11-5 shows this
relationship, the data paints. being the critical 50
percent explosion points for nine ‘expiosives for
which sufficient equation of state dats were
available to calculate the initial pressure in the
transmitted shock. It may be observed that for
these materials no error would be made in
ranking the explosives for shock wuve sensitivity
if one were to use incident pressures in the
Lucite rather than transmitted pressures in the

explosive. This statement would not necessarily
apply, however, if explosives differing widely in
density were being compared, e.g., a loose
crystalline powder and a cast material.

Table 11-1 lists some of the results obtained
on solid rocket propellants at the Naval
Ordnance Laboratory. The term “loading
pressure” in the table refers to the prdssure of
the incident wave at the end of the Lucite gap.
A notable feature of the measurcinents is the-
effect of voids-in composite propellants. (These
propellants are based on ammonium perchlorate
as oxidizer with an oiganic, nibber-like binder.)
Composite pronellants in their service condition
and containing no high explosives such as HMX
are generally nondetonable in this test, even
when the tetryl donar charge is in direct contact
v - the propellant (zero gap). However, 2
néy.tive result of the gap test cannot betaken to
imply that a propellant is nondetonable tinder

«all conditions .of initiation chaige diumeter 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

In a homogeneous material, lacking voids or
discontinuities of any kind, a shock wave raisés
the prassure, density, and temperature
uniformly in the plane immediately behind the
front. Condensed media are, of course, very
:much less compressible than gases; therefore, the
increases in density and temperature that
accompany a given rise in pressuye are much
smaller than in gases. However, the pressures
developed in the detopation of condensed
materials are in the order of 10,000 times the
detonation pressures of gaseous mixtures at an
initial pre-sure of one atmosphrre—e.g., 200,000
atm pressure for condensed explosives compared
to 20 atm for gaseous explosives. Under such
tremendous forces, .even seemingly
incompressible materials are highly densified and
heated by the compression. It is perhaps not
surprising to find, therefore, that the detonation
front in a condensed explosive detonhation heats
the medium te a tempersture in the
neighborhood of 1,000°C or higher, a
temperature quite high enough to start

13
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deedmposition at a rapid rate. The
Zeldovich-yon Neumann-Déering model of
detonation is, therefore, equally as plausible
when applied to condensed explosives as it is'in
the case of gaseous explosives.

There is, in fact, in the case of condensed
matetials a phenomenon-that markedly increases
their susceptibility ‘to initiation by shock waves.
This is the so-called *hot spot”. An important
class of hot spots is hydrodynamic in origin and
results exclusively from the action of strong
shock waves at discontinuities. The formation of
the hydrodynamic hot spot and its subsequent
behavior are,.therefore, of primary importance
in a discussion of shock initiation cf explosives.

175 SHOCK INITIATION 1IN
HOMOGENMEOUS AND
NONHOMOGENEOUS EXPLOSIVES

Although much valuable work has been done:
at several ‘lsboratories on initiation of
detonation by underdriven shcek waves, perhaps

the moat decisive experimentation .of this kind
has been carried out at the George Washington
University Laboratory and the Los Alamos
ScieBe.5¢  Laboratory. This work, largely
summarizéd in Refs. 3-6, -established that there
is an essential difference between explosives fhat
are completely homogeneous: and free from
discontinuities of any kind, and those which
contain a multitude and a varety of such

discontinuities. The presence of discontinuities

is, of course, by far the most:common practical
condition, and it is only with extreme care that
the number and size of discontinuities can be
reduced to. a point where the clearly defined
behavior of a truly horzogeneous material is
evident,

The basic requirements for well-controlled
experiments on shock wave initiation are:

(1) High degree of planarity in the
incident shock wave, This is achieved by a
plane-wava generator (Chapter 5),

(2) Sufficient run length of the plane
detonation wave in a hooster charge so that the
decay of pressure behind the shack front (due to

115
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TABLE 111 SHOCK SENSITIVITY OF SOLID ROCKET PRU..*. ' ANTS IN THE

NOL GAP TEST
ZLouding Pressure at
Propellant Physical State tite 50 percent Point, kbar

various ¢t ‘nposites service condition; no-go

nonporous
double base sexvice condition; 80-47

nonporous
composite with 17-18 percent  service condition; 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.

(3) Luarge enough diameter in the donor
shock wave production system so-that lateral
expansion- -effects (described in Chapter 9) do
not seriousiy affect the planarity of the shock
wave or decrease the period of sustained high
pressure behind the front,

(4) Variable attenuation of the donor
shock wave. This is produced by inserting
between the donor and acceptor charge a gap
filled with ai inert materiai of various
composition and thiclmess.

A number of different experimenial
arrangements were used to elucidafe various
aspects of the phenomena. These cannot be
described in detail here. Typical arrangements
-~aken from Refs. 5,6—aré shown in Fig.
11-6(A) and 11-6(B), and illustrateé how the
various requirements previously enumetated
Wwere met in these-experiments.

The major aspects of initiation phenomena in

homogeneous and nonhomogeneo s expio.ivys.

as derived from a loyg series of expasiments wath
liquid and solid explosives car be statel as
follows: .

(1) In Nonhomogehnedur Expiuaises.

“th. ntering hock. wave 15 above & crifical

strengih, it begms wi.accelerate at the point.of
entry, gaining strength relatively siowly at first,

but ever ‘more rabidly uniil 9t,eady-stéte \C-J
velocity is reached. The development of

16

detonation in this case may be described « a
smooth transition from a shock wave at first
only weakly supported by chemical »eacticn,d oo
fully supported steady detonation. 1:2 -final
stages of accelerstion to detenaftion, in whien
the greater part of the inererse in shock sfvéngthy
occurs, comprise only a sipall’ fraction of ih:
total time between tre inivisd entrance of e
wave and the final a;hyevement of fu'l
detonation. Matérial lying:in the regiun betweey
the point of eniry of the shock wavé-and the
region between the point wheré detonation: ﬁrft
starts remains éssentially unreacfec;
retonation (a detonation wave 'mov ns g
toward thé point of shock entry) o €'ieh
Ghserved. )
(2) In Homogeneous Explosives. The
entering shock beh'nes as wauld o¢

=yt ;1;‘35‘&“( g'
rdatmnshty m the stength +{ ;i;(‘ :
sheei-detonalion starts, not et thy shesi
hu ab the entering face of the . .dpiér.
detonadion wave s chJaefe'd,«f,u. of e
explogive medium in the puco apre nd {and
heated) condition created by whé
and it travels at a hyperveloc. vy {iiigh
C-J velocity at normal dinsity} chnr{m&m*z; of '
these conditions plus the velocily of forward
notion imparted to the medium by the it §

(N
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Figure 11-6(4-). Arrangement to Nieasire Shock
and Detonation Travel in a
Nonhomogeneous Solid
E:plosive Using the Wedge
Technique®

shock. This hypervelocity detonation, traveling
at a‘higher speed than the initial shock wave
overtakes it, and the combmed wave moves
from that point as an ovérdiiven detonatior.
the medium ahead. Eventually, the detonation
wave decays to the characteristic, steady-sate
velocity of the explosive.

The distance-time relationships in these two
contrasting situations are depicted in Fig. 11-7.

Traces of -essentially this nature were obtaired

by smear-caniera techniques,

The induction time in the initiation of
homogeneous explosives is sensitive to many
Indeed, the effécts of wvarious
experimental variables are so important that
only by taking extreme care is it possible to sort
them out, Fig. 11-8, taken from Ref. 5, is a
smear record taken from a camera viewing from
the top {through a slit) the sheck wave which is
progressing upward toward the camera from the
bottom of a vessel containing nitromethane, The
light in this photograph is selflight from
detonation; therefore, the original unreactive
shock, starting at a point in time marked F in
Fig. 11-8, is not visible. Eor this experiment the
Plexiglas attenuator plate which formed the

Flesh Chorge <‘f

Frosnal Lons P
Mirror —. \
7l \\
S
Gloss wru{. . P
Nice Scele
. - NN
| \[/ 4-— Nitrome1hene
i 1"-Plastic.
~~ 0li0" Steel
14— Nitr 1athene
Seunfer
12~ k ition 8

e 8" diam Plone Wove
Generetor
'Detonator

Figure 11-6(B). Arrangement to Measure Shock

and Detonation Travel in a
Homogeneous Liquid Explosive
(Nitromethane)®

bottom of the nitroraethane vessel (e.g., Fig.
11-6(B) was scored ovey half of the surface with
riangular grooves, 0.020 ir deep, spaced 0.025
. apart. The other half of the surface was
polished smooth. In Fig. 11-8, the scored half of
the plate corresponds to the upper half of the

* photograph, and the smooth half to the lower:

The photograph shows at the time marks 4 and
C the sudden appearance of a faint light. ‘This is
light from the detonation when it originates in
the precompressed mediim at the Plexiglas
surfuce, Tha-time marks B and D, indicating the
appearance of a much brighter front, indicate
the points when the detonation in the
precompressed medium overtakes the shock
front producing an overdriven detonation in the
undisturbed  fluid.  The induction time—
represented by the distance between F and A,
and F and C in the two regions—is seen to be
about 2psec on the smooth portion of the
Plexiglas plate and less than one microsecond on
the roughened portion. The explanation,
presumably, is that the grooves in the Plexiglas
produce distortions and interaction on the shock
frent which result in regions of somewhat higher
temperature than that in the undisturbed shock,
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F:  Shock enters nitromethane.

At Detonation is iritiated in compressed nitromethane at interface between nitromethane
and grooved attenuator plate.

B: Detonation over grooved plate overtakes shock.
C: Detonation is initated at interface of nitromethane and smooth attenuator plate.

D: Detonation over smooth plate overtakes shock.

Over grooved plate F- A

I ion time, ¢, :
nduction time, £, , Over smooth plate F - C

Figure 11-8. Smear Camera Record of Effect of Rough Shock Wave on Induction Time
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with the result that thermal explosion occurs
sooner on the roughened plate than it does on
the smooth plate.

The induction time in a thermal explosion is
very sensitive to temperature (Chapter 10).
Therefore, the time for shock initiation of
nitromethane would be expected to depend
critically on shock pressure. That this is so can
be readily seen from Fig. 11-9 which is taken
from a recent analysis’ of data reported by
three different laboratories®*+8. From Fig. 11-9
it also appears that increasing the initial
temperature of the nitromethane causes a
decrease in induction time.

The effect of hot-spot sités in nitromethane
was also very nicely' deomonsirated in the work
described in Ref.. 5. This was done by carefully
locating ait bubbles of various size at the
Plexiglas-nitromethane interface. Other types of
potential hot-spot sites have also been studied,
including, for example, tiny rods of metal and
glass that would produce a disturbance in the
initiating' shock front. A hot spot was usually
visible as. a.flash of light at the moment of its
1 creation by the shock wave; then, after a
variable delay in- time, a detonation was
observea to spread out in
a spherical front from the hot spot. (The hot
spot produced no visible light during the
induction period.) The effect is illustrated in
Fig. 11-10, taken from Ref. 5. This photograph,
taken in the same way as Fig. 11-8, shows the
fiash of light created by the interaction of the
shock wave with a bubble at the time mark F,
After a variable delay, explosions occur at C and
D for the 1.0-omm and 0.75-mm bubbles,
} 3 respectively; but.no explosion occurted for the

-

0.5-mm bubble, presumably because the
hot-spot temperature was too low ur the size too
small for an explosion to develop. The delayed
homogeneous detonation occurs at the
Plexiglas-nitromethane interface av the time
mark A in Fig. 11-10, and the catch-up and
formation of the overdriven detonation occurs
at B, The dependence of the explosion induction
period on the size of the hot spot site is clearly
shown by this experiment. Also evident is a
critical-sizi: phenomenon in relation to hot spots
since the jmallest of the three bubbles did not
produce a detonation.

The variable induction period, the critical “go,
ne-go” behavior of hot spots, and the important
influence of temperature in these experiments

1110

point clearly to the explosion mechanism
discussed Chapter 10. This inference L. been
winvestigated by C. L. Mader-at the Los Alamos
Laboratory’® and Enig and Peirone at the U.S.
Naval Ordnance Laboratory'l in a series of
“computer experiments,” the results of which
are discussed in the paragraph which follows.

11-6 THERMAL EXPLOSION THEORY
APPLIED TO SHOCK INITIATION

1161 HOMOGENEOUS EXPLOSIVES

The experimental phenomena described in par.
11-5 strongly .suggest a thérmal explosion
mechanism in the shock wave initiation of
homogeneous explosives, Detonation starts, not
at the shock front but behind it, at the point
where the wave etitered the explosive and,
therefore, where the high temperature:produced
by the shock has cxisted for the longest time.
And; as it should in .a thermal explosicn, the
induction period depends very sensitively on the
temperature produced at this point.. Proof that
the phenomenon is indeed a theimal explosion
would be provided if one could predict
independently the magnitude of the induction
period from: the strength of the shock wave and
the properties of the.explosive.

The data needed for this calculation are the
shock-Hugoniot properties of the explosive, a
PVT equation of state and, the kinetic and
thermal data for thé chemical deposition (see
Hq. 10-20). Unfortunately, reliable experimental
PVT data are unavailable for shocked explosives.
However, Mader'® and Enig and Petrone'?!,
utilizing the same shock Hugoniot and Xinetic
data but different assumed PVT equations of
state, were able to calculate induction times for
nitromethane, liquid TNT, and single crystal
PETN in reasonable vgre:ment with experiment
(see Table 11-2). While these calculations show
that a thermal explosion mechanism is
consistent with the observed shock initiation
process in homogeneous explosives, they do not
prove it.

How detonation develops from an underdriven
shock wave in nitromethane is shown in the
calculated pressure vs distance curves in Fig,
11-11. These curves are taken from Ref, 10,
They were plotted by automatic equipment
which fook its input directly from the
computer.
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o Argon bubbles: 1. 0.75-mm diameter
2. 9.50-mm diameter ,
: 8. 1.0 -mm diameter |
F:  Shock enters nitromethane. (Flash of bubbles number 1 and 3 may be seen.) )
Y

Local detonation starts at 1.0-mm bubble,
D: Local detonation starts at 0.75-mm bubble.

A:  Detonation starts in precompressed nitromethane at interface with attenuator plate,

B: Detonation overtakes shock front.

Figure 11-10. Smear Camera Record S..owing Effect of Bubbles in Initiation of
Nitromethane
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TABLE 11-2 CALCULATED SHOCK

INITIATION

INDUCTION TIMES IN

’, -HOMOGENEOUS EXPLOSIVES

Shock Temperature, °’K

Induction Times, psec

Shock Pressure, kbar Enig & Petrone Mader  Enig& Petrone Mader  Observed
Nitromethane (T, = 300°K) - o
86 1103 1180 2.31 134 ~1.0

170 1560 2100 - - -

201 1662 2472 - - -~
Liquid TNT (7, =858°K) .

125 1154 1132 0.50 068 0.7

265 1992 2409 - - -
Single Crystal PETN (T, = 298°K) - not - 0.337 0:3

' shown :

11-6.2 BEHAVIOR OF HOT SPOTS

The power of modern compuier"technigues is
even more forcefully demonstrated i the
treatment -of hot spots reported by Mader in
Ref. 10. Hetre the behavior is much too complex
for analytical description. Evén to anticipate
what will happen, qualitatively, is difficult.

Mader treats the problem of describing all
events set in motion by creation of a spherical
hot spot, starting with various initial boundary
conditions. In general, the following processes
mdy be important:

(1) Production
reaction
(2) Dispersion of energy by wave motion
(3) Dispersion of energy by heat
conduction.
The competition between (1) and (8) is treated
in par. 10-4, where the following condition, Eq.
10-86, first derived by Zinn'%, is shown to
apply:

of ‘heat by chemical

tpg < 0.040%/a (11-1)
The characteristic heat flow time on the
right-hand side of the expression is seen fo
depend on the square of the radius a. For the
“hydrodynamic” hot spots in nitromethane
considered by Mader the size is so large (a = 0.03
to 0.3 cm) that this heat flow time is of the
order of some thousands of microseconds, On

the other hand, fluid dynamical energy
dispersion (wave motion) occurs:in a time of the
order of a/c, where ¢ is the spded of sound:
Since ¢ is of thé order of 10% - 10° cm/sec, the
time period charectetistic of this:mode of energy
transfer is in the range of 0.01 - 0.1 usec. Heat
conduction can, therefore, be disregarded in this
case and only the first two of the processes
listed need be considered: However, this still
poses a task that is impossible without the sid of
a modern high spéed computer.

The computer was programimed to integrate
the partial differential equations. of fluid
dynamics: (Chapter 2). in which the ‘energy
transport equation includes a term for chemical
reaction. In principle, the problem is one of
spherical shock wave propagation as treated in
Chapter 13, with the added complication of
variable energy sources at every point in the
medium. Special methods, such as the von
Neumann-Richtmyer artificial viscosity
technique (Chapter 14), are needed to handle
the shock wave problem alone.

Figs. 11-12, 11-18, and 11-14 are taken from
Mader’s paper'®, and the discussion which
follows is quoted directly from that source. The
mode] discussed here is termed the
“temperature” hot spot—i.e., one in which the
temperature is higher than in the surrounding
(shocked) medium, but in which the density is
the same as that of the surroundings. The
pressure is, therefore, higher in the hot spot than
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Figure 11-11. Pressure-distarice Profiles at
Various Times for the Shoék
Initiation of Nitromethane by a
92-kbar Shock (The ordindte is
pressure in' s¢ale divisions of 100
kbar and the abscissa is Eulerian
distance in scale divisions of 0.1
cm.)

in the bulk medium but the pressure difference
is of somewhat minor importance in this case.
Mader also treats the “pressure” hot spot, where
density as well as temperature is higher than in
the-surroundings. This case will not be described
here, The quotation from Ref. 10 follows:

“Fig. 11-12 shows the pressure-radius profiles
for a 0.292.cm radius, temperatute hot spot
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Figure 11-12. Pressure-radius Profiles at
Various Times for the
Development of o:'Détonation in
Shocked Nitromethane (94.7
kbar, 1250°K) from a Spherical
Temperature Hot Spot (1404°K)
of 0.292-cri Radiug(The ordinate
s pressure in scale divisions of
100 .kbar and the abscissa is
Eulerian radius in scale divisions
of 0.1 ¢cm.)

(1404°K) in nitromethane which has been
shocked to 94.7 kbar. Initially, .t thé boundary
between the hot spot and the shocked
nitromethane, a small shock is sent into the
outer nitromethane and a rarefaction is sent
back into the hot spot. At about 0.03-usec, part
of the hot spot explodes and initiates the
remainder of the ho! spof, which has been
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Figure 11-13,

Pressure-radius Profiles at
Various Times for the
Development of a Detonation in
Shocked Nitromethane (94,7
kbar, 1230°K) from a Spherical
Temperature Hot Spot (1404°K)
of 0.06-cm Radius (The ordinate
is pressure in scale divisions of
100 kbar wnd the abscissa is
Eulerian radius in scale divisions
of 0.01 ecm,)

cooled by the rarefaction. A strohg shock goes
into the undetonated nitromethane and a
rarefaction goes back into the explosion
products. The strongly shocked nitromethane at
the hot spot boundary explodes at about 0.06
usec and initiates a detonation which propagates
through the rest of the nitromethané. The
detonation propagates at a velocity of 0.856
cm/psec, which is the computed equilibrivim
detonation velocity of the shocked
nitromethane. The experimental: hypervelocities
in shocked nitromethane are approximately
0.8 cm/usec®'5.

“Fig. 11-18 shows in considerable detail
the mechanism of initiation of detonation
from a 0.06-cim radius, temperature hot spot
(1404°K). Initially, at the hot spot
boundary, a small shock is sent into the
shocked nitromethane aixd a rarefaction: is
sen: back into the hot spot. The pressure of
the hot spot increases as a result of a chemical
reaction, At 0.288 usec, the inner 0.045 cm of
the original hot spot explodes. At 0.035 usec,
the entire hot spot has exploded. A shock is-sent
into the undetonated explosive and a rarefaction
is sent into the explosion products. The
undetonated explosive at the hot spot boundary
does not explode until -0.08 usec, or after an
initial induction period of 0.045 psec. At 0.1
usec, the detonation is propagating at full
velocity and pressure.

“Fig. 11-14 shows the pressuie=radius profiles
for a 0.0292-cm radius, teiperature hot spot
(1404°K) in shocked nitromethane. The initial
behavior is essentially the same as for larger hot
spots. However, the pressure and temperaturs of
the undetonated explosive at the hot spot
interface decay more rapidly Lecause of the
greater- divergence of the fiow, and initiation of
detonation fails to occur.

“Numerous other calculations were also
performed varying the hot spot temperature and
the temperature of the exterior nitromethane.
The results can be summarized as follows.
Temperature hot spots in shocked (5 90 kbar)
nitromethane of 0.06-cm radius and. larger will
explode before the rarefaction reaches the
center of the hot spot. Cooler hot spols may
explode even after the rarefaction arrives at the
center of the hot spot, since the ravefaction is
weak, For example, it was observed that a
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1300°K, 0.06-cm-radius hot spot exploded and
initiated propagating detonation, even though
the ravefaction had arrived at. the center of the
hot spot-hefore the hot spot exploded.

“Témpersture hot spots ir; shocked (~ 90
kbar) nitromethiane of 0.03-cm radius and
smaller will not-iisitiate propsgating detonation.
The spherical divergence of the shock is too
strong. For example, it was observed that a
1400°K, and even a 1600°K,
0.03-cm-radius-temperature hot spot failed to
initiate propagating detonation.

“As -the pressure ana temperature of the
shocked exterior nitromethane decrease, the
critical size of the hot spot incresses, For
example, a 0.27-cm-radius, 1400°K temperature
hot spot in unshocked nitromethane will not
initiate propagating detonation, while the same
hot spot in nitromethane shocked to 90 kbar
will initiate propagating detonation, Similarly, as
the pressure and temperature of the shocked
nitromethane increase, the critical size of the

hot spot decreases. For -exaniple, sz

0.03-cm-radius, 1400° K-temperature hot spot in

T T T T T
0.0 SEC . .0.00TuSEC
[
TT ™7 T 17
g 0.02543EC 0.03u3EC
> Ty
2 \
< .
€
o
11 oo
00375 SEC 0.08uSEC
AR ==
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Figure 11-14. Pressure-radius

Profiles at Various Times for the Failure of a

0.0292-cm-radius Temperature Hot Spot (1404°K) to Initiate Propagating
Detonation in Shocked Nitromethane (94,7 kbar, 1230°K) (The ordinate is
pressure in ecale divisions of 100 kbar and the abscissa is Eulerian redius in
scale divisions of 0,01 ¢cm. The nitromethane at.the boundary of the hot spot
is cooling at 0.06 usec, having a temperature of 1393°K. At 0.08 usec the
temperature has decreased to 1370°K at the boundary.)
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1300°K shocked nitromethane will initiate
propagating detonation, while the same hot spot
in 1200°K shocked nitromethane will not
initiate propagating detonation.”

In summary, one may make the following
generalizations concerning the behavior of
hydrodynamic hot spots:

(1) The question whether or not a hot
spot starts a .self-propagating spherical
detonation depends on its size, temperature, and
pressure and on the temperaure of the
suirrounding shocked medium. '

(2) The first stage in the development of
detonation from a. hot spot is the explosion of
material: at the center of the hot spot. Such an
explosion, however, does not necessarily lead to
detonation.

(3) The critical phenomenon that
prevents development of detonation from an
exploding hot spot is usually the spherical
divergence of the shock wave propagating into
the surrounding explosive. In some cases,
however, it is the spherical convergence of the
rarefaction moving toward the center of the hot
spot that chokes off the explosion.

(4) In any case, the development of a
hydrodynamic hot spot is influenced mainly by
chemical reaction and wave motion, and not
appreciably by heat conduction.

(5) Results of the detailed investigation of
hot spot behavior in nitromethane correlate well
with experimental observations with respect to
the critical size of hot spots and the shock wave
conditions required to create hot spots that lead
to local detonation,

117 HOT SPOT CREATION BY SHOCK
WAVES

The contrasting behavior of homogeneous and
nonhomogeneous explosives in the initiation of
detonation by shock waves described in par,
11-5 can be readily understood if it is assumed
that a shock wave in nonhomogeneous
explosives creates hot spots as it passes through
the material. Some of these hot spots explode
and create shock waves that produce reaction,
or, possibly, local detonation in tiie surrounding
precompressed explosive. Since the initiating
shock is underdriven with respect tc a C-J
detonation, energy liberated behind it can be

transmitted to the front; hence, the shock wave
gains added strength by the liberation of energy
in the hot spots it has created in its wake. As the
shock wave builds up, it produces hot spots of
higher temperature which are, therefore, more
apt to explode and produce local self-sustained
shock waves or detonations. In the final
full-scale detonation, initiation of reaction by
the precursor shock may still depend on hot
spot formation rather than initiation by uniform
compression of the medium.

The concept of hot spots in connection with
explosives originated from the study of
initiation by friction. and impact!3-%, In
experiments where hot spots are developed in
inert material as: ociated with the
explosive—suchi as grit particles in the case of
friction experiments and occluded gas pockets in
the case of impact experiments—heat flows from:

the hot spots to the adjacent explosive and starts

decomposition there. A delay of the order of
100 usec is often involved between the impact
that creates the hot spots and the explosion.
Such a period of time is characteristic for
diffusion of heat over a distance of the order of
10 microns.

A delay as high as 100 usec, obviously, is
impossible in most cases of shock initiation since
in this period of time the shock wave would
travel something like half a meter. From such
considerations one concludes that hot spots, to
be effective in shock wave initiation, must be
created within the explosive medium itself and
not in gas pockets or inert particles, In the case
of initiation at the site of small air bubbles in
nitromethane, as photographed in Fig. 11-10,
the initial flash of light when the shock wave:
strikes the bubble is caused, no doubt, by the
sudden compression of the gas in the bubble.
But, the local detonation, which is initiated
about one microsecond later, must arise from a
hot spot created simultaneously in the
nitromethane itself near the bubble, because this
pericd of time is insufficient for heat transfer.

The paper by Evans, Harlow and Meixner!4
provides some insight into how hot spots can be
produced in the medium surrounding a small
discontinuity such as a gas bubble by interaction
with a shock wave. The cases treated in detail by
these authors involve only gases: specifically, the
case of a bubble of neon in a helium continuum,
and a bubble of helium in a neon continuum.
The results are instructive, but obviously not
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necessarily transferable to condensed explosis es.
Figure 11-15, taken from Ref. 14, shows heiv a
bubble js deformed and the shock sront
distorted by interaction with the shock wave.
Fig. 11-16 from the same paper shows the
temperature distribution after the shock wave
has passed thtough the bubble for the case of a
neon bubble in a helium continuum. High
temperature .areas comparable in size to the
bubble sre formed-in the adjacent medium due
to the interaction.

Ref. 14 also describes the results of
calculatxons for a shock wave interacting with a
vacuum bubble in nitromethane. The bubble in
this case collapses completely when struck by
the shock, and a high temperature hot spot is
formed in the adjacént liguid. Computational
dxffxcultles prevented this phenomenon from
‘being moré fully explored. )

The formation of hot spots in
nonhomogeneous explosives may be u..derstood
in terms of several different mechanizms -(see
Referenres 13, 15-19, also Chapters 10 and 12).

* Time scale is arbitrary; the
relative values of ‘the numbers
are important.

" Figure 11-15. Successive Configurations of Shock and Bubble (Left-hand sequence is for

K PY RN NS - (%

In a loose crystalline.explosive, for example, hot
spots within the crystals undoubtedly arise
because of shuck wave distortion caused by the
sharp discontinuities in the medium. Also,
physical imgaet of erystals at points of contact
when they are propelled into motion. by the
shock wave may be an important hot spot
mechanism in this -case. In a pressed. .or .cast
polycrystalline explosive, ‘the-anisotropy of the
crystals may give rise to shock wave interactions
of important magnitude. And, even iu a highly
densified explosive, voids of microscopic size
which. produce shock wave inteiferéhces até not
entirely absent.

Generally, an increase in void space ‘causes.an

increase in sensitivity for -any condensed:

explosive. The difference between a. voidless
material and a loose crystalline powder, “or
‘example, covers one or two orders of magnitude
in the shock wave strength required for
initiation. Thus, a homogenéous single-crystal.of
PETIN requires a shoik pacisure of about 100
kbar for initiation®®, whereas pressed granular

8>
R

o s N

neon bubble in helium; right-hand sequence is for helium bubble in neon.)
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PETN with 40 percent voids (density = 1.0
glem?) requires only 2.5 kbar??,

In the compressed granular explosive
approaching crystal density, or in a

-olastic-bonded explosive, for example, hot-spot

sites may be few in number and relatively
“inactive”. Such muserials might be expected to
show “homogenecus behavior” when initiated
by a strong shock. In fact, it is quite possible to
have hot-spot initiation and homogeneous
initintion proceeding simultaneously, as the
photograph in Fig. 11-10 shows.

11-8 SENSITIVITY TO SHOCK INITIATION

In most applications the main explosive charge
iy initiated by a detonator cap or primer,
possibly. in conjunction with a booster charge.
Such an initiating system often produces an
underdriven shock wave; therefore, many. of the
principles discussed in this chapter have a
bearing on problems connected with the design
and performance of these systems. Also, in the
use of explosives for blasting, it frequently
happens that. an inext object may fall between
two sticks of dynamite in a borehole, or that an
air gap may result from not tamping the sticks in
the borehole firmly enough, It is, therefore,
important that explosives used for this purpose
be sufficiently sensitive to shock wave initiation

8o that detonation will not fail fo propagate
‘under these circumstances.

In principle, one may distinguish between the
shock wave- sensitivity of explosives and
sensitivity to other stimuli such as impact. and
friction. Indeed this distinction has been drawn
in the divisior. of subject matter in this
handbook, the present chapter dealing -with
initiation by shock waves, and the next chapter
dealing with initiation from thermal sources.
Nevertheless, these two subjects have important
factors:in common.

The term “shock wave sensitivity” has been
used- rather loosely up to now, and it is
important to clarify its meaning. Qne can, of
course, define it arbitrarily in terms of some
standard test, e.g., the gap test. The results of
such a test may be treated in a more or less
sophisticated way, by defining the sensitivity
either in ierms of the actual shock strength
produced in tise explosive at the critical, “go,
no-go* threshold, or, more simply, in terms of

ORINAL
adE
POSITION

" Figure 11-16. Isotherm Plots for the Shock in.

Helium Hitting a Neon Bubble
(The numbers are 100 times the
specific internai energy; behind
the initial shock, the value is 50.
Dashed lines show the bubble
configuration. Cylindrical axis is
to the left. Late-time heating at
the top is caused by collision
with.wall, t=30.)

the critical thickness of the gap material, But,
either way, the point remains that any such
definition is arbitrary in some degree because
there is at least gne other factor that may be
important besides the.peak pressure in the shock
wave. This factor is time, i.e., the duration of
the shock pulse or its-characteristic decay time.

The time factor in the initiation -of 'solid
explosives is of interest, because it could be
important in determining shock sensitivity. In a
shock sensitivily experiment, such as the gap
test, the time period over which the initiating
shock can be sustained in the acceptor charge
without chemical reaction is limited either by
(1) the diameter of the Aonor charge, (2) the
length of the donor charge (i.e., the pulse width
of the incoming shock), or (3) the diameter of
the acceptor charge. This arises because
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rarefactions (release waves) will always
propagate towards the shock front from the
charge boundaries (Chapter 9)., The release
waves are associated with a drop in pressure and
temperature, and hencz will effectively quench
chemical reaction. Therefore, if detonation is to
be ipitiated in an acceptor charge, significant
chemical reaction (e.g., thermal explosion) must
occur prior to the arrival of the release waves.

This criterion for shock initiation of
detonation can be stated as

(d") > t(P) (11-2)
where ‘r(d*) is the time period available for
chemical reactiq"n when. the limiting charge
dimension is d, and ¢ (P} is the thermal
explosion time for an initiating shock pressure
P,. The equality sign in Eq. 11-2 will then define
the critical shock pressure (ie, P, =P )fora

“go or no-go” result in a gap tes{ expenment
Since 7 cen be expected to decrease with
decreasing d ', and £, to decrease with increasing
P, (see Egs. 10-20 and 10- 21), it can, therefore,
be inferred, that P must increase with
decreasingd .

This effect on P, has been borne out in a
séries of gap test e,xpenments carried out by
Aerojet-General Corporation with solid
comgnsite propellants?2, Fig. 11-17 shows the
experimental variation in P, with acceptor
charge diameter for three different propellants .
In these gap tests the acceptor was a right
cylinder with a diameter greater than the critical
diameter d_ (i.e., the minimum charge diameter
in which® a steady -state  detonation will
propagate). The donor charge in each case was a
conical TNT booster that is three base diameters
in height with the base diameter equal to the
diameter of the acceptor. The region below each
of the nurves defines-the “no-go” region for the
propellant, and above the curve, the “go”
regiont.

It is clear from the figure that there axe values
of the acceptor diameter, particularly near to d,,

* Compositions ining jum perchlorate,
ajuminum, RDX, and PBAN binder
(polybutadiene-acrylonitrile copolymer),

1 A “go" result was interpreted when detonation was

initiated snd sustained over the entire length of the
acceptor (2-4 charge diameters),

1-20

where a decrease in charge dimension causes an
increase in P_. It can be construed from these
results that tiw acceptq“r diameter is acting as a
limiting disncnsion d° and that its effect
becomes less:‘important atlarger charge diameters,

Table 11-3 shows the effect of variations in
diameter of the donor charge on the shock
pressure required for initiation of .one of the
propellants from Fig 1117 (ie., propellant A
with 9.2% RDX; d_ = 2.7 in.). Here the
cylindrical acceptor c‘imge diameter was kept
constant at 6:in. and the donor charges were
cylindrical TNT boosters whose diameters were
varied. While the values for £, are not well
defined by these data, it is clear that shocks of
higher strength were required for a“go” result
when the .donor charge diameter was made
smaller. This would again mdxcate that there isa
limiting' charge dimension d* , namely the donor
diameter, at least for those cases where the
diameter is less than that of the acceptor, It is
interesting to note from Table 11-3, that a ‘“‘go”
result can be obtained even when the denor size
is less than the critical diameter of the acceptor,
however the value of P, apparently is greatly
increasedin this case.

Fig. 11-18 depicts the results of a shock
sensitivity experiment with Propellant A, d_=
2.7 in., using the flyer-plate technique. In this
test explosively drivent flyer plates (5 sq. in,,
1/32 to 1/2 in.) are impacted against the
acceptor charge (4 in. diameter). In this manner
planar shock waves with varying peak pressure,
(proportional to plate velocity) and pulse width
(proportional to plate thickness) are introduced
into the acceptor. As in the gap-test, a “go or
no-go” result is determined. It is quite evident
from Fig. 11-18 that PQ varies quite drastically
when the pulse width is less than 1-2 psec, but
approaches a constant value at larger pulse
widths. Since the pulse width in microseconds is
governed by the release wave which moves
directly behind and toward the shock front, the
data of Fig. 1118 can be interpreted as
mdxcatmg the existence of a limiting dimension
d" which would be equivalent to the length of
donor charge. In this particular case, the d
corresponding to a 2 usec pulse width would he
=7 mm,

One can conclude from these results that the
critical shock strength for initiation may be
controlle.. by factors which are not intrinsic to
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TABLE 11-3 EFFECT OF DONOR CHARGE DIAMETER ON SHUCK SENSITIVITY

Acceptor Charge: 6-in. right cylinder (critical diameter = 2.7 in.)

Donor Charge Initial Shock Gap Test

Diameter, in, Pressure, kbar Result
1.00 250% No-C~
1.50 250 No-Go
1.75 150 No-Go
175 250 Go
2.00 125 No-Go
2.00- 150 Go
2.00- 250 Go
3.00 50 No-Go
6.00 ~30 Go

* Maximum shock pressure attainable (i.e., zero-gap).

the explosive composition, in which- case one
‘must be cautious in comparing the éxpetimental
results from different test arrangements, and-
even with the same test arrangements. Howaver,
it is. also evident that it is possible to minimize
the effects of .charge geometry on B, by
utilizing charge diameters both for the acceptor
and' donor which ate larger than the critical
diameter- of the test material.

119 THEORY OF SHOCK WAVE
INITIATION IN SOLID EXPLOSIVES.

The contrasting behavior- of homogeneous and
nonhomogeneous explosives when subjected to
underdriven shock waves was described in par.
11-5. Solid explosives, except for single crystals,
are nonhomogeneous; and, typically, unless the
wave decays without producing detonation, it
begins to accelerate immediately, and sinoothly
develops to a steady-state detonation.
Acceleration of the front indicates that reaction
is occurring close behind the shock. Electrical
resistivity measurements derived by Campbel,
Davis, Ransay, and Travis® tend to confirm this.
Their experiments seem to show that the region
immediately behind the underdriven shock front
is electrically conductive, and that the
conductivity in this region increases continually
as the wave progresses until steady state

detonation is reached. This indicates that weak
chemical reaction occurs behind" the -enteritig
shock front and becomes stronger-as the shock
wave builds up. This finding is somewhat at
variance, however, with-conclusions reported by
Gipson and Maceék?2, who interpréted their
experimental results to mean that the reaction at
first lags at a distance behind the shock. They
explain the accelerstion of the front as resulting
from the action of-compression waves emanating
from the reaction zone. In their picture, the
reaction catches up to the shock wave only
when full detonation .is established. The
conditions were not the same in the two sets of
experiments: Campbell, et al., employed.plane;
essentially nondecaying (step-like) shocks,
whereas Gipson and Macek used a typical
gap-test geometry where neither of these
conditions were fully met. Also, the conclusions
of Gipson and:Macek are based on an observed
difference in location of a pressure front as
detected by pressure collapsing probes and a
“flame front” as detected by a common type of
ionization probe. The pressure detectors were
located on the central axis of the cylindrical
charge, and the ionization detectors at the
intexface of the explosive and the steel tube used
to confine the charge. Possibly, the
interpretation of the experimental results could
be reconciled in the two cases if the electrical
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response characteristics of the different
ionization probes were carefully analyzed, and if
the curvature of the front in- the Gipson and
Macek experiments were taken into account.
The theory of hot spots as described in the
previous paragraphs suggests that initiation takes
place within 0.1 usec or less after passage of the
shock. It is to be expected that ionization will
increase with time as the initiation process
spreads, and as the reaction becomes general
throughout the mass of the explosive. Therefore,
the somewhat disparate conclusions of these two
investigations may not be really at variance with
this theoretical picture.

Although experimental work has not as yet
yielded a clear picture of the nature of the
reaction that supports a shock wave in the early
stages of the initiation process in solid
explosives, it is quite certain that energy release
occurs not far behind the initiating front. This is
in. distinct contrast to the behavior of
homogeneous liquid explosives where
detonation develops at the back face where the
shock first enters the explosives. Obviously the
model of & simple- first-order, Arrhenius-type
reaction—which describes the latter
phenomenon so well—does not represent the
entire behavior of solid explosives. Indeed, there
is little uoubt that the actual mechanism
involves initiation by hot spots followed by
some sort of surface-erosive deflagration, or
grain burning. The formulation of a
mathematical mode! along these lines, however,
presents some rather formidable problems not
encountered in the homogeneous case.

'The general approach to this quastion has been
discussed- by Adams®*, who shows that a
pressure-dependent burning-law as displayed by
solid propellants, i.e.,

r=ksp" (11-3)
where r is the linear surface erosion rate; S, the
surface area; P, the pressure; aud %k and n
constants, will meet many of the model
reguirements provided the reaction is.supposed
to start on all the grain surfaces when the shock
advances over them. Warner*® has formulated
the equations of motion for a computer program
with this type of heat releass term. As a
technical matter, it is necessary to set an
arbitrary pressure level below which
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decomposition does not occur to prevent the
explosive from decomposing even bhefore the
shock passes through if. Essentially this device
performs the function of hot spots in the actual
case. Another practical problem is to find an
equation of state that satisfactorily describes the
two-phase system representing the surface
burning explosive grains and the product gases.
In spite of obvious imperfections, a simple
model with a pressure-dependent burning law
does show the desired behavior: steady build-up
of the shock front to detonafion without
overshoot. Some of the results reported in Ref.
25 are depicted in Fig. 11-19 and 11-20. These
figures illustrate the calculations for an initiating
shock of finite duration applied by means of
psston 1
explosive X = 0), the motion of the piston
being adjusted to support the flow at all times as
reaction builds up. Full developmert of the von
Neumann ‘‘spike” (Chapter 8) to the
steady-state condition occurs in this case in
about one microsecond.

Boyer and coworkers?® have attempted to
simulate the behavior of hot spots combined
with grain burning by a “twe=zone” model. The
explosive graing are considered to be enveloped
in a thin initiating layer which comprises a
fraction F, of the total explosive. This initiating
layer behaves as a homogeneous explosive,
following a first order Arrhenius law. The
activation energy is adjusted to give a suitably
short ignition delay time. By means of this
device the grain burning mechanism is brought
into action in the second, inner zone:. Behavior

.of this model is similar to that of Warner’s

model, showing a steady build-up to full
detonation at the shock front. Interesting
studies can be made in this case by varying the
fraction F;, which might be thought of as the
“hot-spot”’ fractioh. Boyer and Grandey?® have
also considered the effect of varying grain size
on the behavior of the two-zone model. Larger
grains lead to a longer reaction zone and a
slower build-up to detonation, as expected (cf.
Chapter 9),

Boyer, on the basis of the two-zone model, has
investigated some interesting ideas pertaining to
the effect of void spaces, or porosity in the
charge, The following remarks are quoted from a
discussion in the Ninth Combustion Symposium,
p. 551 (Academic Press, 1963): “An interesting

.on at the left boundary of the
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Figure 11-19. Build-up of Shock Wave in Solid
Explosive to Detonation for a
Surface-erosion (grain burning)
Law of Heat Release®® (The
shock enters the explosive at X =
0-with a pressure of 10,000 atm.)
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Figure 11-20. Peak Pressure and Position.of the
Wave as a Function of Time for
the Case in Fig, 11-19:

type of ignition occurs when there are pores or
voids in the charge. It is {uiind that if, upon
passage of & shock over porous material, the
pores are comipressed to zero volume, theixr the
energy deposition in excess of that deposited by
a shock of similar intensity in a nonporous
matenal is approximately proportional to the
initial pore -volum.: This excess energy
represents work done in compressing the pore. It
is associated with motion and viscous
dissipation, and presumably is deposited in, the
vicinity of the pore. If the volume of material so
affected is approximately equal to the pore
volume, then the temperature rise will be twice
in bulk materisl. A hot spot approximately
equal to the pore volume is, therefore, created
(cf. Ref. 10, 14, and 22); this logically becomes
the volume of the ignition region, and it is
concluded that in the initiation of porous
explosives by such a mechanism, the parameter
F, can be taken to be equal to the fractional
porusity of the charge, It is to he noted that the

foregoing arguments do not depend significantly
upon the type, or even the presence of occluded

gas.

“This relation beiween porosity .and the-
ignition process provides a resonable
interpretation of many widely observed
characteristics of detonation waves.. It is fitst
necessary to realize that représentation of the
ignition reaction by an Amhenius function
means that the ignition reaction zone is very
narrow. Its energy contribution to support of
the wave is, therefore, not seriously degraded by
lateral expansions, even at small charge
diameters. This will be equally true-of Taylor
expansions (Chapter 8) behind thu wave after a
vety short propagation distance, It follows that
if a large fraction of the charge materiel is
consumed in the ignition process, as would be
the case, according to the previous argument,
with loosely packed, porcus charges (i.e., large
F, ) one would expect a-very short wsve rin up
to steady state and a small eritical diameter.
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With a high density, nonporous charge, the
converse would be expected. Such behavior is in
general accord with experiment.”

Boyer also makes these remarks concerning
the effect of grain radius R, . “The parameter R,
has a similar effect on the surface regressive
process. A small R, provides a thin reaction
zone width and, consequently, a short run-up
distance and small critical diameter, whereas the
converse i§ true with large R,. We have observed
that computed waves in charges defined to have
an R, combined with a small Fy (i.e., initiating
fraction) will run for large distances at a velocity
of about 4 mm/usec before accelerating to a
steady ‘value. Since-these waves were computed
with one-dimensional geometry, the effect of
lateral losses could not be ascerfained (cf.
Chapter 9), but it is believed that had such losses
been present;, these low velocity waves could
have been indefinitely stabilized.
Experimentally, it is reported that the condition
of large grain size, high density, and small charge
diameter is just that which results in stable low
order detonation’’ (cf. Refs. 27 and.28).

The term “low-order” detonation is a loosely
defined concept wreferring to reaction waves
which traveél at velocities much less than that
predictable: by C-J theory. These processes,
which can be considered as intermediate
between deflagrations .and deétonations,
undoubtedly involve a critical balance between
energy production by heterogeneous reaction
processes and energy loss due to lateral
expansion (Chapter 9). Hence the observed
reaction wave depends critically on charge
diameter, porosity, explosive composition,
confinement, etc. A comprehensive review of
this general subject can be found in Ref. 28
which. is a US. Army Research Office STAF
report. ‘

A special case of “low-order” detonation is the
so-called “low-velocity detonation wave” (LVD)
‘which can occur in certain liquids and solids and
in charge geometries which can also sustain a
“normal” C-J type detonation. This special case
is discussed in some detail in par. 11-10.

11-10 LOW-VELOCITY DETONATION
{LVD)

The discussions of shock wave initiation have
referred so far primarily to the establishment of
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a “normal” detonation wave whose velocity is
commensurate with that predictable from
hydrothermodynamic theory. For many years,
however, it has been known that certain solid
and liquid explosives (e.g., granular TNT and
nitroglycerin) can detonate in two different
velocity regimes (see Ref. 28). There is the
stable ‘‘normal” wmode or ‘high-vclocity
detonation (HVD) which we have referred to
previously, and an apparently stable low-velocity
detonation (LLVD) that propagates near thé sonic
velocity of the unreacted material. The LVD
mode occurs only under special conditions of
charge diameter, confinement, and- iyitiation.
This can be seen in Fig. 11-21 whic « presents
the detonation velocities found in a typical
blasting gelatin??,

The HYD mode is seen to propaga®.
essentially at the Chapman-Jfouguet velocity -of
7500 m/sec, while the LVD mode propagates at
1500-2500 m/sec, which is near sonic in the
unreacted blasting gelatin. In this case, either
HVD or LVD-could be obtained at the same
chacge diameter simply by changing the
initiation- source from -a high strength Briska
detonator to alower strength fulminate-chlorate
detonator. Similar HVD-LVD phenoinena. have
been teported for.granular TNT3.

The different shock strengths required to
initiate HVD and LVD is one of the striking
differentiating characteristics of the two modes
of detonation. For eéxample, HVD in
homogeneous liquid explosives requires shock
initiation pressures of 50-100 kbar, whereas an
LVD in these same liquids might be initiated
with shock pressures one to two orders of
moagnitude less. A good example of this
difference can be seen in the gap-test sensitivity
data (see Table 11-4) reported by the U. S.
Bureau of Mines for a 50/50
nitroglycerin-ethylene glycol dinitrate explosive
mixture (NG-EGDN) and a nitric acid-fuel
solution (Cavea B110)*?.

The extreme shock sensitivity of materials to
LVD has considerable significance in the safe
handling of liquids which can undergo this mode
of detonation, Accidental explosions have
occurred in nitroglycerin and liguid
monopropellant manufacturing facilities as the
result of relatively mild initiation stimuli. This
suggests that LVD may have been the
responsible factor in the initiation of the
explosion.
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TABLE 11-4 EXPERIMENTAL CARD-GAP TEST RESULTS '
Sonic
Confinement Velocity,* P /py* Gap Valuest: :
Material m/sec (in, of Lucite) . Rk
NG-EGDN- Caved B . L
HVD-LVD LVD-NI HVD-LVD LVD-NI :
Lucite 1840 1.00 2.2 >12 1.2%+ -
Lead 1190 1.73 1.8 >12 1.5 -
Aluminum 5000 1.78 1.2 > 12 0.1 3.0 :
Copper 3810 1.87 1.0 > 12 <0.1 4.0 :
>12 <0l 6.0 '

Steel 5200  1.90 0.4

*  Sonic velocity in thin rods of confinement material.
**  Ratio of transmitted to incident pressures from Lucite gap.

+ Gap values for HVD-LY'D refer to threshold between HVD and LVD.
Gap values for LVD-NI refer to thréshold between LVD and no initiation (NI).

1 Only HVD observed.

At the present time there is no adequate
theory for LVD initiation and propagation,
however, experimental studies at the U. S.
Buréau of Mines?!-3% and Stanford Research
Institute®4-® have characterized some of the
properties of LVD .in liquid explosives. These
studies suggest that the phenomenon involves
complex shock interactions between the liquid
and the container walls, and the formation of
vapor hubbles by cavitation.

Table 11-5 shows some of. the results found by
the U.'S, Bureau of Mines for, the stability of an
LVD +wave in NG-EGDN under various
conditions of confinement®3, It is evident that
wave stability is enhanced by increased
container wall thickness and increased wall
sound speed. These results along with high speed
photographic evidence of cavitation in the liquid
led Watson, et al.>® to suggest the following
four step model for LVD initiation and
propagation.

In the first step, shocks (precursor waves)
moving up through the container walls cause
bow waves in the liquid explosive which
compress the fluid. In step 2, the compressed
liquid is expanded by the rarefaction waves
which are associated with a radially outward
motion of the container walls. In step 3, the

11-28

liquid cavitates resulting in the formation of
large numbers of gas-bubbles. In the final step, e
the gas bubbles ignite to rclease the energy f\ $0

required to support the precursor shock wave in -
the container wall,

The mechanism by which these steps are
coupled to yield a steady-state reaction wave has
yet to be worked out. However, the model is
somewhset similar to the grain burning
mechanism often postulated for granula: solid
explosives (e.g., see discussions in previous
paragraph), In the solids case the surfaces
necessary to support bulk -grain burning are
associated with the individual grains of
explosive. In the liquids case, the necessary
surfaces are formed in situ by cavitation behind
the precursor waves.

Amster and coworkers®* at Stanford Research .
Institute suggested a somewhat different model :
for LVD propagation, In this model the bow :
waves in the liquid coalesce to form a high
pressure “Mach disc” which travels with the
speed of the precursor wave. The pressure just
behind the “Mach disc” could be quite high (=
85 kbar) which would be marginally sufficient
to initiate the same type of reactions that
suppcst HVD in the liquid, This model would
explain the obeervations that (1) a propagating

.
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RESULTS OF LOW-VELOCITY DETONATION STABILITY STUDIES.

Detonation

TABLE 11-6 |
WITH NG-EGDN
(¢, = 1.48 mm/usec, 5 = 1.55 gfem®)
Wall
Thicknéess, in. Result

Velocity, mmy/usec
pinnide’Aliliicimdody

Lead Tubes: ¢, = 1.21 mm/usec

1/16 Unstable .-

1/8. Unstable

1/4 Unstable
Plexiglas Tqbes: ¢, =1.84 mmj/usec

1/16 Unstable ——

1/8 Stable 2.14

1/4 Stable 1.84

‘1/16 Steel Tubes: ¢, = 5.20 . mm/usec

1/16 Stable 1.96

;/8 Stable 1.88

1/4 Stable 211
Aluminum Tubes: ¢, = 5.00 mm/usec

1/16 Unstable —

1/4 Stable 2.04

LVD wave often changes in a jump fashion to an
HVD wave, (2) an LVD wave is more stable in
cylindrical containers (wall shocks in
noncylindrical containers will not give rise to a
“Mach dis¢”), and (3) LVD wave stability is
sensitive to- wall composition and wall thickness.

However, in subsequent studies'Woolfolk and
Amster®® observed an -apparent LVD
propagation with 1,2 difluoraminopropane
(1,2-DP) in cylindrical lead and square
aluminum containers (see Table 11-6). This is
inconsistent with the “Mach disc” model
because with lead having a sound speed (¢, = 1.2
mm/usec) just slightly above that of 1,2-DP (c,
= (.96 mm/usec) a high pressure “Mach disc”

would not be expected to form in the liquid.
Also, & well defined “Mach disc” is not expected
to be formeéd when the liquid is contained in a
noncylindrical geometry.

Indirect evidence in support of a cavitation
type model comes from an extensive
experimental study by Stanford Research
Institute (SRI) of the sensitivity of an.isomeyic
series of difluoramino propanes (1,2:DP; 2,2-DP;
1,3-DP)*®, These liquid explosives consistently
exhibit an LVD of ~ 1 mm/usec in charges of
less than ~ 9 mm diameter and an HVD of~ 6
mm/usec at larger charge diameters. In some
cases the LVD wave can be initiated by
extremely weak shocks as can be seen from the

11-28
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‘TABLE 116 LVD GAP TEST FOR 1,2LP: EFFECT OF CONFINEMENT
GEOMETRY AND SONIC VELOCITY

Sonic Velocity,

Tube Material . mm/usec Geometry
Aluminum 5.2 Cylinder
Aluminum 5.2 Square
‘Brass 3.7 Cylinder
Steel 5.1 Cylinder
Lead 1.2 Cylinder

o

Dimensions 50% Gap, cm
ID, em Wall, cm of Plexiglas
1.27 0.23 > 214
1.27 0.318 > 61—<91.5
1.27 0.23 >95—<122
1.27 0.63 >91—<126
1.27 0.63 > 95.0f

T No further test was made above this gap because the average propagation velocity had become subsonic..

positive gap test result for 1,2-DP with a 214 cm
gap (see Table 11-6).

1t was found by the SRI group that the order
of increasing shock initiation sensitivity for the
diflioraminopropanes is just that order which
would: be expected on the basis of increasing
gas-phase reaction rates (see Table 11-7T) -
addition, the drop weight and spark sensitivities
for the compounds follow the same order. On

the other hand the order of HVD shock

sensitivity as deduced from measured shock
initiation induction times (see par. 11.5) is
exactly opposite to that for LVD. These results
siiggest the following: (1) the controlling
chemical reactions in LVD are gasphase

decompoisitons (i.e., in gas bubbles formed-by
cavitation of the liquid), and (2) the controlling
chemical reaction step in LVD is not the.same as
that in HVD, at least for the two conipounds
shown ih Table 11-7. The first suggestion is
consistent with a cavitation type model for
LVD, while the'second suggestion. is inconsistent
with the “Mach disc” model.

The various observations .of LVD in liquids
indicate that a quantitative understanding of the
phenomena cannot be obtained by application
of the Chapman-Jouguet thecry. Considerdtion
must be given to the rultiple shock wave
interactions that occur and to heterogeneous
butk bumiing in- the liquid.

TABLE 11.7 CORRELATION OF SENSITIVITY TESTS WITH REACTION RATES

Gas-Fhase 'SensitiviﬁtLTest ' _|Reaction Time

Reaction Rate | LVD Gap |Drop Weight Spark HVD Gap

" 2,2DPA 4| 2°DP 2,2-DP 2,2-DP 2,2DP | *x
1,2-DPT + 1,2.DP T 1,2-DP T ,1,2-DPT 1,2-DP l
1,3-DP 1,3-DP -

¥ 1 = increasing sensitivity or reactivity.

% | = increasing reactivity.
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CHAPTER 12 INITIATION AND GROWTH OF DETONATION FROM IMPACT,
FRICTION, AND THERMAL SOURCES

12-1 SENSITIVITY TO IMPACT AND
FRICTION

Safety is, of course, a constant concern in
handling explosives; from the beginning of their
development, methods were sought to test the
“sensitivity” of explosives to various types of
stimuli. Explosives that are more sensitive to
impact and friction are not necessarily more
powerful; therefore, it should be quite possible
in principle to produce explosives that are just as
effective or more effective than those now-in use
and’ which, at the same time, are safer to handle

-and use. This has been the reason for much of

the work on this subject. At the same time
attempts have been made to interpret the
sensitivity behavior in terms of properties that
are better characterized and' better understood:

The difficulty of- the sensitivity problem
siems, .indeed, just from the fact that it is so
poorly understood and, therefore, so poorly
defired. Even at the present time there are no
standards in this ficld; tests results from one
laboratory may not entirely concur with those
from another. In the United States there are
perhaps three nonofficial “standard” impact test
machines~one at the Bureau of Mines,
Bruceton, Pennsylvania; one at Picatinny
Arsenal; and one at the Naval Ordnance
Laboratory (NOL). Because thare are no guiding
principles in this area, the design and cimensions
of each of these devices was quite arbitrarily
arrived at. However, to oblain meaningful and
consistent results, great pains must be taken to
control conditions in the test whatever they are
arbitrarily established to be. The painstaking
nature of this work is illustrated by the
following description of the apparatus and
methods presently in use at the Bureau of Mines,
a typical piece of apparatus.

The Bureau of Mines impact apparatus shown
in ¥ig. 12-1 is essentially a device in which a
sample of explosive is subjected to an impact of
a free-falling drop-hammer of 5-kg weight. It
consists of a framework of steel T-beams which
rise vertically from a massive steel hase resting
on a concrete pier, The drop-hammer and the
yoke move between the steel beams which are

12.5 ft in height. The yoke is provided with an
electromagnet so that it can be magnetized. It is
raised or lowered by means of a windlass located
at the base of the machine. When the yoke is
magnetized, it attracts and holds the
drop-hammer which may be reised ‘o any
desired height up fo 330 cm. When the yoke is
demagnetized, it releases the steel hammer: A
recording device attached to- the windlass
measures the height from which the hammer is
released. The anvil assembly is mounted. on the
base of the macthine and congists of a hardened
steel anvil and a plunger, 1.25 in. in diameter
and 6 in, in length, machined to give a sliding fit
through a steel guide ring. The drop-hammer,
when relee~ed, sirikes the plunger which
transmits the forces developed on impact to a
small striking pin that fits into a steel cup
containing the test sample.

The striking pins—0.5-in. -diameter by 0.75-in.
length—are of type 440-C slainless steel,
hardened to 55-60 on the Rockwell scale, and
ground and polished to give a snug, freely sliding
fit in the sample cup. The sample cups are
approximately 0.5-in. in diameter and 0.25-in. in
depth, and are of type 302 stainless steel with a
wall thickness.cf 0.007-in.

The test sample of approximately 35 mg is
placed in the stainless steel sample cup, and the
striking pin is gently pressed down upon the
sample. This assembly is thon centered on the
anvil by a shallow socket at the lower end of the
plunger. The hammer is raised to-a given height
and then allowed to drop on the plunger. If no
explosion or reaction occurs, the hammer is
raised to successively greater heights and the test
repeated with a fresh charge until a reaction
occurs or until the maximum range of the
equipment is reached, If a reaction does occur,
fresh samples are tested at successively lower
initial heights of fall until a point of no reaction
is reached. Once the initial height is determined,
a sample will be tested at a given increment
below the level at which the previous sample was
tested if that sample reacted, and a given
increment above the level at which the previous
one was tested if it did not react. By using this
‘“up-and-down"’ method and analyzing the data
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statistically, a height for 50-percent ignition
probability is attained:

The determination of an “explosion or
reaction” is besed on visual and aural
observation. Any indication of
decomposition—explosion,  burning;  flash,
smoke, or charring—is-considered a*“‘go”.

One difference between the Bureau of Mines
test and -that at NOL is the use at NOL of a
piece of sandpaper .placed under the sample on
the test anvil. This possibly has the effect of
more- nearly standardizing the mechanism by
which the mechanical: energy of the falling

Solid
explosive

weight is converted to heat in the explosive
sample.

, ‘Other differences are present in the tooling;

drop weight, size and criteria for judging a ‘“‘go”.
All differences combine to give different
50-percent drop height values. for thé same
explosives; however, in general, when propeérly
determined on adequate equipment, the results
huve a differential validity-in>that they-correctly
order explosives with respéct to impact
sensitivity. '

Friction testing of explosive has not been as
common as impact testing. However, interesting

Figure 12-2. Illustration of Apparatus Used for Determining the Friction Sensitivity of Solid

Explosives

12:3
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results have been obtained by Bowden! an<
coworkers using friction apparatus such as that
illustrated in Fig. 12-2, Some of the results are
described in par. 12-3. The device in Fig. 12-2 is
designed so that a.thin layer of solid explosive is
subjected to rapid shear while held urder a
known load.

12-2 DESIGN AND  ANALYSIS OF
SENSITIVITY EXPERIMENTS

Explosive sensitivity tests are among the: few
examples, .of what might be -described as
one-shot, ‘“go or no-go” experiments. Certain
types of biological tests, e.g., lethal dosage, also
fall into this category. In experiments of this
nature, only a single trial can be performed on
each specimen because it is so altered by the
test, regardless of outcome, that it cannot be
subjected to further testing. Thus, it is not
possible to determine the critical level of the
‘independent variable—e.g., the drop height of
the impact test—in t.is case for each specimen
-and, therefore, an element of indeterminacy is
inherent in each trial result. One consequence of
this situation is that more tests are:necessary to
determine the sample mean and standard
deviation with given precision than in
experiments where a definite critical threshold
value can be assigned as a result of each tiial.
Another consequence is that a certain method of
testing, the so-called “up and down” method, is
considerably more efficient than other methods

‘in deriving this information.

The up-and-down method was developed by
the Explosives Research Laboratory, Bruceton,
Pa., and the statistical analysis appropriate to it
was developed by the Statistical Research Group
at Princeton University during World War I1. A
full treatment of the subject may be found in
Ref. 2; the essentials are given in the following
discussion which refers specifically to the
drop-weight impact sensitivity test.

In performing a test on a given sample of
explosive, one first of all fixes certain points on
the height scale at which trials will be made.
Individual trials are then made by seiting the
drop hammer at one of these points, never at
intermediate positions. The fixed points, which
we designate by the general symbol h, to
indicate the i-th point on the scale, are separated
by equal intervals d on « normalized scale. The

124

normalized scale is defined as that sale function
of height on which #ie actual critical drop
heights—if these cownld be determined—of an
infinite number of specimens of the explosives
would be normally:-distributed (in the statistical
sense). Experience indicates that the normalized
scale in the impact test is the logarithm of the
drop height; therefore, the intervals should be
equal increments of log height. If equal linear
intervals on the height scale are used, it would
I~d, in principle, to errors in thé application of
the statistics. (A test for normality of scale is
described in Ref. 2.) Ideally, the interval d
should be chosen, equal to the standard
deviation ¢. Obviously, since 0 is not known in
advance, the magnitude- of d had to be selected
on the basis of experience. A choice of interval
either Jarger or smaller than o simply makes the
test less efficient but does not invalidate the
results.

The ‘“‘up-and-down" test is carried out in a
sequential manner, the choice of test level for
the drop hammer in each trial being dictated by
the result of the trial just preceding it. The drop
hammer is raised by one interval d to the next
higher point h, . if the preceding trial at h,
was “no-go”” and is lowered by one interval d to
the next lower point ht_I if the preceding trial
was “go”. This procedure results in a nearly
equal number of “go’s” and “no-go’s”, and
guarantees that a great majority of trials is
grouped around the mean. An example of an
actual lest involving 100 trials is shown in Fig.
12-3. In this type of testing, 100 or more trials
are considered necessary if reasonably good
estimates are to be mace of the mean height.

The formula for calculation of the mean
height (or .mean log height if the log scale is
uged) follows. The computation is based either
on the “nc-go’s” (zeros) or the “go’s’” (x’s),
depending upon which is least in number; if the
number of each is the same, either may be used.
When the numbering of the fixed points starts
with zerc at the lowest level at which tests were
made, the mean level m is given by

1 .. .
m=c+d [N(o) Zino) + é] (12-1a)

where ¢ refers to the normalized scale value at
the zero level—e.g., the value of ho in Fig.
12-3;—N(o) vefers to the total number of zeros,
or “no-go’s™; i is the number of the level; and

.
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n,(o) the mimber of zeros at that level, the sum
being taken over all levels above the zero level. A
similar formula applies if one counts the *go’s”
or xs, as follows:
1
v =c¢ +d {— Zin(x) ~ % 5
m=c [N(x) 1) ] (12-1b)

where N(x) refers to the tot.. number of x’s,
and the other symbols are defined consistently
with ‘those previously given. Egs. 12-1a and
12-ib are, of course, identical with usual
formulas for calculating the mean, except for
the correction * 1/2, which takes account of the
fact that the independent variable is not
continuous, but “quantized”.

Calculation of the standard deviation o is not
so direct, One first calculates a number M
defined by

Eizni Eint2
M=~ "I~

where N and n, refer to either the zeros or the
x's, the choice being of the one for which N is
the smaller if N is not the same for both. If M >
0.40, a number s is calculated from it by the
approximate formula

(12-2)

s = 1,60 (M + 0.04) (12-3)
If M <0.40, the curves in Fig. 12-4 are used to
find s. The actual curve to be used depends on
how close the mean value m is to the nearest test
point h. Interpolation can be made between the
curves in Fig. 12-4 when the difference m - h
does not correspond to a value for which a curve
is given. When s has been evaluated, the
estimated standard deviation o is caleulated by
the formula
g =sd (12-4)
These formulas, of course, give estimated
values for m and o based on tests on a finite
sized sample. The standard error of the estimates
depends, as in ordinary statistics, on 1/ yin wheve
n is the total number of trials. It also depends on
the relative size of d and o, and on where m
happens to fall within an interval on the leight
sca.e. For the formulas used to compute
standard errors of various estimates, the reader is
referred to the original publications?, However,
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it should be n.ted that Martin an¢ Sanders®
compared the analysis of the Bruceton method
to that of large sample theory employing the
results on as many as 150,000 {iials obtained in
a simulated computer expesiment. They
concluded that for a sample- size of 100, the
Bruceton type of test will give a good estimate
of the mean m, but arelatiyely poor estimate of
the standard deviation g. With a sample size of
25, the spread in m becomes-excessive,

12-3 THEORY OF IMPACT SENSITIVITY

It is now widely accepted that initiation in all
the-common sensitivity tests depends on thermal
explosion. Usually, the temperature . rise
produced by the test stimulus is not uniform
throughout the mass of explosive; instead, heat
is concentrated in one or more small-Volume
elements, i.e., hot spots, created by the stimulus.
Explosion occurs in these areas and spreads into
the mass by the action of hot gases or of
compression waves, or of both. A complete

‘theory of the phenomena in any given type

experiment would have to treat the following
aspects: (1) process by which heat is produced
in a hot spot as a result of the initial stimulus,

(2) distribution of size and temperature level’

among the hot spots-as a function of intensity of
the initial stimulus, (3) tempore! behavior of a
hot spot after it is formed as a function of size
and initial temperature, and (4) spread of
reaction {o the bulk explosive following
explosion of the hot spots.

Because of the obvious complexity of the
problem, a complete theory such as this has
never been formulated, bui considerable
attention has been given to the problem (see
Chapters 10 and 11). The types of processes by
which hot spots are produced as a result of
impact and friction have been the subject of
much artful reseaxrch by Bowden, Yoffe, and
coworkers'. This work has demonstrated that
there are a number of mechanisms by which pari
of the mechanical energy may appear as heat
concentrated in a number of small volume
elements or hot spots in the explosive mass,
These findings are as yet only semi-quantitative,
and in no instance is it possible-to calculate with
certainty the size or temperature of a hot spot
that is produced, for examplé, by some given
impact. Neither is anything yet known about the

e e S e




! e e e e e = e e o s A e pESrme RN e e+ b A e s < moctreme 3 S s AL L e L -~

ving &31am18uaS o0dur], JO UORONPIY [DIUSIDIS BYY UL OF 0 > i udYH W.wol] s Fupomoy 10 seany p-gT 2nSuy

12-7

L 2
SL0 O0LO S90 090 S0 0S0 SHFO O¥0 SE0 0£0 §2Q
g T T T T T T—— 17— 2 %00

AMCP 706-180

o

- o’ ~ 4020

” onuaﬂl,e
- 4080
. A J{gg'0
+ {ov'0
1 1 L Il - S | i 1 1 1 ”
e ) )
‘ [




AMCP 708-180

he En A A

distribution of temperature and size among the
hot spots produced, or how these distributions
affect thie behavior of the explosive. The theory
of thermal explosion was applied to hot spot
behavior by Rideal and Robertson* and their
work has been extended by several others,
including Gross and Amster®, Boddington® and
Friedman”. The final growth of the explosion
following decomposition of the hot spot has not
been specifically treated. What has evolved to
the present time, then, is a partially complete
-and still largely cualitative model. Comparison
between theory and experiment consist in
correlation rather than quantitative calculation.

Bowden! has listed the possible effects of
impact or shock as follows:

(1) Adiabatic heating of compressed-yas
spaces

(2) Frictional hot spot on the confining
surface or on a grit particle

(3) Intercrystalline friction of the
explosive itself

(4) Viscous ™eating of the explosive
flowing under high rates of shear

(5) Heating of a sharp point when it is
.deformed plastically

(6) Mutual reinforcement by interference
of shock waves.

The adiabatic heating of compressed gas
bubbles proves to be an important source of hot
spots in liguid explosives like nitroglycerin. The
importance of this effect is illustrated by the
following  experimental  finding. With
nitroglycerin, when a bubbie as small as 5 x 102
cm in radius is present, an explosion efficiency
of 100 percent may be obtained with a 40-g
weight falling 10 cm; but, when no gas bubble is
present something like 5 kg falling through one
metexr may be needed to initiate explosion.
Nitroglycerin can be ini*iated when a 40-g
striker falls a distance of only 0.5 cm with the
apparatus depicted in Fig. 12-5. (Fig. 12.6 is
taken from Ref. 1.) Trapped air pockets may
also be the source of hot spots in the impact
testing of granular solid explosives but this is not
so readily demonstrated.

A fact overlooked in early speculations on the
effect of trapped bubbles on impact is that the
heat made available by the compression of the
alr in a small bubble does not flow rapidly
enough into the surrounding liquid explosive to
heat it to a temperature necessary for explosion.
Evidence has been adduced by Johannson and

12-8

coworkers® to show that impact on a liguid
containing a gas bubble causes a fine spray or
foam inside the bubble. The tiny particles
explode when heated by the hot compressed gas
in the bubble, and the heat in thése explosion
products is then communicated to the bulk.
Because of this mechanism, therefore, a
compressed bubble is actually a much more
potent source of heat than a simple calculation
based on the gas alone would indicate. Similar
effects, caused by fracturing and splintering of
crystals, may occur in the inipact test on solids.

Ih the frictional mechanism of hot spot
formation; melting point, thermal conductivity,
and viscous flow play an important role. Melting
point is significant because a low-melting
material subjected to a given impact stimulus
may take up so much heat by melting, {latent
heat) that it is prevented from reaching the
explosiol. temperature. A convincing series of
experiments on this point has been pérformed
by Bowden and coworkers® who added various
kinds of grit to an explosive and subjected it to.a
given stimulus, either friction or impact. Typical
results are given in Table 12-1 which lists the
hardness as well as the melting point of the
various grit materials used. While there is
apparently no correlation between. test restlts
and the hardness of the grit particles, there is a
very significant relationship of the behavior to
the melting point. Clearly, there is a sharp
threshold effect when the melting point of the
grit particles lies in the region of 400°C or
higher.

1t is interesting to note that for some primary
explosives, like lead azide, lead styphnate, and
mercury fulminate—and secondary explosives,
like PETN and TNT—that the secondary
explosives melt at a temperature below the point
at which they normally explode, whereas the
primary explosives explode below the
temperature at which they melt. This may help
to explain the marked difference in sensitivity
between the two types of explosive. However,
melting point alone cannot explain the
differences in sensitivity of pure secondary
explsives; for example, PETN (m.p. = 142°C; 50
percent impact height ~ 25 em).and RDX (m.p.
= 204°C; 50 r . *ent impact height ~ 25 ¢m).
Chaiken and Cheselske® suggested that in these
cases the rate of heating by friction (and impact)
may be controlled by surface rate processes
involving viscous melt flow. Quantitative

ke
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Figure 12-5. Cavity Striker, Showing Small Air
‘Bubble Inside Cavity

measurements of the rates of viscous mielt flow
for PETN, RDX, tetryl, and TNT under surface
heating conditions showed that at a given energy
input the observed melt temperatiires follow the
same order as the sensitivity, i.e., PETN >RDX
> tetryl > TNT. These studies indicate the
possible importance of endothermic rate
procese~s in determining the sensitivity of
explosives to external stimuli.

A simplified derivation of the relationship
between hot-spot size and temperature at the
critical conditions for explosion was given in
par. 10-4, which is

i 0.04 QEa
= ple —— & (12-5)
5 P [E/T;,_] R

whete a_, is the critical radius of a hot.spot that
has a temperature T, (or vice versa). The
attempts at correlating “thermal explosion theory
with impact sensitivity data have usually started
with the assumption that-hot spots-of the same
size (i.e., same value a_, ) are produced in-various
exploswes by the © unpact machine, and
proceeded to calculate from an-equation like Eq.
12-5 the critical tempe'ature T, . This involves
the use of kinetic decomposltxon data (see Table
10-1). The temperabures:so calculated are then
correlated with the critical heights in the
drop-weight test.

Of the several papers that have treated this
kind of correlation, the one by Gross and
Amster® is of special interest because of the
uniquely  appropriate way in  which
decomposition data for the explosives wese
obtained. Most decomposition kinetics studies

TABLE 12 1 INITIATION OF EXPLOSIGN OF PETN IN THE PRESENCE OF GRIT

Hardness,  Melting Pt.,

Friction Explosion Impact Explosion

Grit Moh scale °C Efficiency, % Efficiency, %
Nil (pure PETN) 2 141 0 2
AgNO, 23 210 0 3
KNO, 2.3 334 0 0
K, Cr,0, 23 398 0 0
AgBr 23 434 50 6
Agl 2-8 550 100 -

Glass 7 800 100 100
Galena 23 1114 100 60
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on explosives have used the evoluiion of gas
(build-up of pressurej to follow the course of
reaction. Chemical analysis of the gas and
identification of the decomposition producis
permit one to calculate the heat of reaction, and
thus fo infer the rate of heat release from the
measured reaction rate. Measurements over a
range of temperature give the activation energy
(cf. Fig. 4-2); with this and the absolute rate
determination, the frequency factor Z is
calculated (Eq. 4-5). There are several reasons
why information derived in this somewhat
roundabout manner may lead to erroneous
results when applied to self-heating calculations.
In the méthod employed by Grossiand Amstex®,
however, heat release rates are inférred directly
from experiments involving self-heating under
adiabatic conartions. The miethiod is outlined in
the paragraphs which [ollow.

If no heat escapes frora a body of explosive
that is decomposing according to a first order
law, the temperature rises according to the
differential equation

ar_42 E/RT 126

o o P [~ E(RD)] (12-6)
where ¢ and g are the specific- heat and heat of
decomposition per gram, respectively. The
equation strictly -applies only to instantaneous
conditions at the start of the reaction
but-~provided the decomposition dces not
proceed very far during an experiment, i.e.,
approximately zero-order reaction—the equation
can be applied to the behavior of a body of
explosive that is decomposing over a period of
time under adiabatic conditions, Therefore, if
the T vs ¢ curve is measured 2t several points in
such an experiment, one should find that 2n
(dT/dt) plotted against 1/T is a straight line.

The experiments of Gross and Amster were
carried out in a special furnace designed to
gupply heat automatically to a vessel enclosing
an -explosive sample, the heat being supplied at
such a rate as to maintain the vessel at all times
virtually at the same temperature as the
self-heating swmple, thus preventing any
exchange of heat with the surroundings. The
sample was initially in the form of a solid right
cylinder 2 in. X 2 in., and was contained in a
stainless steel cup. The sample was heated slowly
under manual control to a temperature at which
self-heating became noticeable; then the device

12-10

was switched to automatic control which
maintained the adiabatic condition. In some
cases, ¢.g., with TNT, the explosive was in the
liquid state during the self-heating stage of the
experiment; in others, e.g., RDX, the melting
point was not reached. Thus, in the
extrapolation of some of Gross and Amster’s
data to higher temperature, a change from solid
to liquid is involved which has an unknown
effect on the reaction kinetics. Two figures
showing the adiabatic self-heating data for
several explosive materials are feprodiuced.in Fig.
12-6(A) and 12-6(B). The data points in Fig.

12-6 generally fall on a straight line as.predicted

by Eq. 12-6. From the slope of the line the
activation energy E was cilculated. The specific

heat was measured in independent experiments;.

thus the quantity ¢Z was obtained from. the
data. The values computed for these derived
quantities are given in Table 12-2. (The value of
qZ for Propellant C, given in Ref. 3 appears to
be in erzor; this has been corrected in Table
12-2.) Gross and Amster have also included
some- conventional kinetic measurements in the
table for comparison.

‘For Explosive Q two values of E are given in
Table 12-2 1ilong with corresponding values of

-qZ, the: i i value of E being the one used by

Gross ana ainster. The data points for Explosive
Q in Fig. 12-6(A) show an abrupt, change -of
slope in the dT/dt vs 1/T curve near the high
temperature end. However, the authors used the
points at low temperatures as a basis for
evaluating E. Since the value of E is to be used
in extrapolating the behavior to higher
temperatures than those at which experimental
data were obtained, it seems more appropriate
to choose the points at high temperatures as the
basis. The values given in parentheses in Table
12-2 are, therefore, based on a line of lower
slope, as drawn through the high temperature
points for the Explosive Q in Fig. 12-6(A.).

With the adiabatic furnace data of Gross and
Amster as a basis, the critical explosion
temperatures for hot spots in the various
explosives have been calculated from Eq. 12-5.
These are given in Table 12-3, based on tluee
values for the hot-spot radius—10"3, 10", and
10" cm. Similar calculations based on the
conventional kinetic data of Table 12-2 are also
given. The two different types of data give
generally consistent results. (An average value,
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Figure 12-6. Explosive Decomposition Data Frém.the Adicbatic Furnace®

10% cm?fsec, was used for the thermal
diffupivity « for all the calculations in Table
1233

In .order to- gelect from Table 12-2 a set of
temperatures.for correlation with sensitivity test
data, a choice has to be made of some
“standard” hot-spot size on which to base the
comparison. Although this choice is in a degree
arbitrary, there is reason to believe that a radius
of about 10" em (10u) is fairly representative

for hot spots produced in impact experiments.

One line of evidence comes from data such as
those in Table 12-1 which ghow that the critical
hot-spot temperatures for relatively sensitive
explosives like PETN ar.a RDX li¢ in the region
of 400°C (670°K). To judge from the
temperatures histed in Table 12-3, this would
indicate that the hotspot radius is in .de
neighborhood of 10*cm, or perhaps somewhat
less.

Another argument for thiy choice of hot spot
size may be based on the induction time
measurements of Rideal and Roberison*: In
their experiments the interval was measured
between the instant of Impact of the drop
weight and the time when the explosion was
recorded by a microphone placed as close us
possible to the edge of the sample. In various

ways the authors demonstrated that this time
interval was mainly due to- an inducticn or lag
period, and not to the time required for
explosion, to propagsie through the explosive.
(Indeed, in some of their experiments the
explesion probubly started o the -édge of the
sample near the microphone but in no
case—although there iy the usual random scatter
in the data—did they -ever find-a delay time less
than about 150usec.) The-average time interval
increased as the energy of the impact (height of
fall) was reduced towarc the critical level
tequired for ignition, The induction period
measured by Rideal and Robertson for PETN,
RDX, and tetryl was found to iie in the range
from 200 to 500usec when the drop height was
near the critical value, According to the theory
of thermal explosions, the critical induction
period is of the order of 0.1 a®/x (cf. Eq,
10-36). Thus with a= 10 ¢m and with ¢ =103
em?fsec the induction period should be of the
order of 100 psec; but if ¢ were 10 cm, for
exainple, it would be of the order of 10,000
usec, This points to 10p as the conect
nuagnitude (see Table 10-4),

An empirical correlation of hot-gpot explosion
temperature in °C and with the logarithm of the
50 percent drop height {em} is shown in Fig.
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TABLE 122 -KINETIC PROPERTIES OF EXPLIOSIVE MATERIALS
FROM.ADIABATIC SELF-HEATING.EXPERIMENTS

Adiabatic Furnace Data {Conventional Kinetic Data
Temp. Range Actication Teinp. Range Activation
and State; Eriergy E, qZ, and State, EnergyE, g2,

TNT

RDX
Comp.B
DINA
Q

AP

Prop. A
Prop. B
Prop. C

Explosive* °Ct keal/mol -cal/sec:g . °Cf keal/mol cal/sec-g

220-260; L. 37 5 X 10'3 276-310;L 34 1 X 10
238-27T; L 43 & X 10%¢
170-200;S 57 2 X 10%%* 213-299;1, 48 3 X 10
155-180; L. 44 6 X 10!
130-175;L 86 2 X 10'® 166-18%;L 50 5 X 10%?
250-270;S 66 4 X 10*%
(39) (7 X 10%%)
205-270;S 41 1 X 10*% 215.240;S 28
240-270;S 19
100-170;S 389 4 X 108
190-242;S 49 9 X 10
165:235;S 29 1 X 103

* Comp, B (or Cyclotol) is RDX/TNT, 60/40.
DINA is diethylnitramine dinitrate,
Explosive 9 is a high-meltijig CHNO explosive.
Propellant, A is a double-base (nitrocellulose-nitroglycerin-type)
propellant.
Propellant B is a compoiite propeliant containing ammonium perchlorats.
-(AP),-aluminum, and; polyvinyl chloride.
Fropellant C.is a composite containing AP, aluminum, and polyurethane.
T L= Liquid
S = Solid
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TABLE 12-3 HOT-SPOT EXPLOSION TEMP.(%RATURES CALCULATED
ON BASIS OF DATA IN TABLE 122

Critical Explosion Temperature #X

Adiabatic Furnace Data

Conventionai Xinetic Data

Explosive  6.=10%cma=10"em 6=10%cm ¢=10%cma=102cm a=10"em

TNT 900 710 560
RDX 610 550 510
Comp. B 660 580 510
DINA 650 560 480
Q 740 670 610
(1056 (830)  (690)
AP 770 660 570
Prop. A 590 520 460
Prop. B 670 600 540
Prop. C 750 600 500

780 640 540
930 770 65C
600 530 490

550 500 460

12-7, The explosion temperatures (converted to
°C) -are taken from the first columii of Table
12-3 (for @ = 10" cin), and the sensitivity data
from the paper -of Gross and Amster. (The
explosion temperature used for Explosive Q in
locating the point in Fig, 12:7 is that given in
parentheses in Tabie 12-3, ie, the figure

predicted on the lower value of F in Table 12-2.)

It is evident from the data points that the
hot-spot temperature increases with increasing
impact insensitivity or decreasing sensitivity.
The overall correlation (represented by the

‘heavy line in Fig. 12-7) is apparently improved

when the data are grouped into the two
“families’’ of points joined' hy the dashed lines
in Fig. 12.7, One of these families consists of
TNT, RDX, and the mixture of these, Comp. B;
the other, of ammonium perchlorate (AP) and
the two composite propellants based on it (B
and C), While these resulls are consistent with a

‘thermal explosion theory of initiation, it should

be pointed out that other factors—e.g.,
endothermic surfuce rate processes—may be
involved in determining impact sensitivity.

12-4 TRANSITION OF DEFLAGRATION TO
DETONATION

in defiagration or simple burming, as
exemplified in ordinary flames and solid
propeliants, fresh material is caused to react as a
result of heat tiansfer from the flame zone and
diffusion of matter back and forth between
intact and burning regions. In detonation, on the
other ‘hand, reaction is initiated in successive
layers by the advance of a shock wave, and
transfer processes play little if any part.
Compared on the basis of either mass reaction
rate or propagation velocity, detonation is
10%.10* times as fast as deflagration. The
thange from the deflagration regime to the
detonation regime, when it occurs, is almost
always extremely sudden and .unpredictable (or
nonreproducible). For this reason the
phenomencn har been difficult to study
experimentally, and little understandir  of it has
been obtained until quite recently,

Detonation almost invariably starts at some
distance ahead of the burning front. The

1213
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detonation wave moves forward from the point
of initiation, and a ‘‘retonation” wave is
sometimes observed to travel back into the
undecomposed material between that point and
the flame front. The explanation of this
behavior seems quite straigntforward: (1) a
compression wave builds up, emanating from the
deflagration zone, (2) the rise in pressure
accelerates the- decomposition and the pressure,
therefore, increases exponentially, and (3) the
compression front changes into a shock; when
this.xeaches critical. strength, it initfatcz reaction
at hot spots and quickly develops to detonation.

Initiation of detonation after a strong shock
front forms follows the mechanisms described in
Chapter 11. The new phenomencn here is the
development of a compression wave from a
deflagration zone. The treatment of this subject
is drawn mainly from the papers of Macek and
his coworkers 013,

According to this mechanism, the transition
will not occur unless the explosive is confined
because a shock pressure of the order of several
kilobars is required to initiate detonation. This
fact is well known in practice. For example, a
common msthod of disposing of high exploesives
without producing detonation is simply to bum
them in thé open. On the other hand,
heavy-cased explosive projectiles and bombs
often detonate when involved in fire. The
strength and weight of confinement needed to
cause deflagration to change to detonation
depends on several properties of the explosive:
state of aggregation, bulk density, burning rate
(in deflagration), and shock sensitivity. It also
depends on the size of the charge. A large mass
of finely powdered, granular explosive requires
little if any confinement because of the large
burning surface available and the ease with
which deflagration can spread from grain to
grain, If such a mass of explosive is ignited in the
middle, it may detonate with only the
self-confinement provided by the inertia of the
outer layers, A cast or plastic-bonded explosive,
on the other hand, is much less prone to
detonate when ignited and may require very
heavy confinement. Both the strength and
inertia of the walls confining an explosive charge
are important because the pressure development
is slow in the early stages; when the walls burst
and relieve the internal pressure, the transition
to detonation may be stopped. On the other

e

hand, since the final pressures produced during
the transition are much higher than any vessel
can withstand without bursting, rupture will
usually occur before detonation starts; at this
stage, the inertia of the walls is the factor that
limits the rate of the expansion. The quantity of
explosive is also important, both because of the
effect .of the mass in self-confinement and
because of the time and distance available for
compression waves to build up. Some materials,
such as primary explosives, have such a high
intrinsic burning rate and high sensitivity to
shock initiation that the transition occuis even
with small quantities and very litile
confinement. The effeci of these various factors
may be inferred fiom the discussion which
follows of experimental studies on this problem.

The deflagration to detonation transition
experiments of Macek and coworkers'® at the
Naval Orxdnance Laboratory were performed
with cast explosives, namely: DINA, Pentolite
(PETN/INT), and TNT. The first two explosives
detonated readily in these- experiments but,
under the same conditions, TNT did not. This
illustidtes the combined effect of burning rate
and sensitivity since TNT is notably more
sluggish than the other two. (See, for example,
the positions of TNT and DINA on the
sensitivity curve in Fig. 12-7.) The explosives
'were confined in a heavy-walled steel tube, as
shown in Fig. 12-8. They were ignited by an
electrically-heated nichrome wire, retained by a
threaded plug at one end of the cylinder, The
pressure produced in the deflagrating zone was
measured by a strain gage on the outside of the
steel tube, as shown in Fig. 12-8, Several
ionization probes (Chapter 5) were used teo
detect the detonation wave and locate the
approximate point at which detonation was
established. The description of results in the
paragraphs which follow refers to experimenis
with DINA. @uite similar results were obtained
with Pentolite.

Although the pressure build-up in the
deflagration zone was not identical from one
experiment to the next—presumab’y, because of
random variations in minute details of the
ignition process—the general form was always
approximately exponential

P = p, exp [kt] (12-7)

12116
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Figure 12.8, Charge Arrangement Used by Macek!® to Study Deflagration to Detonation
Transition (Three other ionization probes were located at regular intervals in
addition to the one shown.)
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the time constant 2 having a value in the range

0.10-0.12 wec’!. The point of origin of the

detonation wave was variable but usually was
located a distance of 10-15 cm from the igniter.
Pressures of several kilobars magnitude were
recorded by the strain gage; higher pressures
were undoubtedly reachea after the strain wire
broke, The bursting strength of the tube was in
the neighborhood of 5-10 kbar but inertial
confinement allowed the pressure in the
deflagration zone to reach higher values. This
can ke appreciated from the calculations which
follow of the expansion that would occur in the
tube if only inertial forces were involved, ie.,
under the assumption of zero strength., As a
basis for the calculations we take from Ref, 10 a
typical pressure-time relation recorded by the
strain gage, p = 0.08 exp [0.1 ] where p is
measured in kbars and ¢ in psec. The strain gage
registered pressures in some cases as high as 10.
kbar, Under the assumption that this
relationship continues to apply as the pressure
rises bevond this point, the following figures
shaw the pressure and percent expansion of the
tube at various times:

Time, usec: 30 40 50 60 70

Pressure, kbar: 1.6 45 12 33 90
Expansion, %: 4 10 29 86 266

On the basis of these calculations, one may guess

that the pressure will actually rise to a maximum "

in the neighborhood of, perhaps, 30-40 kbar.
Such a shock wave pressure should easily
produce detonation in cast explosives like DINA
and Pentolite., Although direct measurements are
not available. Jacobs, Liddiard and Drimmer**
report a pressure of 20 kbar as the threshold
shock strength needed to initiate Composition
B-3, a less sensitive explosive than DINA. These
calculations, therefore, show that the proposed
explanation of the transition is quite reasonable.
More convincing evidence is obtained by the
analysis which foliows of the build-up of the
compression wave, based on a caleulation of
characteristics (Chapter 2). This analysis is also
due to Macek!®,

In the analysis, the pressure produced at the
deflagration surface is considered to act as a
piston which creates motion at that surface and
produces a compression wave traveling ahead
into the explosive. The generating pressure at

the deflagration surface is assumea to be given,
for a certain period of time at least, by an
extrapolation of the pressure-time function
indicated by the strain. gage (Eq. 12-7). The
diagram of positive (C,) characteristics is shown
in Fig. 12-9 and, based on this, the compression
wave development is represented in Fig. 12-10.
For the purpose of this figure, it is assumed that
the pressure-time function is unaffected by
expansion of the tube until the pressure reaches
about 30 kbar. Beyond that, it is assumed that
the pressure levels off and eventually begins to
fall. The lower part of the pressure curve, ou the
assumption that the deflageation pressiire is
known, is. indicated by sqlid linés; the upper
part, based only on conjecture, by broken lines.
The position of the deflagration boundary—i.e.
the “piston’—is indicated by the vertical line
terminating the pressure curve on the left. (This
line is not meant to indicate that the pressure
drops to.zero at this point.) The shaded areas in
Fig, 12-10, therefore, represent at various times
the pressure n that portion of the intact
explosive iffected by the compression wave.

Fig, 12-10 shows the expected steepening of
the compression wave front, the high pressure
portion of which develops into a shock at a
distance of about 12-14 cm frova theigniter and
at a time about 90-100 usec affer ignition, (see
Fig. 12-9). This result comporis quite well with
the experimental findings. Other calculations
reported by Macek, based on pressure-time
curves from several different experiments, give
similar results.

The basis. for these characteristics calculations,
as outlined by Macek, follows. The equation of
state of the solid explosive under adiabatic
restraint is assumed to have the form

p = al(plp,)’ - 1] (12-8)
where a is a constant with dimensions of
pressure. This is a modification of the Tait
equation. The constant a is evaluated from the
value of the sound velocity ¢, in the explosive,
the sound velocity ¢ being given in general by

c= \/(dp/dp)'
(/e

= ¢, (plp,)

(12-9)
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The Riemann quantity o, defined by

0
o= f (c/p)dp (12-10)
is thus readily shown to be given by
o=c=-c, (12-11)

if the lower limit of integration in Eq. 12-10 is
taken to be p . Since the C_ characteristics
originate on the x = 0 axis—where the particle
velocity u -equals zero. and where ¢ = 0 also, and
since cn any C-_ characteristic u - o is constant—it
follows that u = ¢ everywhere, i.e.,
u=c-g

= cl(o/po) - 1] (1212)

The calculation of the characteristics.diagram
proceeds as follows. Eq. 12-7, in which the
‘constants p’q and k have been experimentally
evaluated, gives the relationship of pressure to
time at the:deflagration boundary. Combination
of Eq. 127 and Eq. 12-8 then gives the
p,t-relationship at the boundary. Evaluation of
the integral f? udt, using Eq. 12-12, then
describes the motion of this boundary. Each
point on the boundary terminates a (.

characteristic on. vhich the state properties p,o
and ¢, -and the velocity u are constant, The
terminal values of these -quantities at .the
boundary can be evaluated. through Eqs, 12-7,
12-8, 12-9, and 12-12, and since-the slope of the
C, characteristic is given by u + ¢, which is
constant, the ¢, lines can be plotted and. the
properties determined evérywhere to the right-of
the boundary in the x;t-domain. The analysis

can be extended along any characteristic-C; line-

only to ‘he point where it -crosses another C,
lin~. whic\ is interpreted: tc be the point at
which . e tlow becomes discontinuous, i.e., the
point a. which a shock -develops. The
pressure-distance curves.in Fig. 12-10 are reas’:ly
obtained by transposing from' Fig. 12-9, wheré
the characteristics are labeled according to the
pressure,

Macek® also shows that the .cbserved
exponential rise in pressure agrees quite well
with the behavior of a .model based ori
“cigarette-type” burning at the deflagration
boundary (with constant burning. area),

-perfectly rigid .cylindrical walls, and a ‘pressure

exponent unity in the-erosivé butning law (cf.
Eq. 11-3). This deronstration completes the
rationalization of the observed behavior in these
experiments.
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CHAPTER 13 SHOCK WAVES FROM EXPLOSIYE CHARGES

13-1 INTRODUCTION

Spherically-symmetric blast waves resulting
from explosions in air, watef, and solid media
are considered in this chayter. Explosions in air
and water are dealt with in detail; references to
blast waves in solid mecia are given.

Compared to the dura**~n of its after-effects

in air the decomposition of an explosive charge

by a detonation is.very rapidly completed. If the
detonation process is cousidered to occupy one
unit of time, for example, the shock wave in air
is capable of inflicting serious damage to
structures at points some 200 charge radii
distant from the center and at times in the oxder
of 3500 of these time units later. For some
purposes, therefore, the detonation process can
be considered instantuncous. In cases involving
dense media, however, the detonation time may
be of the order of the damage times in the
media.

Passage of the detonaiion wave leaves the
explosive product gases at an extremely high
pressure and in a state of motion. However,
neither the pressure nor the particle velocity is
uniform throughout the volume of the explosive
gases. The simplest geometry results if the
charge is spherical and initiated at the center so
that the-detonation wave reaches the boundaries
of the charge everywhere at the same instant. In
this case, the velocily of cutward motion of the
explosion products is the highest at the
boundary and decreases toward the center, at
which point material must remain motionless.
Pressure and density are also ut a maximum at
the boundary, and at a minimum at the center.
For any georaetry of a finite, three-dimensional
charge other than the centrally initiated sphere,
interaction with the external medium begins
before detonation is everywhere complete
within the charge, giving rise to a much more
complex flow cf the explosion products.

As the explosion products begin to expand,
the pressure at the interface separating them
from the exterior medium falls rapidly. An
intense pressure wave is propagated outward in
the exterior medium and an outward flow of the
‘medium results. In Chapter 2, it was mentioned
that a compression wave of finite amplitude

alway. rropagetes as a shock wave at a velocity
that is greater than the velocity of sound in the
undisturbed medium and which depends upon.
the amplitude of the wave. The shock is
characterized by a very rapid increase in pressure
that may—as a very good approximation—be
considered instantaneous, so that the leading
edge of the shock wave can be regarded a
mathematical discontinuity. The shock wave.in
air generated by an explosive charge ic often
called the blast wave. The initial shock front
pressure of the shock wave generated in air at
atmospheric pressiire by conventional explosives
is of the order of 10® atm. In water the initial
shock front pressure is of the order of 10* atm,
and in metals is of the order ¢f 10° atm. The
shock front pressure is often called the peak
pressure,

As the shock wave propagates away from the
generating explosive charge, ils peak pressure
decreases. e shock wave decay can be
attributed to two causes. If the shock wave iz
not planar, the decay is due to geometrical
divergence. Also, because of the finite entropy
increment across the shork front, the decay is
due to progressive dissipation of energy in the
shocked air in accord with theé requirement r i
the second law of thermodynamics. The decay

of shock waves because of the dissipation of
energy leads to a decay more rapid than woild

be expected from geometrical consideraticns
alone.

For the purpose of discussion, we may
consider a cylindrical charge of explosive in air,
initiated at one end. The development of the
shock wave in the surrounding medium is shown
qualitatively in Fig. 13-1, for three times after
the instant of initiation. As the detonation wave
progresses down the charge, the laterally
expanding products generate a shock wave that
has cylindrical symmetry For definiteness,
suppose that the origin of cylindrical
coordinates is fixed at the point of initiation
with the detonation wave moviug in the positive
direction of the axial coordinate. Then the
profile of the shock wave at any instant and the
flow behind the shock front depend only on the
axial and radial coordinates relative to this fixed
origin and are determined by the hydrodynamic

13-1
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equations for cylindrically symmetric flow. At
points in space with positive axial coordinates
grecter than about one or-iwo charge radii and
less than the length of the charge, the shock
wave is, to a good approximation, the same as
would be ge-erated by an irnfinitely long
explosive charge. At smaller pesitive values of
the axial coordinate and all negative values, the
flosy is more complicated because ¢f end effects
connected: with the finite lengili of the charge,
When the detonation wave reaches the eni of
the charge, a shock wave is generated off the end
which is connected discontinuously with the
shock wave that has been propagating laterally.
Although the shock wave profile and the flow
hehind the shock front reétain cylingrical
symmetry, the flow bhecomes very complicated
after the detonation wave ‘nas progrissed
through th¢ charge snd it'has not een analyzed
in detail,

Figure 13-1.  Deuelopment of Shock Wave
About Cylindrical Explosiu.
Cherge Initlated at One End
132

As the  ock wave crntinues to propagate, the
effects of charge geometry efid of the initiating
detonation wave becoméz progressively less
important in comparison with the effects. of
radial divergence. The shotk wave profile
becomes progressively wmore spherical, At
distances that are several times the largest linear
dimension of the charge, the shock wave can be
considered spherical fo a good degree of
approximation. The approximation is the better
the mor¢ nearly the ritio of charge length to
charge dizameter is unity. At such distancs, a
model that is amenable to theoretical analysia is
oblained by consideration of a spherical charge
of explosive of the suine weight as the charge of
inter«t, in which the detonation wave is
initiat~ &t the center. The shock wave profile
fzom such a charge is spherical and the flow
behind the shock front depends only on the
time and the radial coordinate of a spherical
cooxdinate 1 #si2m.

Further smmplifications .may be justified for
the sake of theoretical simplicivy. One further
step in thig directicn is to consider the globe of
explosion gr.= formed by detonation of &
spherical chagge to be uniform in pressure and
density, and at a stave of rest. This is the result
of hypothetical, homogeneous, instantaneous
constani-volume explosion.

Asymptotically, .at distances that are large
compared to the radius of the equivalent sphere
of explosive, an even simpler model'is obtained
by consicering a point source ‘in which thé
energy of explosion of the charge-of interest is
instahtaneously released,

In this chapter, we shall restrict:the discussion
to sheek waves in one-dimension with radial
symmetry, ie.,, those from a spherically
svmmetric explosion. This is not only the case
that has been wudied in greafest detail but also
the case that provides a simple model that is
approximately descriptive: of actusl explosive
‘charges, We shall further limit the discussion to
the shock wave in an infinite isotropic medium,
regarding as ouiside of the scope of this
hendhaok such topics as shock wave reflection
at rigd or free surfaces and shock wave
interactions with strustures of various types. A
noasuperficial treatment of these topics cannot

he undertaken in a chapter of reasonable length.
Each treatment requing a knowledge of the
parameters of the incident wave and it is with
these paramgters that this chapter is concerned.
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932 EXPANSION OF THE EXPLOSION
PRODUCTS

Given-a spherical globe of gas at an extremely
high pressure, there follows immediately as it
begins to expand the establishment of a shock
front running outward into tne medium and a
rarefaction moving in toward the ceriter of the
sphere. There is a boundary requirement that
the particle velocity normel to the surface and
pressure be conlintious across the contact
surface between the explosion product gases and
the external medium. The flow is somewhat
similar to that occurring in a shock tube.
However, the spherical divergence of the flow
imroduces complications for a theoretical
treatment that are not encountered in the plane
case. The pressure at the shock front, instead of
being constant as in ths shock tube, falls rapidly
8 the front moves out. This changss the

terminsl condition for the rarefaction. The

characteristics of the solution of the pattial
differential equations are not straight fines;
neither are the integrals of the motion alung
these characteristic lines simple funzfions as in
the plane case. For a consxdenble weriod.of time
after the expmuon begirs; therefore, ‘the
temporal changes i preuure, density, and
particle velocity occurring .at any point depend
on the configurstion of the entire flow field
from the center out to the shock front. A
complex numerical inlegration is required to
obtain an accurate description of the motion.
To make certain  order-of-magnitude
aisessments, one may simplify the actual process
and consider that the explosive gas globe
expands uniformly, the boundary coming to rest
at a radius r_when the pressure within the
globe ha dro_.‘ped to the ambient pressure of
the medium p . Acutally, the distance moved by
the boundary and the velocity of its motion
depend on the original size of the gas globe, tr»
conditions and propertiés of the gases inside it,
and on the properties of the external medium.
Motion within the globe is not uniform; when
the boundary first comes to rest, thore are still
pressure, densily, and motion gradients within

the sphere. However, if the expension is
considered to be quasi-static and isentropic, and
the eéxplosive products are treated as a
polytropic gas, the final volume V,, will be
‘related to the inilial volume V, by thé reiation

v, =iy (23)

where K is the average or effective value of the
adiabetic exponent Kk during the «xpansion
process. (In fact, the gas-glcbe does not remain.
isentropic because of the inward-facing shock ss
described in the discussion which follows,) If the
{otal expansion energy available in the gas gicbe,
which for a polytropic gas would be equal to
P, V,/( 'k~ 1), is equated o the energy of the
explosion E,, one obtains from Eg, 131 an
approxnmnte expression for the maximum
expansion radius r,, of the gas globe in tarms of
a characteristic length. (E/p, 13 as follows:

3 3(k - 1\ (K-2)/k
Gm T (;) a2

The expression on the right side of Eq. 13-2 is
not very semsitive fo the value assumed for E;
and, \tp and p, are given values of 1 atm and
10% atmi; respectively, and X a value of 1.4 (its
value for an ideal gas), r,, inierms of the unit
(E,/p, )m srsumes 2 value of about 0.15.

‘The velomty of the contact surface in the
expansion of the ges globe depends on the
properties of the explosion gases snd the
properties of the medium. For an explosion in
air where the resistance to expansion is réletively
small, the initial motion will approach the
velocity u - for eicape into a vacuum, given
approximately by the equation

2
u;w R(K — ) C‘ (1"‘3)

where ¢, is the initial acoustic v~locity in the gas
globe and Kk, ‘ne adiibatic expunent at the
constant volure explosion state, For explosives,
¢, i3 equal approximately to 0.8 times the
detonation velocity D, and the effective value of
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k, is about three®. By equating the average value
of the boundary velocity during the expansion
to one-half the initial velocity, one obtains, to
u order of magnitude, the time t required for
the gas globe to deliver substan xally all of its
energy to the pressure wave
1/3

p o DA B (13-4)

™ 04D D
Putting this ftime in terms of units
(& /o, P13 /e, where ¢ is the acoustic velocity
in the' medmm, one obtains-

4 X
_h c, - 04 c, (15-5)
(E,/p, )" D

Substituting the value of ¢, for air and a
typical value for D of a high explosive, one
obtains for 7, the approximate value 0.025. On
the other hand, in terms of the same
dimensionless units, the total time of interest for
the air blast wave at sea level—ie., the time
in which it is able to inflict serious damage on
structures—is of order unity.

The main interest in the air blast wave at sea
level is, therefore, in the period after the
explosive has passed on essentially all the
available energy to the blast wave, The
hydrodynamic laws governing the wave
propagation are such that the influence of
details in the process by which *he wave was
formed tends to diminish with the passage of
time. This explains why the point-energy release
model gives a fairly good description of the ar
blast from explosions at sea level.

S The Appropmte value of i, to be used in Eq. 13-3 is
differant in principle from the value of R that is
appropriate to Eq, 13-2, By use of Eq, 13-3, we wish
to estimate the initia) flow velocity which is a
characteristic of the initizl state of the gas; whereas
by Eq. 13-2 we want to calculate the final expansion
volume which depends in large degree op the
propemen of the gax at low prenuro The work of
Deal! and that of Fickett and Woad? shows that in
isentropic expansion from the de!onanon state,
where the pressure is in the order of 10° atm, down
to a pressuse cf about 102 atm the explosive products
behave nearly as a polytrapic gas with a Kwvalue of
3,0. At much lower pressures—below, eg., 100
atm—the gases assume more normal properties and
the effective K becomes something less than 1.4, Itis
whet the gases are at a rolatively low pressure level,
of course, that they undergo the greater part of the
increase un volume,
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It is of interest to examine the effect of
altitude (lower ambient pressures) in.the light of
this analysis. To do this it is first necessary to
consider briefly the potential of an explosion o
inflict damage on a target at a distance. For
some targets, such as window glass, the energy

involved in the destruction is small. For these, it

is the level of overpressure in the blast wave that
mainly determines whetuer or not destruction of
the target occuis. However, for most structures
substantial amouuts of energy are recuired to
cause the displacements and deformations that
constitite damage. For such typical targets the
total energy flux per unit area of the blast wave
provides in first order approximation a criterion
for the damaging effectiveness. On this basis one
can conclude that, for a given target and a given
explosive source with energy £, there must he
some absolute limiting dxstance r, where the
quantity E /(4m7) is just sufficient to inflict
critical damage** This. absolute distance limit
is independent of the nature of the mediut
intervening between thc explosion and the
target.

It is apparent from Egq: 13-2 that when the
ambient pressure p, is reduced, the maximum
radius reached by the -expanding gas cloud
increases. In the limit of perfect vecuum, of
course, the expansion continues indefinitely.
Consideration of the blast effects of explosives
at various al*‘udes, therefon., shows that
although the details of the expansion process
play a relatively minor rcle at sea level, they
become increasingly important at lower-ambient
préssuves ansi, in vacuum, constifute the entire
phenomencs.

For an explosive fired under water, the
expansion vf the gas globe assumes a key role in
the development of the shock wave. Nothing
analogous to the point-energy rclease model
seems to be possible for this case, Because of the
relative incompressibility of water, the sound
velocity is much higher and the flow velocities
smaller for water than for air. The motion of the
gas-water interface is very slow relative to the
ovtward movement of the shock wave, For
many applications the strength of the

#%The energy criterion of damage offectiveness is
necessary but obviously net sufficient, Thevefore, Feis
an upper limit to the radivs.of damage effect. The
actual radius may be considerably smaller and will
depend on what pressure or impulse levels may be
required to perform the destructive effects,

b

P

oo I




g

e

SRS

Ly e i N,

T

-

Al

<

PR LFUEI S

2

I

AMCP 706-180

underwater shock wave deca, s below a level of
interest before the gas bubble reaches its
maximum extension. The theoretical trealment
of underwater explosions depends, therefore,
critically on the behavior of the gas globe as well
a$ on the propagation of the shock wave in
water.

The interaction ‘of detonation products with
solid materials will be discussed in more detail in
subsequent paragraphs.

13-3 ENERGY TRANSPORT BY SHOCK
WAVE PROPAGAYION

The foregoing considerations show that the
problem.of wx blast from high-explosives fired at
sea. Jevel and up fo certain ollitudes can be
considered largely as the problem of shock-wave
propaggiion. The input energy from the
explosion det; iines the scale of the
phenomenon. Thé shock wave provides a
mechanism for thé outward transmission and
dissipadon of this energy (in the sense of the
second law of thermodynamics). The shock
wave plays: 4 similar role for explosives fired
under waver or underground. Other mechanisms
are heat conduction and radiation. These various
means for the diffusion of energy do not
interact to an  appreciable extent for the
chemical liigh explosives. For nuclear explosives,
however, the three inechanisms do interact
importantly for a short period in the beginning,
after which shock wave transmissior Jecomés
dominant.

It is of interest to consider what information
thermodynamics can yield about the transfer of
energy via the shock wave. Designating the rate
at which mechanical work is performes per unit
area at the shock fronf when it has reached a
radius R as W(R), we note that*

W(R) = pu, (13-6)
where p, and u, are the pressure and particle
velocxty respectively, immediately behind the
front. This work serves to raise the internal
energy of, and impart kinetic enexgy to, the
adjacent layer in the medium which is being
enveloped by the shock front, i.e.,

* The notation “‘sub ipt one” d
immediately behind the shock front.

tes values at or

W(R) = p, UR) [le, ~ e,) +u’/2) (13-7)

where U(R) is the velocity of the shock wave at
R, and e, and ¢ the specific encrgy
xmmedlabely behind and in front of the shock,
respeclively. (We assume the medium is mmglly
at rest, i.e, u, =0.)

Parv of the energy change represented by (e,~
e,} is irreversible in the sense that, after shock
wave compression, subsequent expansion of the
medium back to ambient pressure b, -does not
yield an amount of work equivalent o (e, -e, )
but a-quantity-which is less by an amount which
we will designate Aefs;(r )]. This notation
signifies Ae/to be the “mevemble” increment of
energy coiinected with the entropy rise in the
shock and s, (r ) denotes that this particular
entropy state is ’associated with the. element of
the medium (originally) at the Lagrangian
coordinate r_ . Quantitatively, Ae[s1 (r,)} is given
by

Aefs (r,)} €(Py%,)

= e(p,8,) - (13-8)

The significance of this “retained” energy is

illustrated graphically in Fig. 13-2.

If no other shock waves or irreversible
processes occur behind the initial shock front,
Ae[s, (r_)] represents the ultimate iegacy of the
explomon to this element of the medium. ’I‘hus,
the total energy released by the explesive in
going from the initial state to-the final state. of
the explosion preducts at. p, can be equated to
the total of such residual emrgy in the megium
plus the net work done by expansion of the
explosion products and the shock-healed
medium

50, - B0y = f 4w p,dels (rar,
a4
+ po[v;y(po) - ‘{,(Po)i +

o f dinr? posu[pa 8, ()]
0, {
a;dro
(13-9)

where E (p_) and E (p } are the total energy of
the mtact exploswe and the explosive products
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at pressure p_, respectively; V,(p,) and Vp(p o )
are the cowesponding total volumes; v[p,,
s, (r, /] is the specific volume of the medium in
&\e state represented by fp,.5,); v, is the
specific volume of the medium initially; and a_
is the initial radius of the explosive charge. By
redrrarigement .of terms, Eq. 13-9 can be written

Hp,)-H,p,)} = f 4nrop, Ahls, (r,))dr, (13-10)
[+

o
where H,(p,) and H (pa) are the total enthalpy
of the intact expiosive and the explosive
products at p_, respectively, and the quantity
Ahls, (r, )} is defined, Iike,Ae[sl(ro)]; thus,

BH[s,{r,) = kP, - hp,s,]

Eq. 13-10° expresses the thermodynariic
requirernent that for the total system, explosive
and medium, enthalpy is conserved in the
explosion process.

Eq. 13-10 is based on division of the total
system into two parts separated by the
boundary between the explosive and. the
medium. The surfacc of such .division is
arbitrary. Therefore, oné may equaly well
define a spherical boundary in Lagrangian
coordinates that includes niot only the explosive

but also a portion of the medium out to radius
R in one part,.and the rest:of the medium from
R to infinity in the othér. Then, one can write
on the basis of argumeénts identical to thoseé
which led to Eq. 13-10

H,(R) - H(R) = f amr? p, Bh[s, (r,)]ar,
R
(18-11)

where H,(R) and H.(R) represent the total
enthalpy in the explosive plus the medium out
to Lagrangian coordinate r, = R initially and at
infinite time, respectively. The .change in
enthalpy can be equated to the.change in energy
pius the change in pV and, since- tae pressire is
equal to p, in both the initial and final states,
we can write
H,(R) - H(R) = E,(R) - E(R)

- B, AV (13-12)
where E_(R) and E_(R) are the idtal energy in
the initial and final states, respectively, and AV
is the #ntal change .of volume, The latter
quantity ¢an be computed from the movement
of the boundary atr, = R;thus

-

Figure 13-2.

<hematic Nlustration of the Energy Retention Resulting From the Entropy

Increase at the Shock Front [The area under the curve between the initial
and final states represents the energy change in both the shock compression
(upwerd arrow) and isentropic expansion back to p, (downward arrow ),
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AV =(r, = R) f47rr2udt (13-18)

R)

where the notation in front of the integral sign is
meant to signify that the integral is along the
patticle path r | = R, u is the particle velocity,
and t(R) is the time at which the:chock wave
veaches R and at which u, therefore, takes on a
va ne different from zero. From the first luw of
thermodynamics, the change in energy may be
equated to the work done on the medium
external to R; thus

f 41rr'2purit
H(r)

E,(R) - ER) = (r, = R)

(13-14)

Combinine Eqgs. 13-11, 13-12, 13-13,and 13-14
we ma;,

BE)  o=R) fen @ -0 ua
r) (13-15)

= f 4w, p, Ah[s, (1)) dr,
o
where we have defined E(R) {o represent the
integral for total work involving the overpressure
b -p, along the particle path r, = R. It will be
noted that E(R) = H,(R) - H_(R), and, in
particular ’ E(ao ) = Iic (po) -I{p (po )

By differentiating Eq. 13-15, we derive the
differential equation for the total fransport of
enthalpy associated with ixansmission of a
spherical shock wave; thus

dE(R) _ 2
T 4TR” p,Ah{s (R))

It should be noted that Eq. 13-16 contains ne
information not implicit in the Hugoniot
relations since they take full account of the
consexrvation of energy, When the Hugoniot
relations are combined with an equation of
state, all the basic information it is possible tc
derive from thermodynamics in this connection
is implicitly contained. However, the concept of
total enthalpy txansport expressed in Eq, 13-16,
which was first derived by Xirkwood and

(13-16)

Brinkley®, provides an insight nut immediately
given by the Hugoniot relations alone.

13-4 BLAST WAVES IN AIR FRQOM
EXPLOSIVE CHARGES

Before considering the quantitative analysis of
the shock wave in air generated by an explosive
charge, it is desirable to describe the gualitative
features of the wave. We limit.the discussion to
the spherical wave with a center of symimetry,
propagating radially outward from the center of
the explosion in a space free of obstacles,

As the blast wave in air travels away from the
source, the peak pressure steadily decresases and
the pressure behind the front falls off in a
regular manner. After the shock front has
propagated a ceriain distance, the pressure
behind the shock front falls below the original
ambient pressure of the atmosphere. creating a
suction phase of negative overpressures. The
pressure as a function of distance from the
center of explosion is shown schematically in
Fig. 13-3 for several successive times, increasing
as the wave propagates from left to right. it may
be noted that the suction phase of the blast
wave is a consequence of the geometrical
divergence of the wave. Waves propagating
without divergence do not exhibit a suction
phase.

It will be recalled from Chapter 2 thai the
Hugoniot equations, expressing the ¢onservation
laws across the shock discontinuity, prescribe all
of the shock front variables in terms of any one
of them. Thus, if the peak pressure is chosen:as.
the independent variable, the shock front
particle velocity is a monotonic function of the
peak pressure so that it decreases during
propagation of the wave in a manner determined
by the instantanecus value of the peak pressure
through the Hugoniot equation, The particle
velocity decreases behind the shock front in a
manner that is determined by the pressure
disixibution  through  the hydrodynamic
equations, The particle velocity is shown as a
function of distance from the center of
explosion schematically in Fig. 13-4 for several
successive times as the wave propagates from left
to right. The particle velocity changes direction
in consequence of the suction phase of the blast
wave.
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Figure 13-3, Pressure-distance Curves for Blast Waves in Air.at Succeseive Times

Qualitatively similar curves are obtained if ths
pressure or particle velocity is plotied as
functions of time at a fixed distance from the
center of the explosion. Such curves are called
the Eulerian pressure-time of particle
vélocity-time curve because the po-ition is taken

as fixed i a laboratory system of coordinates.
Pressure-txme curves at two distances, B, and
R >R ,are shown schematically in Fig. 13 5.
At; R, the blast wave does not exhibit a suctio.,
phase. At the greater distance R,, the suction
phase exhibited in the pressure-distance curves is
reproduced by the pressure-time curve.

At distances close enough to the explosicn so
that the blast wave is of the form as shown to
theleft in Fig 13-, it may be represented by the
empirical equation*®

* The notation “subscript prime” is used only with
pressure and refers to shock front pressure above
atmospheric pressure,

13-8

pty=p, (18-17)

where p is the pressure in excess of the ambient
pressure po, i.e, the excess pressure or the
overpressurg; p, is the peak value of the excess
pressure at the shock front, i, €,P, =P =P} tis
the time measured from the mstant of arrivsl of
the shock wave; and g is called Eulerian time
constant of the pressure-time curve, It is the
time required for the overpressure to fall to a
value 1/e of its peak value. It can be calculated
by the relation

_i_}. ]
9 b \0t/y

where the partial devivative is formed at
constant radial coordinate R and evalualed at
the time of arrival of the shock front at R.
Asymptotically, at large distancés and low
overpressures, it has been shown by Kirkwood

(18-18)
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and Bethe® that the positive portion of the
pressure-time curve is the straisht line

pE)=p,(1 - t)6), t> 6 (13-19)

For the asymptotic pressure-time curve, g is the
duration of the positive portion of the wave. It
satisfies the definition of Eq. 13-18. At
intermediate distances and peak pressures, the
pressure-time curve cannot be represented by a
simple, one-parameter, empirical equation.

The properties of the shock front, expressed as
functions .of the peak pressure, can be calculated
by the use of the Hugoniot eguations
supplemented by an equation of state for the
air., Fig. 13-6 has been constructed on the
assumption that air is pelytropic with v = 1.4.
This assumption is adequate for shock aves
whose peak pressur2 is relatively low. Ath .er
amplitudes, the high temperature of the shock
wave causes extensive dissociation and the
polytropic assumption is no longer valid.
Hugoniot curves. for air in which dissociation is
taken into account have heen constructed
Hilsenmath and Beckett?®,

The. dynamic pressure 7 is defined as the
quantity

x = puty2 (13-20)

This property of the shock wave determines the
aerodynamic drag forces to which a structure is
exposed. The dynamic pressure is characterized
by a peak value at the shock.front, deiermined
through the Hugoniot equations by the peak
pressure, and a decaying dynamic pressure-time
curve. The peak dynamic pressure is shown asa
function of shock front pressure in Fig. 13-6. A
peak approximation, similar in form to Eq.
13-117, is appropriate to describe the variation of
dynamic pressurs with time at points near the
explosicn. Asymptotically, at large distances and
low overpressures, Kirkwood and Bethe® have
shown that the portion of the dynamic pressure
corresponding to the positive part of the wave is
sepresented by the gi :dratic expression

mt)=m @~ 48, t >0 (1321

‘This expression involves the same constant § as
Eq. 13-19 because the duraticns of positive
pressure and forward facing particle velocity are
asymptotically equal.

1310

The impluse delivered to unit area by the
positive portion of the shock wave is the area
under the positive portion of the pressure-time
curve, For the pressure-time curve of Eq. 13-1

L=no (13-22)

which is valid close to the explosion.

Asymptotically, when Eq, 13-19 applies, then
I =Yp? (13-23)

If the peak approximation for the dynamic
pressure is writter in terms of a time constant '

S (21’) (13:24)
1] ~
[} m ot Rute0

analogously to Eq. 13-18, the dynamic impulse
per unit area is givén by an expression similar to
Eq. 13-22.

I, =m0 (18-25)

which is wvalid close to the explosion.

-Asymptotically, when Eq, 13-21 applies, the

dynamic impulse for the positive phase of the
wave is given by

I, = 2/3m,6 (13-26)

These simple expressions for the impulses
require a knowledge only of two parameters of
the shock wave, each of which are evaluated at
the shock front. At intermediate distances and
shock wave amplitudes, the evaluation of
pressure impulse -or dynamic impulse requires
either additional information on the structure of
the wave or an interpolation procedure between
the expressions resulting from the peak
approximation and those resulting from the
asymptotic equations.

135 RESULTS OF NUMERICAL
INTEGRATION OF THE
HYDRODYNAMIC EQUATIONS FOR
BLAST WAVES IN AIR

4& complete theoretical development of the
consequences 5f a simple model such as the
spherical shock wave from a centrally initiated
spherical charge is attended by considerable
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difficulty. In principle, the theoretical analysis is
to be based on the partiai differential equations
of hydrodynamics. They are to be solved subject
to the Hugoniot equaitons which express the
conservation laws across the discontinuous
shock front and which implicitly- prescribe the
path of the shock front in space as a function of
time. The solutions depend upon initial and
boundary conditions that are prescribed on the
interface separating explosion products and air.
The latter themselves pose a difficult problem
since the position of the surface and the
conditions on it deperd on the flow of the
detonation products at all times subsequent to
the passage of the detonation wave. Now, when
the detonation wave reaches the surface of the
explosive and generates the initial shock wave in
the surrounding medium, a wave is reflected
back into the explosion products. In the
spherical case, this wave is again reflected at the
center and on reaching the interface between
explosion products and air modifies both the
position of the interface and the properties on
it. As the motion develops, a complex set of
waves is generated, both in- the explosion
products. and in the air, and these have tuv e
followed in detail in order to consiru.t an exac.
solution, even for the spherical model.

T#e point source model of a spherical shock
wave is much easier to exploit since the
complicated conditions on the interface between
explosion products and air are replaced by a
single condition specifying the total energy
released by the explosion. Theére is theoretical
and experimental evidence that this model
reproduces the main features of the explos! rely
generated shock wave, especially at large
distances from the explosion, and it provides a
useful basis upon which to continue our
description of the properties of blast waves in
gir. A more exact freatment faking into account
the motion of the explosion producis can be
considered as adding a kind of *“‘fine structure”
to the picture ohtained from the simpler
considexations, The point of view appears to be
valid in the present instance for two reasons,
namely: (1) at distances where measurements of
shock wave parameters are normally made
experimentally, and where their magnitudes are
important for practical problems such as
specification of critical damage radif, the
so-called fine structure is not resolved by the

13-12

instrumentation employed, and (2) at distances
nearer to the explosion where the so-called fine
structure is more important, the assumption of
spherical symmetry is an increasingly poor
approximation to charge configurations usually
employed.

Brode®? has obtained the numerical solutions
of the differential eqyuations of hydrodynamics
for the point source model of the spherical blast
wave in air. The computational method
employed is due to von Neumann and
Richtmyer'® in which an artificial viscosity is
introduced into the equations as a mechanism
for avoiding shock front discortinuitiés. The
artificial viscosity is defined in such a way as to
replace the shock front with steep but finite
gradients in the properties of the flow, across
which the Hugoniot equations are satisfied.
Simultaneously, as defined, it has negligible
effect on the flow in all other regions. The

Jintegrating process then consists of the step-wise

solution of difference equations which
approximate the differential equations of
motion of the gas.

For the point source model, one can define a
characteristic length A and time 7

A= ()P T = Mé (13-27)

where E is the total energy transmitted by the
explosion to the shock-wave, and p and ¢ are
the pressure and sound velocity, respectively, in
the undisturbed air, Then, it is easy to show that
the solutions of the hydrodynamic equations are
similar, i.e., that scaling is preserved, if distances
are expressed in units cf length A and times in
units of the characteristic time r. Thus, the
point source solutions .are independent of the
nature of the explosive, so long as the energy
released to the shock wave is properly employed
in evaluating the scaling parameters A and 7.

The solid line of Fig. 13-7, which is taken
from Brode’s paper, shows the variation of peak
pressiee with distance for a point explosion in
an ideal gas in which it is assumed that the heat
capacity ratio v is coustant and equal to 1.4.
The effect of the assumption of ideality is
shown by comparison with the dashed curve of
the same figure, which results from calculations
in which the thermodynamic properties of real
air were employed and in which account was
taken of the dissociation of air at the high
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temperatures associated with strong shocks. The
curves are qualitatively similar but show the
importance of the equation of state in the actual
shock amplitude at a given distance. This figure
also shows for comparizon experimental values
for TNT.

These calculations afford a complete
description of the flow associated with the
shoc's wave. Brode presents the resuits in his
paper by means of graphs and by empirical
equations fitted to the various curves. The
results are too voluminous for inclusion in this
chapter and for them reference is made to the
original reports. For later reference; however, we
reproduce in Fig. 13-8 the instantaneous
pressure-distance curves calculated for isotropic
air with the point source model. The curves for
real air are of similar form.

In the point source approximation, the
explosion is described by a single parameter, i.e.,
the energy trensmitied to the shock wave. The
results of the calculation are thus independent
of size, density, or chemical nature of the
explosive, and, when scaled by a characteristic
length and characteristic vime determined by the
energy of explosion, the results are applicable to
any explosive. The effect of the paramzters of
the explosive that are neglected by the point
source  approximation is revealed by
consideration of a numerical integration, carried
out by Brode, in which the integration is
continued from the spherical detonation wave of
Taylor of the case of TNT at initial density of
1.5 g/em®. It was carried out using the artificial
viscosity technique of von MNeumann and
Richtmyer. This calculation is substantially
more involved than that of the poéini source
model, and it does not appear to have been
repeated for other explosive charges.
Unfortanately, obsolete -juation of state data
for the explosion products and an incorreet
energy of explosion were employed, so that.ths
numerical results are likely to be scrmochab in

error. However, this caleulatin pruvides the

most complete and desailed desription of the
air shock wave thab Is in existe we. It 25 qpecial
value in providing a fest of we wulidify of
sirplified modeis.

“¥hen a sphericm shock wave is generated by a
sphere of gas of finite volume at high pressure,
the establishment of continuity of pressure and
radial particle velseity acress e contact surface

betwecn explosion products and aix results in a
rarefaction wave moving toward the center in
the explosion products. (If the explosion
products are generated by a spherical detonation
wave of the type described by Taylor, the
rarefaction wave moves into and modifies the
structure of Taylor wave,) In general, as Brode
points out, when a spherical shock wave-of finite
voluz.e is backed up to an inward moving
rarefaction wave, the negative pressure gradient
of the rarefaction joins the positive gradient of
the shock through a compression which grows as
a shock as the rarefaction develops No such
condition exists for a plane wave in a shock
tube. Thus, in the numerical calculations, a
shock wave is seen to follow the rarefaction
wave into the explosion gases. It starts with zero
strength and grows as it moves inward through
these gases. The gases themselves are expandmg
radially at a velocity that is mmslly high, 503
this shock is swept outward in space dintil:
expansion of the explosion prodacts is nearly
complete, Then it implodes on the ongun and.is
reflected outward to the.contaet »urface. At tne
time of reaching this suriacl., th¢ expiozion gt -4
are deuser and coolci than th. 6 uu.sxda
Therefore, on passing through the vefare £5¢
wave establishe; a -second shock-weeein His gl
and a new inwsrd ruxcfaction warie wiiich, Kt
the initial rarefaction wave, is fnllt)‘,w.
shock wave moving inward, This sht =, .«nnlx‘qa&
on the origin, reflects, anc propag.ttes witward:
in the wake of the earlier shocks. The ruccessian
of shocks continues in thic ma=ask Latil $he
residual energy of the exylosiors prod is 1s
dissipated.

A rather complicated sexries >

3 shogk. weves

moJdon of the contact surfice
moving jnonctondcaly frae 0 sy 3
the.exple dve v ths fadine alwhiths Yy} ‘.w.:‘z'*t"
at iest, a serjes of dhnp-"d ;."1':.0 g%

. Fig 430, witich is taknn from, m:‘ﬂd'*’
pager, sitbvs the peevee ‘ones. ofthe thock waves
ang of the contact surface.

By neglecting she ™ waves i the expicsion
pruducts, the specific wnergy ofaxplosto .’ aa
been defined as

g e, o8 (1833

where e is the snev:xf:p energy content of the
intact explosive, xnd the .pochii enegy contert
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e of the explosion products is evaluated at
ambient pressure p, and the entropy s, of the
Chapman-dJouguet detonation state. However,
the final entropy is greater than s, by the
increments across all of the shocks in the
explosion products, so that Eq. 13-28 is an
overestimate of the energy transmitted to the
air. It may be retained as a reasonable
approximation since the energy dissipated across
the shock waves is a small fraction of the total
energy released by the explosion. The
dissipation assumption employed in par. 13-3 is
that all of the energy of the explosion is
dissipated in the air as a result of the entropy
increment across the initial shock. This
assumption, also, is not strictly correct because
of the entropy increments associated with each
of the later shocks. These increments are small
compared to that across the primary shock and
consequently the description of enexgy

propagation that takes accoun:i only of the
primary shock wave is a good approximation.

These subsidiary shocks, as is shown by Fig.
13-10, follow the main shock at such a time and
distance as to be behind the minimum of the
negative phase. The pressure-distance curves of
this figure are to be compared with those of Fig.
13-8, which results from the point source model.
They show how the structure of the wave is
aftected by the finite size of the explesive
charge. Since the subsidiary shocks are located
in the negative phase of the primary shock wave,
they canniot overtake and merge with the
primary shock. It will be noted that the shape of
the positive portion of the pressure-time curve as
calculated from the point source model is
qualitatively quite similar to that from the finite
charge.

The variation of peak pressure with dista.ce. as
calculated for the finite charge of TNT is

q 24 L ) O
YT by 1]
4 e e RE
A AR33
' ,/( 4 r PP (Lda
1, '1/ a 10083 0 & p. 300
A LA g /:/z’ i
e L on || e e P on
- 1 s L2 - = »
=:= l s e = T 1307
) in 1 o( 30 i i e i)
0 K00 R, 30 "0 Roﬂ.n & 760
'Il
14
849
i / /7
20 (1 aser / %Fm_
r/r/ 91 10, ‘ ] iV
AN y A 10—t
'41% Vil 1 - E j
A v » 1Y g a——— :
I A H —?’t/ “l
10! 21
t - i .
o " % = 00 %000

Figure 13-8.  Pressure in Atmospheres as a Function of the Lagrange or Mass Fosition fer
the Point Source Solution at Times Indicated (The position is in arbitrary
units of N/1627.2 and the time is in units of 1.) (Brode)
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compared with results for the paint source
model in Fig. 13-11. At no distante are the
results the same, although the slopes at large
distances are simiiar. Close to’the charge, the
point source curve is, as expected, much higher
than that for the finite TNT charge. Because of
excessive dissipation of shock wave enérgy in
this region, the point source curve falls below
that for the finite charge releasing the same
energy. It seems fair to conclude that the point
source model provides at best only a
qualitatively .correct description of the shock
wave. At distances of primary practical interest;
it overestimates the most important of the shock
wave parameters, the peak pressure.

Although the nuwerical integration of the
basic equations—using the von
Neumann-Richtmyer or an equivalent
technique—provides the mosi detailed and
probably ‘the most accurate description of the
shock wave, calculations of this kind are
tivie-consuming and expensive in computational
cost. They would seem to serve best as stanidards
ageinst which simpler approximate treatments
can. be compared. Any simplified theory of
shock wave propagation will result in a loss in
the detail with which the phenomenon is
described. The simplified theory is justified if it
is able to provide estimates of acceptable
accuracy of those properties of the shock wave
that are of practical importance, as for
example, in the design of protective structures.

13-6: UNDERWATER AND UNDERGROUND
EXPLOSIONS

The rapid expansion of the gas bubble formed
by an underwater explosion results in a shock
wave being propagated outward through the
water in all directions. The shock wave is similar
in form to the shock wave in air, and it obeys
the same laws of hydrodynamics. It differs in
detail, the differences arising solely from the
differences in the equations of state of the two
media. Just as in air, there is a sharp xise in
overpressure at the shock front. The peak values
for an underwater explosion are much higher
than at the same distance from the same
explosive charge in air. The peak overpressure in
water does not decay with distance as rapidly as
it does in air, Furthermore, the shock +ave
velocity which is always greater than and

asymptotically equal to the velocity of sound, is
greater in water than in air, except near the
charge surface.

In spite -of these differences, an underwater
shock wave is qualitatively similar to one in air,
as is seen from the summary of its characteristics
which follows. The velocity of propagation near
the chaxge is several times the limiting acoustic
velocify, this limiting value being approached
quite rapidly as the wave advances outward and
the pressure falls. In water, the acoustic velccity
is about 5,000 ft/sec. The peak pressuré in the
spherical wave decays more rapidly with
distance than inversely as the first power of the
distance, as would be predicted for a disturbance
obeying acoustic laws. The rate of decay
approaches tliis acoustic behavior ‘in. the limit of
large distances. The nonacoustic decay is to-be
attributed, as in the case of shock waves in air,
to the dissipation of energy in the water through
which the shock wav: has passed. However,
because of the properties of the equation of
stete of water , the entropy increment across the
shock front is very much less in water than for
shock wuves of the same amplitude in air.
Indeed, a successful theoretical t:eatment of
underwater shock waves has heen based on the
approximaticn that -entropy changes across the
shock front can be neglected with the result that
the Hugoniot curve for water is approximated
by the isentrope through the initial state. Thus,
the nonacoustic decay of skock wave amplitude
is less important in the theoretical description of
underwater shock waves than in the case of
shock waves in zir. Finally, as in the case of air,
the profile of the wave broadens gradually as the
wave propagates outward. The increase in
duration is most marked in the early stages of
the shock wave propagation near the explosive
charge. Pressure-distance curves for an
underwater explosion of a 300-1b TNT charge
are sketched in Fig. 13-12 for three different
instants of time, In Fig. 13-13, there is shown a
pressure-time curve for the same charge at a
single distance. These examples are taken from a
comprehensive  treatment of underwater
explosions by Colel? |

The initia: portion of the pressure-time curve,
to pressures of the order of 30 percent of the
peak value, is well described by the peak
spproximation, Eq. 13-17. In the later portions
of the wave, however, the pressure falls off

1319

Y O Y Y Y, R T




AMCP 706-180

TS o

much more slowly than is predicted by an
exponential law.

Because of the long duration of the positive
portion of the -pressure-time curve, the
definition of a limit of integration in order to
obtain the impulse delivered by the primary
shock wave is somewhat arbitrary. For example,
duration of positive excess pressure for a 300-1b
charge of TNT is about 160 times the time
constant 30 ft from the-charge. An integration
to this limit poses difficult problems both in
experimental. arrangements and in analysis of
data. The impulse is actually employed as a
messure of short-lived iransint pressure. For
these reasons, it has become customary to
evaluate the impulse from underwater shock
waves under only the earlier high pressure region
to ‘an arbitrarily asgigned upper limit on time
which is long enough to include -the
characteristic features of the pressure-time curve
wheén the pressures are a significant fraction of
the initial. peak value. One way of spécifying the
time limit of integration is as a constant multiple
of the experimentally observed time constant..

Cole suggests that the integration under the
pressure-time curve be carried fo a time that.is
five times the experimental fime constant.

In Several theoretical treatments of underwater
shock waves, e.g., that of par. 13-8, it is assumed
that the pressure-time curve can be represented:
by the peak approximation. This. assumption
imposes a-constraint to which the solutions are
forced to comply. Tt is found that théoretical.
time constanis so célculated are greater thair
experimental values but that the impulse,
calculated by means of Eq. 13-22, is in quite
good agreement 'with values .obtained from
experimierital pressure-time -curves to the
arbitrary time limit described above.

In. a spherically diverging shock wave, the
exterior medium is left with an outward velocity.
following the passage of the shock wave. In
underwater explosions, this flow has beén called
the afterflow. In air, the outward flow. continues
past the time at which the pressure has fallensto
the ambient pressuré, and the flow ‘5 not
brouight. to rest until after thepressure has:falien
‘below the ambient value. Thus, in air, the

34,000 bfin’
. 2200bfin:
./ 160 1b/in-
0 L _— '
.r‘m I40 ;5 l50 1 4;90 4[95 .r;oo ft
(A) R= 5 ft (B) R= 50 ft (C) R=500 ft

Figure 13-12. Pressure-distance Curves for the Underwater Shock Wave Prodiced by a

300-1b TNT Charge
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Figure 13-18. Pressure-time Curve for the
Underwater Shock Wave
Produced by a 3000 TNT
Charge

divergence of the flow results in a negative phase
of the shock wave. We note_that the explosion
gases are more dense than the exterior air.
During ‘the first part of the expansion of the
gas bubble in an underwater explosion and the
emission of the major part of the shock wave,
the pressure and density of the explosion gases
are substantially reduced. The density becomes
much less than that of the exterior water but the
pressure remains for a time substantially higher
than the equilibrium hydrostatic pressure, The
water in the vicinity of the contact surface has a
high outward velocity and the diameter ‘of the
bubble increases rapidly., Because of the inertia
of the water determined by its relatively high
density, the afterflow continues for a relatively
long time. During this period; the gas pressure
falls below. the equilibrium hydrostatic pressure
while the water pressure -approaches the
equilibrium  static  pressure from above.
Ultimately, the pressure differential brings the
outward flow to a stop, and the bubble begins to
contract at an increasing xate, This motion
continues until it is abruptly reversed by the
compression of the explosion products, Thus,
the conditions for an oscillating system are
provided by the inertia of the water and the

compressibility of the gas. The bubble does in
fact undergo repeated cycles of expansion and
contraction, The process is illustrated by Fig.
13-14. It is seen that the bubble spends most of
its time in an expanded state.

A pressure wave is propagated into the water
by each expansion cycle of the bubble
oscillations. The primary shock wave and the
first bubble pulse for the underwatexr explosion
of a TNT charge are shown in. Fig. 13-15. The
amplitude of the bubble pulse is séen to be
much lower than that of the primary shock
wave, However, the wave is of long duration and’
the impulse delivered by it is comparable to that
aélivered by the shock wave, The bubble pulses
can thus contribute significantly to the damage
from an underwater explosion. The time
constant of the primary shock wave (the time
required for the pressure to fall to a value of
p,/e) is of the order-of 0.5 msec. In order of
magnitude, the time of arrival of the bubble
pulse is 1,000 times the time constant of the
shock wave. The secondary pressure waves
described 'here have their origin in the-dynamical
properties of water. They are not to be
identified with the secondary shock waves in air
that were described in the last paragraph.

A comprehensive discussion of the oscillations
of the gas bubble and of the secondary Lubble
pulses emitted during the bubble motion is given
by Cole. It is shown that the theoretical
description of the phenomenon can.be based on
the incompressive approximation of the
equations of hydrodynamics, however, the force
of gravity cannot be neglected in the description
of the bubble motion. One result of this
theoretical treatment is of particular interest. It
is shown that the period of the oscillation is
proportional to the one-third power of the
energy transmitted to the water during the
bubble oscillations and inversely proportional to
the five-sixths power of the hydrostatic pressure

7= KEbIISIPOSId (13_29)
where T’ is the period, E, is the bubble energy,
and K is a proportionaliv,’ constant. This result,
which as been derived by a number of writers, is
usually known as the Willis formula, This result
makes possible the determination of the bubble
energy from measurements of the variation of
the period with charge depth and charge size. 1t
is found that approximately 50 percent of the
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energy of explosion is transmitted during the
primary shock wave*, the remainder being
dissipated during the oscillations of the gas
bubble. The most precise data are available for
the underwater explosion of TNT, for which the
energy of explosion has been evaluated as 1060
cal/g. From the obzerved period of oscillation of
the gas bubble, a bubble energy of 480 cal/g is
calculated. The difference, 580 calfg, is the
energy of the initial shock wave.

In water, as in air, all of the properties at the
shock front are determined as functions of the
peak préssure by the Hugoniot equations and an
equation of state. The Tait equation of state is
an expression of simple form that gives a good
tepresentation *'T data. Along an isentrope,
it can be written

p = Bl(pip,Y* - 1]

The exponent k is taken to be 7.15 for sea
water. The quantity Bis aslowly varying function
of entropy. For sea water at 20°C, it has been
assigned the value 3.047 kbars. It will be noted
that Eq. 13-30 has a form similar to that for a
polytropic gas. Richardson, Arons, and
Halverson*® have employed Eq. 13-30 to
evaluate the properties of sea water along the
Hugoniot curve. The shock wave velocity and
the particle and sound velocities at the shock
front are shown as functions of peak pressure by
Fig. 13-16.

As in the casé of shock waves in air, a
straightforward mathematical approach to the
theoretical description of the shock wave from
underwater explosions can be based on the
numerical intégration of the equations of
hydrodynamics. A calculation of this natuxe has
been performed by Penney and Dasgupta'? for
TNT. The integration was convinued from the
spherical detonation wave described by Taylor,
The peak pressure-distance curve obtained by
this procedure is shown in Fig. 13-17 which also
shows some experimental values. At distances
for which experimental data are available, the
rate of decay of the theoretical curve is closely
similar to that for the experimental curve. The

* Not all of the energy transmitted by the primary
shack wave appears in the shock wave at modeinte
distances from the charge. A portion of the energy ;
dissipated as heat in the fluid through which the
shock ‘wave has progressed (see par. 4-8).

(13-30).

low values obfainnd by calculation are to be
attributed to the low energy release that was
assumed in the calculation of the initial
conditions. It seems reasonable to assume thata
revision and extension of these calculations,
employing the more accurate value of the energy
of explosion that is nuw available, would give
results in good agreement with experiment.

The principal comimercial application of
explosives has been to Dblasting with the
explosive  detonated  underground.  An
underground explosion is very difficult to
describe gt antitatively, and the present state of
knowledge in this area is very limited. In
practical cases, the terrain is rarely even
approximately uniform over any considerable
distance from the charge. Even where uniform,
the exterior medium cannot be deseribed by any
simple equation of state. Fipaliy, the explosion
in a medium of infinite extent, to which we have
elected fo limit the treatment of this chapler,
does not correspond to the geometry of any
blasting application of practical interest. On the
other hand, more récent problems involving
underground storage of ammunition, and
simulation of underground nuclear bursts, have
led to experimental and theoretical work on
undergroand  detonations in  “infinite”
media®®-25.

In an underground explosion, the pressure
wave transmitted to the exterior medium is, of
course, affected by the mechanical properties of
the medium. If the medium is an elastic solid,
such as rock, there is a region of plastic
deformation and permanent displacement in the
region close to the charge where the pressure is
greater than the elastic limit of the material. At
greater  distances, both  iransverse and
longitudinal elastic waves are generated by the
explosion which travel, in general, at different
velocities and which are modified on reflection
at free surfaces, such as the ground level or a pit
face, and on passing from material at one
density to material at another. In general, it can
be stated that most of the energy of explosion is
dissipated close to the explosion in the region of
permanent displacement, and that the amount
of energy transmitted by elastic or seismic waves
is at most a few percent of the energy of
explosion, If the solid is elastic, it most
commonly fractures under tension as the result
of the tension wave produced on reflection of a
compression wave at a free surface.
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A considerable amount of empirical
information has been compiled on the behavior
of explosives in varying terrains, The selection of
an explosive and its ariangements for a
particular blasting job are, as a practical matter,
entirely dictated by experience. It seems fair to
state that blasting is at the present time an art
almost completely without a quantitative

-scientific basis.

137 THE INITIAL SHOCK WAVE
‘PP.ESSURES

At the contact surface between -explosion
products and exterior medium, the pressure and
normal componeint -of the particle velocity are
equal on each side of the surface at all tivies. In
particular, for a spherical explosive charge of
initial radius a,, thése conditions can be
expressed by

p, (a,) = B,(a,), u,(a,) = u(a,) (13-31)

where p, (a ) is the initial excess peak pressure
in the exterior medium, p, (ao) is the pressure in
excess-of the initial pressure p | of the explosion
products on the surface R =a , u,(a ) is the
initial radial shock front particle velocity, and
u.fa ) is the radial particle velocity of the
explosion products on the contact surface. When
these conditions aré established, a shock wave
advances into the exterior medium and a
rarafaction wave recedes into the explosion
products. The rarefaction wave is initially
characterized by the fact that the Riemann ¥
function (see. Chapter 2) is an invariant on a
particle path, i.e., on. the surface R = a . This
condition can be stated in the form

F = u + g = constant

PP,

o= dr (13-32)
pec

The constant in Eq. 13-32 is fixed when the
difinition of the o-function is completed by
specificatior of a lower limit of integration. The
integral defining the o-function is along a path
of constant entropy (which because of the
entropy transport equation is also a particle
path).

The salution for the propagation of shock
waves should, of covrse, be based on a
continnation of the solution for the spherical
detonation wave, described in Chapter 9. If we
here designate- by p, the pressure -of the
detonation wave front and by u, the
corresponding value of the particle velocity, Eqs.
13-32 can be written )

Uy(ay) + olpy) = u, (18:33)
where Pipo dp
oy = [ % (13-34)
Pd

Using Egs. 13-31, the Riemann condition can be

written in the form
U (a,) +olp,) =u, (13-35)

The o-function is to be evaluated using an
equation of state for the.explosion products. It
is necessary to calculate thé détonation state; to
construct the isentrope through this state; to
evaluate the integrand of Eq. 13-34 aiong. the
isentrope; and, finally, to evaluate the
o-functior by dquadrature. Methods for the
constfuction of the isentrope are deseribed in
Chapter 2.

The shock front in the extericr madium must
satisfy the Hugoniot conservation equations (see
Chapter £;. Thiza.can-be written
P

1

= pou, U

u = U1~ pgu) (13-36)

h, - h, =p (v +v)/2

in terms of the excess peak pressure p, , where U
is the velocity of propagation of the shock wave.
These equations are supplemented by an
equation of state for the exterior medium, They
make it possible to express each of the shock
front properties as functions of any ore of them
(usually in tabular form) for given values of'the
properties of the undisturbed wmedium, In
particular, it is possible to express the shock
front particle velocity as a function of the peak
excess pressure

u =) (18-37)

1325
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Thus, Egs. 13-35 2.4 13-36 imply a relation
u(p) +op)=u, (13-38)

which can be solved for the initial excess shock
front pressure p, by numerical or graphical
methods.

Kirkwood and Bethe® heve constructed a
theory of the propagation of shock waves in
water in which it is shown that the function

G= r(w + u’/z)
e (13-39)
w = dpjp
‘Po
propagates according to a relation thal can be
written

G(rnt) = G,(r) (13-40)

where G, is the value of the function G on the
contact surface at a time 7. If G(r,t) is known
everywhere in the (rt)-plane, all of the
properties of the shock wave can be deduced in
a straightforward manner. Eq. 13-40 states that
the function G(r,t) is equal to the value of the
same function on the contact surface at a time 7~
which is a function 7(r,¢). Kirkwood and Bethe
give a prescription for evaluating G (r) and
7(r,:), and they have thus formulated a theory
of propagation of the shock wave, We do not
wish fo describe this theory in further detail but
only to comment on an implication of Eq.
13-40. Kirkwood and Bethe show that the time
T is an increasing function of time for any
constant value of r. This means that the
properties of the shock wave, including those at
the shock front, are determined by properties on
the cuntact surface at times that increase as the
shock front propagates, We may, therefore,
picture modification of the wave during its
propagation as the result of a process in which
the wave front is continually destroyed by
dissipation in response to the finite entropy
increment acroer the shock front and in which
the properties of the wave as it propagates are
determined by properties on the contact surface
at successively later times. The process is
illustrated schematically by the pressure-time
profiles at two distances of Fig. 13-18, in which
the dashed curve of the curve at the greater

13-26

distance is intended to represent the portion of
the earlier wave that has been destroyed by
dissipation. The Kirkwood-Bethe theory is baged
on an assumption that the flow behind the
shock front can be considered to be isentropic,
as assumption that is valid in water but not in
air. The picture that it affords of the dissipation
mechanism, is however, qualitatively true for
shvek weres in air, where the digsipation of
enen 18 more rapid than in water.

It can be concluded on the basis of the insight
afforded by the analysis of Kirkwood and-Bethe
that simpler models of the initial state- of the
explosion products can be employed to calculate
the ‘initial shock wave pressure, provided the
energy of the explosion is correctly specified.
The shock wave parameters are seen to be
relatively insensitive to the initial shock wave
pressure, It is, therefore, frequently assumed
that the explosion can be adequately
approximated by assuming that it takes place
instanianeously at constant volume. One then
defines the o-function by

p+p,
o(p) = f ;’% (13-41)

Pe

where p, is the pressure of the constant volume
explosion state. The constant of Eq. 13-32 is
then zero and the expression corresponding to
Eq. 13-38'is

u)+om)=0 (13-42)

which can be solved for the initial excess shock
front pressure by numerical or grapiiical
methods,

13-8 AN APPROXIMATE THEORY OF
SHOCK WAVE PROPAGATION'

In the analysie of damage to structures by
blast waves in air or underwater explosion
waves, and in the establishment of an order of
merit among explosives with respect to diumage

power, the pressure-time curves and. peak

pressure-distance curves of the shock yyaves
produced by the explosives are 6f primary
importance. While experimental techniques have
been sufficiently developed eo as to lead to the
accumulation of a large body of reliable data,
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there exists a need for more flexible and
convenient theoretical methods of analysis of
the problem.

The thegretical analysis of explosion waves in
air, water, or in othar media characterized by a
well-defined equstion of state, involves the
integration of the hydrodynamic equations
subject to initial conditions determined by the
explosive source and subject to the Hugoniot
conditions at the shock front. it has been seen,
for the case of blast waves in air, that the point
source model is insufficiently exact for a
quantilative description of the shock wave and
that a more: realistic model of the explosion
must be employed. A straightforward attack on
the mathematical problem can be based on the
numerical integraiion. of the hydrodynamic
equations. The complexity of this approach has
thus far limited the procedure to a few special
applications. The need for a more rapid and
flexible theoretical 'method, based on
well-defined approximations as necessary, is
therefore clear. In the case of underwater

PRESSURE

explosions such a method, which has been
extensively applied, has been developed by
Kirkwood and Bethe®. Brief reference was made
to their theory in par. 13-7. It is described in
detail, with the resuits of calculations, by
Cole!?,

Underwater explosion waves are simpler to
treat than blast waves in air since the relatively
small entropy increment produced at the shock
front permits the use of the approximation of
adiabatic flow. This approximation cannot be
employed for blast -waves in-air. Xirkwood «nd
Brinkley® ‘have described a theory of
propagation of one-dimensional wavés—i.e,,
plane, cylindrical, or spherical—that takes proper
account of the finite entropy increment in the
fluid resulting from the passage of the shock
wave, It also permits the use of the exact
Hugoniot equation of the fluid and is in this
respect superior to treatments for air based or
the use of ideal gas isenitropes with constant heat
capacity, an-approximation that fails badly near
the explosion. The treatment is based upon a

7

Ve
7
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Figure 13-18, Pressure-time Curves of Shock Waue in Water, Showing Dissipation at the
Front as Described by Kirkwood end Bethe
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similarity restraint imposed upon the
energy-time curve of the wave. The theory
‘results. in the formulation of a pair of ordinary
differential equations which can easily Le
integrated by numerical procedures. A similar
approach has been employed by Kirkwood ard
Brinkley® for the shock wave generated in an
infinitely. long cylindrical charge with a
detonation wave progressing at constant velocity
in the axial direction. In this paragraph the
theory will be described for the spherical wave.

The equations of hydrodynamics for radial
flow in the absence of visccsity or heat
conduction can ‘be written in the usual Eulerian
form 1 (dp) du _ ou )

pct\dt/ or r

g’i‘. + —1- (é-pi-)z 0

dt o \or,
where p is the excess pressure, u is the particle
velocity, o is the density, and r is the radial
space coordinate whose origin is at the center of
the explosion. The sound velocity ¢ is defined
by ¢* = (3p/9p),. These equations are
supplemented by the entropy transport eguation
which we do not employ explicitly. The
conservation of mass for radial flow requires
that

(13-43)

riroid)

p(r't) (r ? dr'

r(o,t)

4 3
-, Py = 47rf (13-44)

3

where r(r_,t) is the Eulerian space coordinate of
the material particle whose Eulerian coordinate
was rat £ = 0, and where p, is the constant
density of the fluid at ¢ = 0. Differentiating Eq.
13-44 with respect to r at constant ¢, we obtain
the JLagrangian equation of continuity for
spherical symmetry

8, [t\2
(ir_) = _"(_“) (13-45)
or, pAr
t
-Also, by definition 5
r
=(— 1346
u <al)r,, ( }

In terms of the Lagrangian space coordinate r, ,
Eqs. 13-43 can be written

1328

(13-47)

ou ~\op
— 3 — = 0
ot \o,r,/0r

where we now understand the independent
variables to be | and t. Egs, 13-47 are of hybrid
form in that the Eulérian form of the equation

of continuity is retained. They are supplemented:
by the entropy transport equation and by the:

equation of state of the fluid, and they are to be
solved subject to initial and boundary conditions
specified on a curve in the (7, ,t)-plane and to
the Hugoniot conditions, Eqs.. 13-36

p, =p, u U

u, U@- p,,vl)

by - by = (0, 12)(ts + )

1

(p is the pressure in excess of the pressure p, of
the undisturbed fluid) which are to be:satisfied
at the shock front. Eqs. 13-48 are compatible
with Eqgs. 13-47 and specified: boundary
conditions only if the shock front follows-an
implicitly ~ prescribed curve R(f) in the
(r, ,t)-plane.

We denote a derivative in which the shock
front is stationary by

S CA B ¥ )
ar \or), = UVe),

where the subscript unity means that the
quantity so gesignated is to be-evaluated at the
shock front. If this operator . :applied to the
first of Egs. 13-48, one. .»tains the relation

R
Ve ) Nr), o, [ U\BE ) \or),

du D,
1 » dU
= U—=1
%0 dp, Udp,

(13-48)

(13-49)

(18-50)

where the partial derivatives are to be evaluated
at the shock front and where the function g is to
be calculated from the Hugoniot relations.

When specialized to the shock frontr =r, =
R, Egs. 13-47 hecome

7,
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f}_ g'ﬁ +...L QE\ =_ﬁ
P \Or ), Pyt az/1 R

<6u> 1 (ap>
—] +=|—] =0
ot b, or 1

Egs. 13-50 and 13-51 provide three relations
between the four partial derivatives —p/dt, dp/or,
ou/dt, and Ou/dr—all evaluated at the shock
front, with-coefficients that can be expressed as
functions of excess peak pressure alone for given
ambient conditions, by means of the Hugoniot
equations and the equation of state of the fluid.
If they could beé supplemented by a fourth
independent relation, it would be possible to
solve algebraically for each of the partial
derivatives as a function of p and R and, with
the aid of Eq. 13-19, to formulate an ordinary
differential equation

]

~% fop 1 ap>

—i= =) == = F(p
dR (ar>1 zr(at1 PR

for the peak pressure p, of the shock wave as a

(13-51)

(13-52)

function of the distance R and also to obtain the

initial srope of the Euler pressure-time curve
of the wave.

1t is, of course, futile to seek such a fourth
relation that does not itself involve an integral of
Eqs. 13-47, It is possible, however, to formulate
a relation of the desired type that requires only
a- knowledge of the form of the energy-time
curve of the shock inducéd flow and that is
insensitive to changes in form attending the
propagation of the wave. By imposing a
similarity restraint on the energy-time curve, an
approximate theory of propagation is obtained.

The physical basis for the supplementary
relation derives from the fact that the
nonacoustic decay of waves of finite amplitude
is closely associated with the ‘finite entropy
increment experienced by the fluid in passing
through the shock fiont and the resulting
dissipation of energy. As the shock wave
propagates through the fit.id, it leaves in its path
a residual internal energy increment determined
by the entropy increment produced in it by the
passage of the shock wave. In consequence, the
energy propagated shead by the shock wave
decreases as the distance it has traveled from the
source increases.

shock front by

In par. 13-3, it was shown that the shock wave
energy E(R), defined by Eq, 13-15

E(R) = 4w f rpudt
(R)

(13-53)

7
o

(in this paragraph p denotes the excess pressure)
is reluted to the Hugoniot properties at the
the ordinary differential
equation

dD s
T = -4nR"p, Ah(p, )-
where Ah(p_ ) is the specific enthalpy dissipated
at a-shock ‘front whose peak pressure is p,- The
integral of the énergy-time curve is expressible
through Eq. 13-54 in terms of the peak
pressure-distance curve of the shock wave for
distances beyond R by Eq. 13-54. The
dissipation assumption does not violate
conservation of momentum since, through
spreading of the wave, the total momentum can
remain finite while tho particle velocity
everywhere and the total kinetic energy tend to
zero. The dissipation assumption breaks down if
the first shock wave can be overtaken by
secondary shocks built up in its. wake, This will
not occur if the pressure-time curvé is initially
monotonically-decreasirg with asymptotic value
p,. If the excess pressure has a negative phase,
second shocks may develop in the negative
portion of the wave but they caniot overtake
the initial positive shock. In this case, the theory
will apply to the positive portion of the wave if
the line integral of Eq. 13-53 is extended to the
time at which the excess pressure vanishes,
instead of to infinity.

The energy-time curve can now be expressed
in reduced form as follows:

(18-54)

E(R) = Aﬂlzp, u, pe
l--[—ihr’pu]
L t=t,(R)
SL () 1y 24
PRI a:), R

Toete LR M
f(R7) = Ppu /(R‘p, u,)

(13-55)

13-29




AMCP 706-180

The function f(R,7) is the energy-time
integrand, normalized by its peak value at the
shock front, expressed as a function of R and.a
reduced time which normalizes ifs initial slope
to -1, if udoes not vanish, i.e.,

f(R, 0) =1
(3ff3r)pay = -1

We assume f {o be a monotonically-decreasing
function of 7. Elimination of 1 between the first
two of Egs. 13-55 yields the desired
supplementary relation between the partial
derivatives at the shock front. I, of course,
involves integrals of Eqs. 18-47 for a knowledge
of the reduced-energy-time function. However,
iff(a ,r)—u, i initial charge radius—is initially a
monotonically-decreasing. function of 7, f(R;7)
will remain $o and will, at large R, become
asymptotically a quadratic furction of 7
corresponding to the linear form of the
pressure-time curve shown by Kirkwood and
Bethe® to be.asymptotically stable. This -means
that € is a slowly varying function of R for
which a sufficiently accurate estimate can be
made without explicit integration -of the
equations of hydrodynamics.

The initial pressure-time cutve and energy-time
curves of an explosion wave are rapidly
decreasing. An expansion of the logarithm of the
function in a linear Taylor series in the timé, the
peak approximation, is appropriate for an initial
estimate of €. This corresponds to an
exponential f(r), independent of R

f=e",e=1

For the asymptotic energy-time curve of
quadratic form corresponding to a linear positive
portion of the pressure-time curve

f=a -2} r<2
f=01>2 €=2[3

As an empirical interpolation formula between
these two limiting values, Kirkwood and
Brinkley® have employed the relation

€p) =1 - 31 expl-p/p, ) (13-56)

Wiien the four relaticns expressed by Eqgs.
13-50, 13-B1, and 13-55 between the four

13-30

partial derivatives dp/dt, dp/or, du/ot, and du/dr,
all at the shock front, are combined with Eq.
13-52; we obtain an ordinary differential
equation

dp

p . ¢R?

—~l = - — p?

p» 7 m(p,) 4w P n(p,)
where (13-57)
fn( ) = 2G(1 -po[ps) + 4Po[P1

P 21 +s) -G

G(1 -
np) = < N
21+ g) -G
G = 1 - (poUlprer)?

which is to be solved simultaneously with Eq.
13-54. The constants of integration are the
initidl value of the peak:pressure; the evaluation
of which is discussed' in par. 13-7, and the
energy E(aa ) delivered to the shock wave: For a
shock wave in air, this quantity ‘may be taken
équal to the energy of explosion since
substantially all of the explosion energy is
dissipated by the shock wave. For an-underwater
shock wave, it ‘can be .assumed for a priori
calculations that 50 percent of the energy of.
explosion is fransferred to the initial shock
wave, the temainder being transmitted as
secondary pulses by the oscillation of the
bubble. These equations can also be employed
to extrapolate an experimental peak
pressure-distance curve to distances nearer 1o or
farther from the explosion than those covered
by the experiments. In this application, the
constants of integration are chosen from
experimntal values of p, and of dp, /dR at
some value of R.

The Kulerian time constant 6 of the
pressure-time curve is

1 [allnp]
-g-
] at . -ty

Sl fop) wmip)fop
p, \ot L P \Ro or ),

Using Egs. 13-50, 13-61, and 18-58, we-obtain

. 1

e€R? pu
__1;'_»_1 b(p,) (13-59)

|
| ¥

a(p,) + 4w
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where where
= ' 2
e A 2(po/m) - 1 F(E) i} %2:’::[% @][Z(l—‘*ij-—c]
YT - plpa)2( + &) - Gl }
bip,) = (P1/p)(1 + 8) = (pr/pe =~ DG fe) = %&:’%}

21 +g - @

For the peak approximation,
impulse I is given by Eq. 13:22

tae positive

I= pg (1360)
For the asymptotic linear pressure-time curve,
the positive impulse I is given by Eq, 13-23
1
I = —
Rl (]

Kirkwood and Brinkley? have interpolated

(13-61)

‘between these limiting values by means of the

empirical formula
i
1={i-Fexwlppl}re (362

an expression that hss no theoretical
justification and of which the form was chosen
to give agreement with experimental values of
the positive impuise.

It is conVenient for stiock waves it air to
express the excess peak ‘pressure in units of p_
and the distance in units of the initial clarge
radius a . Therefore, we define

2= Pl
R=
We also define a reduced energy variable D by

D= ?_ 40 ) _D_
T\, + 1\egadp,

where ¢ and 7y, are the sound'velocity and heat
capaclty ratio, mspectlvely, of the undisturbed
air; With these definitions, Eqs.. 13-64 and 13-57
can be writtenh

) (13:63)
Riag

(13:64)

2 & np) = - iﬁ_;!!l Fp)  (1868)

EE—
_8_ p3R?
&t PR

and where weé have already defined

2G(1 -~ polp) * 4po/0,

me) = 2L +g) - G
with _ den U
dfn p,
G =

1 - _‘Z.E >
e

The normalization of these fiinctions has been
so.arranged that

I)im(g*(j)m@)"l

Lim (p - 0) F(p) = 3/2 } (1366)

Lim (p =~ 0) fip) =1

For shock waves in water, it is convenient to
retain the definition of the reduced distance B
but o défine

2= p/B

w* [ b
p- . _ (2. 1367
Tomk + 1) (fg a3 Po> (1367

where B and k are parameters of the Tait
equation of state

p =[B(pioo)* - 1]

With these definitions, Egs; 13-54 and 13-57
reduce to Egs. 13-656 with the quantity v,
replaced by the quantity k. In this form, the
normalization leading to Eqs. 13-66 is preserved.

The propagation equatlons can be stated in
another reduced form that is particularly useful
for the discussicn of scaling. We have defined a

1331
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characteristic length A by Eq. 13-27, which we
write'in the form

A= (Wq'/p,)'® (13-68)
where W is the weight of the explosive charge
and q' is.the energy released by unit weight of
explosive. We-also define a new reduced energy
variable X hy

K = (&)3 D= 22 (.9.) (1369).

n(y, + 1) \Wq)

In terms of a reduced distance Z = R/A, the
propagation equations can be written

B Loy - - ER
iz *7 e x T®

dX

i )

(13-70)

For the shock wave in aix, where all of ihe
energy of explosion may be assumed to.-be
dissipited in the shock wave, the initial value of
K can be calculated with D/(Wg') = 1. For-an
underwater -shock wave, an approximate initial
value can be obtained D/{Wq') = 1/2 (and with
7, replaced by k).

For nurmerical integration, it is convenient to
let )

xz =8B ]

. - (318-71
P-Rp (13-71)
Q=D{Rp)
x =8nZ

or

P=2Zp (18-72)

Q = KAZp)

Then both Eqs. 13-65 and Eqs. 18-70 can be
written

dinP p?
™ =1~ mfp) ~ -b-eF(E)
(13-73)
dtnQ

2
. =m{p) -1 +%- [t.:'F(E) - f(g)]‘

1332

In view of Eqgs. 13-66, and recailing that €-2/3
as p » 0, the asymptotic form of Eqs. 13-73 is

a P (1374)
dx Q

dQ

= -0

Their solution can be written
P = P,{en(R/R )*"*
Q= 2p?

where R, and P, are constanis These results are

in accord wi"‘;h those obtained by Kirkwood and-

Bethe® for ihe asymptotic nonacotstical decay

-of apherical waves-of finite-amplitude.

In terms of the reduced distance J and the
reduced energy variable [, the first of Egs.
13-59 can be writien

1\ 2 e R? p\
6(0,,) = AR) +—lﬂ'_ B(p) (1375)

where
AR) = (us/e,) a(p)
, (2 .
Be) = %Z,)tu,/%)b(g)

In terms of the reduced distance Z and the
reduced energy variable K, the same equation
has the form

r.2 €22 p\ by (1376
> ZA(B)+<K>B(E) ( )

where 7 is the characteristic time that has been
defined by Eq. 13-27 . These expressions are
applicable to shock waves in water if the heat
capacity ratio , is replacéd by the exponent k.

Kirkwood and Brinkley?, in a -calculation
cited by Cole!®, have employed the propagation
theory described in this paragraph to extrapolate
the experimental peak pressure-distance -curve,
shown in Fig. 13-17, for the underwater
explosion of TNT, to distances closer to the
charge. The results of the calculation are shown
in Fig. 13-19. The calculated peak pressures are,
& is to be expected, in good agreement with the
experimental values, although it s significant
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that the theory is able to reproduce the
experimentally observed rate of decay of peak
pressure over the whole experimental range. The
extrapolated value of the shock wave energy at
the surface of the explosive is 561 cal/g, which is
in .excellent agreement with' the experimental
value of 580 cal/g and which constitutes a
significant test of the reliability of the theory
Tor underwater shock waves.

Kirkwood and Brinkley® and Makino® have
cmployed the theory to carry out a complete-a
priori caleulation of the shock wave parameters
for thé blast waves produced by TNT and
Pentolite. Their calculations employed a
Hugoniot curve for dir that has been imnade
obsolete by more accurate thermodynamic data
and, in conseqiience, their results are somewhat
indccurate. The calculations have been repeated
by Shear and anht“ using an accurate
Hugoniot curve for air. Unfortunately, these
authors evaluated only the peak
pressure-distance curve and do not report values
of the impulse, In Figs. 13-20 and 13-21, we
reproduce the peak pressure-distance curves for
TNT and Pentolite that were calculat;d by Shear
and Wright'®.- Fet illustrative purposes, we
reproduce the impulse-distance curve of
Makino!® for Penolite, Fig. 13-22, even though
the experimental data shown in that figure are

not the latest vaiues and the theoretical curve is
not based on the same Hugoniot curve as that
employed by Shear and Wright. These curves
have not been adjusted in any way by the
experimental data and the good agreement
between experiment and the theory indicates
that the approximate propagation theory
provides a description of the shock wave that is
of acceptable accuracy.

139 SHOCK WAVE SCALING

Three different-types.of scaling procedures are
involved in the application of theoretical or
experimental determinations of .. % wave
parameters to the prediction of e actual
effects of explosives. These involve scaling as to
the size of ‘the explosive charge, as to. thé
ambient corditions of the undisturbed. nedmm,
and as to the nature of the explosive. Rulns for
the first are easily derived from the fundamental
hydrodynamic equations. Rules for the second:
and third canvot be deduced apart from a
description of the -e¥plosion. If it can be
assumed that the approximate propagation
theory is of adequate accuracy, the-discussion is
smphﬁed since the propagation theory detines
the information. that is required about the
explosion. In this paxagraph we assume it to

(5o}
40
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o ' S
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Reduced Distance, R/ao

Figure 13-19. Peak Pressure-distance Curve for the Underwater Explosion of TNT as
Calculated by Kirkwood and Brinkley

1333

{
!
!
.i
.




e e e e et

U AMCP 706-180
1
{
1
] 1000 o . :
i [{ TV T T I7 0 T T T TTTTE
b ] -
i [ O — EXPEMMENTAL: ‘nEF. 17 aq
] {1]| @< exromumnva ner. 18 B
i .
; | | ecacuATED: merTiL conoriims AT AR, 3 1 .
~ { O == SRO0L:
i N -
! 8
i p g
i\ 1] 3
i N 3
‘ N :
e - ] - -du X -
SN H ‘%\
S - 'I- Hh\ =1
o | P
- I i 1
L2 IR ¥
5 | ) g
4 . R
& e )
: g 10 R 1
E F 3
i a { B
.o\ B -1
i » - =
! . ‘
; « I 4
A
i z P ~—1.
i
|
!
o ] mE i
. 3
b -
o1 i A 4- 4 1411 I\ A1 4 1 1.4] 1 41 1 141

13-4

Distance in charge radii, R/a,

Figure 13-20. Peak Excess Pressure Ratio vs Distance in Charge Radii for TNT at a Loading

Density of 1.5 g/cm® (Experimental values of Ref. 17 are for smail charges
in free air. Experimental values of Ref. 18 are from the surface explosion of
a 20-ton charge uncorrected for surface reflection.) (Shear and Wright)
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have been established that the point source
model of the explosion is insufficiently accurate
ifor shock waves generated by chemical
explosives and that the approximate propagation
theory described in the preceding paragraph
provides a-description of the shock wave that is
sufficiently accurate for practical purposes.

The solution of Eqgs. 13-65 and 13-76 can be
represented by the expressions

P, = PoflB;p(a,), D (a,);po,T,)
D= a3f,[B;p (8,), R (a); Po,T>]
0 = aof,IB;p(2,), 2 (a,); p,,T, ]

and it follows that the impulse is of ‘ne form,

13-77)

I = aPof I8 ;P (a0), R (8,); Po,T,] (13-78)

where f,, f , etc., are functions whose form is
determmed by t.he actual solution of ‘the
equations, and where we indicate the
dependence of the shock wave parameters on (1)
the reduced distance § = R/a_; (2) the constants
of integration; the initial reduced excess peak
pressure p (a_), and reduced shock wave enérgy
L (a)); and (3) the ambiént conditions of the
medxum which we describe by the ambient
pressure p_ and temperature T,. Altematively,
the soiutions of Eqgs. 13-70 and 13-76 can be
symbolized by

P,= Po &1 [Z ;E(Go);meo]
D= Wq'g,[Z;p(a,); p,,T,]

= (Wq'/p, 1 e g3
2 ; p(a,); Po,To ]

and it follows that the impulse is of the form

(13-79)

I=(Wq')\3 p2R ¢} g,1Z ; p(a, ); p,, T, 1(13-80)

where g, g, , etc., are also functions whose form
is determmed by the sactual solution of the
equation, but where we need to indicate their
dependence only on the integration constant
E(“ ), since the initial value of the reduced
energy variable K can be taken to be a constant.

For shock waves from explosive charges of
different ~ize but of the same explosive in the
same medium at the same ambient conditions,

these solutions can be symbolized by the
simplified expressions
= F(R/a,) = G(R/W*13)

D= aiFy(R/a;) = WRR/W'P) | 541,

n

0 = a,Fy(Rla,) = Wi G(R/W*3)

I = a,Fy(Rja,) = W3 G(R/W'B)

Egs. 13-81 are a statement of the usual rules for
geometrical scalmg They state that the
quantities p,, D/a , 0/a, and I/a(J are similar
when pxesented as functlom of the reduced
distance R/e, or alternatively that the
quantities p,, D/W /W13 and /W3 are
similar when presented -as functxons of the
distance variable R/W1/2,

The functions on the Hugomot curve in the
integrands of Egs. 13-70 and those defined -in
connection with Eq. 13-76 are functions fiot
ozly of the reduced excess peak pressure p, but
also, in general, of the ambient state of the
medium which we have designated by p, and
T, . If the medium is a polytropic gas or if it can
bé described by .an equation of the form of the
Tait equation, as is the case for wates; it is éasy

‘to show that the functivns on the Hugoniot

curve of Eqs. 13-70 and 13-76 are universal
functions of the reduced excess peak pressure p
and do hot depend explicitly on the ambient
state of the medium. In this event, Egs. 13-79
and.13-80 can be simplified to

P, = P £112;p (a,)]
D= Wi'&,1Z ;p(a,)]
= (Wq'/p )P ¢ #5312 ;p(a,)]

= (Wq')'R p2R ¢ 2,12 ; p (a,)]

Since the Tait equation provides a satisfactory
equation of state for water, the scaling implied
by Eqs. 13-82 can evidently be employed for
shock waves in water. It has been shown by
actual calculation that the propagation
equations for shock waves in air can, as a good
approximation, employ a polytropic equahon of
state to evaluate the functions appearing in Eqs.
13-79 and 13-80, provi® 1 the evaluation of the
constant of integratior. ~(a,) is based on the

(13-82)
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actual Hugoniot curve for air. This result, which
can properly be termed a “numerical accident”,
means that the scaling implied by Egs. 13-82 is 2
good approximation for shock waves in air.

It is a widely adopted practice to represent the
shock wave parameters for some particular
explosive by defining an “equivalent weight” of
a reference explosive, usually TNT. It is then
assumed that the shock wave warameters of the
explosion of interest are those for the explosion
of the equivalent weight of the reference
explosive, in the same medium at the same
ambient conditions. If peak pressures are shown
for the explosion of interest, the equivalent
weight may be evaluated by matching such
pressures with those for a fixed weight of the
reference explosive. The equivalent weight is
rroperly defined by energy considerations based
on Egs. 13-82.

The description of the shock wave from an
explosion by the statement that it can be
represented by the shock wave from an
equivalent weight of a reference explosion
assumes that Egs. 13-82 can be approximated by

P, = pogl(z)

D= Wq's:(2)
(18-83)
0 = (Wq'lpo 1P e 83(2)

I = (Wg')AB p2i ¢ gy(2) I

This approximation is valid if the value pfa ) is
the same for both explosions or if the shock
wave parameters are insensitive to this constant
of integration. Because of the phenomenon of
dissipation at the front, discussed in par. 13-, it
tums out that the parameters of the shock wave
in air for shock waves of equal energy are quite
insensitive to the value of the initial shock wave
pressure, Eqgs. 13-82 are thus a reasonably good
approximation to Eqs. 14-82 provided the initial
shock wave pressure of the explosions being
compared axe of the same order of magnitude.
For such cases, the description of the effect of
the explosion by that of an equivalent weight of
a reference explosive is then a valid procedure.
The procedure becomes invalid for widely
different values of thé initial shock wave
pressure. For shock waves in water, the shock
wave parameters are much mors sensitive than in
air to the initial shock wave pressure because of

13-38

the relatively smaller dissipation of energy at the
shock front. The range of utility of the concept
of a weight equivalent of another explosive is
correspondingly more limited.

Sachs'* has Lased a procedure for scaling
shock waves in air to different ambient
conditions on the assumption that the blast
wave parameters depend dominantly on the
energy of explosion. This scaling procedure is
also implied by Eqs. 13-83. However, the initial
shock wave presure pfa ) is not, even
approximately, independent of the ambient
conditions, and Egs. 13-83 are not, strictly, a
good approximation to Egs. 13-82 for scaling
explosions with the same explosive as to changes
in the ambient conditions of the medium.

In spite of this conclusion, Sachs scaling is
expenmentally verified as a procedure having
asymptotic validity. This asymptotic validity is
the result of the insensitivity of the shock wave
parameters to the initial shock wave pressure. At
points close to the explosion, deviations must be
anticipated from. the predictions of the Sachs
scaling procedure.

13-10 EXPLOSIVELY-PRODUCED SHOCK
WAVES IN SOLIDS

There is an extensive literature covering the
response of solids to explosive loading. Reviews
have been gven by Duvall*® and by
McQueen?7. In most of the work the explosive
has simply been used as a tvol to provide loading
of the solid at high stresses and high strain rates.
The development of explosive plane wave
generators has made it possible to produce plane
datonation waves in solid explosives, and these
plane detonation waves have been used to
produce shock waves in solid samples under
conditions of uniaxial strain. When the explosive
is in direct contact with the solid, shock wave
pressures of the oxder of 10° atm and shxain
rates of the order of 10® sec™! are typically
produced in e solid. The simple uniaxial strain
conditions make it relatively easy to calculate
the developing shock waves and flow fields,
using the standard computational technigues
discussed earlier and in Chapter 14, eg, the
artificial viscosity method of von Neumann and
Richtmyer?®,

The detailed response of a solid to explosive
loading is, of course, a function of the material
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properties. In general, the constitutive equation
for the material must be known, and this
-depends in turn on the microscopic properties of
the material. For example, in a metal thestress
history due to explosive loading with a given
explosive will depend on ¢ .ct: things as the stress

dependence of the mobile dislocation. density
and mobility®®.

Thus, explosively-produced shock waves are
currently serving as productive tools. for
investigating both macroscopic and micros¢opic
behavior of solids undergoing rapid loading.

13-39
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CHAPTER 14 COMPUTER PROGRAMS FOR EXPLOSIVE CALCULATIONS

14-1 INTRODUCTION

A great many large-scale computer programs
have been developed for handling explosive
calculations. This chapter presents a discussion
of tne types of problems solved and some of the
techniques used to solve -them. The relative
advantages of the technigues are descriped and
sevéral general-purpose computer programs, ‘or
codes, are réferenced.

Stress wave computations analyze the
detonation of an explosive, expansion -of the
products, and ‘propagation of resulting stress or
shock waves into adjacent materials. Three
elements are required for these calculations: (1)
hydrodynamic* calculations—a procedure for
following the progress of a shock or stress wave;
(2) equation. of state of the reacted, unveacted,
and inert materials; and (3) a mathematical
model. of the reaction process—a procedure for
following' the transformation of the explosive
from unreacted material to explosive products.
These three elements will be described
separately in the chapter, although they may be
interwoveri in computer programs. Computer
programs are available which handle all three
aspects of wave propagation; others deal only
‘with the construction of an equation of state for
the explosion products.
142 METHODS OF HYDRODYNAMIC
CALCULATIONS

14-2.1 INTRODUCTION

A number of well-developed procedures are
avdilable for solving problems of wave
propagation. Each is a technique for iategrating
the goveming set of differential equations. These
equations are the flow equations, representing
conservation of mass, momentum, and energy,

* “‘Hydrodynamic" refers here to computations
providing for the conservation of mass, momentum,
and energy in the flows, Originally, these
computations dealt with pressure, not stress, and so
were hydrodynamie. More recently material strenyth
has been added fo many calcalations, but the name
has not changed.

pius the associated equaticns of state and the
reaction mechanisms.

The two most popular techniques are the
methods of characteristics and of artificial
viscosity. Several subcategories are available
under both of these methods. The procedures
are outlined in the discussion which follows and
their appropriateness for certain fypes of
problems is discussed. The description is not
given in sufficient detail for guiding a
computation, but is only intended fo indicate
the nature of the computation, point out
inherent weaknesses of the methods, and
anticipate some of the difficulties in each
approach; the references contain details of the
procedures.

14-2.2 METHOD OF CHARACTERISTICS

In the method of characteristics the governing
differential equations are integrated along
certain preferrediines, called characteristic lines,
in the  distance-time  (x,t)-plane for
one-dimensional flow. The characteristics are
surfaces for problems depending on two space
dimensions and the time, and hypersurfaces for
three space dimensions. The characteristics
derive their import :ice from the fact that the
governing set of equations may be converted
into an equivalent set, each member 5f which
contains only derivatives in one of the
characteristic directions. Hence, problems in
wave propagation can be solved by integrating
this second set of equations -along the
characteristic lines. The lines correspond to the
motion of wave fronts or particles in the
(x,t)-plane and therefore have physical as well as
mathematical significance. Shock waves do not,
in general, travel along characteristics; thexefore,
a separate treatment is usually required for
chocks. A complete solution is produced by
combining the characteristic and shock
calculations,

We collect here—from Egs. 2-113, 2-104,
2-103, and 2-108—the mass and momentum
equations for one-dimensional plane flow,

144
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expressed in Eulerian* variables, together with
the equations that depend only on material
properties but not on geometry:

x, u®. ,(f;) - o (141)
%— + u(%:-)f %(%5—) - (momentum) (14-2)
. T(;-S) --(;") Luk,-o e (14-3)
. resction)  (14-4)
ad p
:—‘f— - g‘s_ for shock

- _—-z:u‘ll ® Q forreaction (entopy} (14"5)

= 0 for isentropic flow

P " plpen..m..) (eq. ofstate) {14-6)
where x is the Eulerian-space coordinate, u is the
particle velocity, R is the reaction rate, M, is the
chemical potential, n is the mole number, and S
is entropy. The total -derivatives refer to
differentiation along a particle path.

As noted in par. 2-7the three characteristic
directions are

9% =y e O = .o dx o .
dt T a (147
where ¢ is the isentropic sound speed. The
differential equations along the first two
characteristic directions are obtained from Egs.
14-1 and 14-2 (sce Courant and Friedrichs®, p.

82)**

dp
dp + pedu =+ ?(9)\;) ; d\, )

£
¥ ({re8)

)
dp  -pedu =+ 7,%— }
P pod ?( ’)e.n dk’ ‘

»

Eulerian variables form a fixed grid in spnce; the flow
moves past thum. By contrast, a Lagrangian
coordinate system moves with the particles of the
flow,

14-2

Here p, the pressure, is related te p and ¢ by

2z _{p) 14.

c (ap i, (14-9)
The 7\ is a reaction coordmate varying from 0
tol as the j-th reaction goes to r'ompletxon ‘Egs.
14-3 through 14-8, together with the path
relations, Eqs. 14-7, comprise a complete set for
the solution of reactive flow problems in the
absence of shocks. The shock fronts are treated

<Hpe.

using the Hugohniot jump conditions, Egs, 2-138.

and 2-1347, together with the equation of

state. Two numericel-procedures for integrating'

the equations and solving for the flow are
presented: the:Massau and the Hartree miéthods.
The discussion here pertains only to points
within thé flow, not along the initial
cheracteristic or on boundaries, (The reader is
referred to Courant, and: Friedrichst, Chou,
Karpp and. Huang?, Hurtrc,e ,.and’ Meye} for
more complete treatment, )

The Maszau copfputational procedute (see
Meyer*).s gxplajne & iith feferérce-to-Fig, 14-1,
a set of timeddistunce dlagra for 42 flow.
Iihes with positive slope iny Kig. 14-1{A) are
characteristics for which dafit = u ~ ¢; the
cthers are for u ~c. The 86 ¥ "tin is obfained at
the intersection ‘points «f these two
charactezistics. Because the sloy depend:on the
flow variables, ‘the grid is cwhs nunted (in the
numerical order of the points) cs Gy rently with
the computation. Fig. 14-1(B). shm 5 a typical
intersection at point D of all three

characteristics. An iteration scheme is adopted.

to define the location (x,t) and thermodynamic
state (p, u, e, c) at point D. First, u and ¢ are
estimated a\t D X, and ¢, are computed and
the thermodynamxc propertles at B are found by
mterpolatxon between those at A and C. Then
the characteristic equations (Egs. 14-8), energy
equation (Eq. 14-8), and reaction rate equation
(14-4) are integrated, taking into account the
equation of state (Eq. 14-6), to obtain improved
values of the six quantities at point D. This
integration is repeated until the differences

*¥The reaction terms on the right hand side are
obtained from works such us that of Stanyukovich52,

If the reaction is presumed to oceur at the shock
front, the energy equation becomes

- 1
e, =€ty tp )(v, -u )+ Q

Ve
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between the quantities on two successive cycies
are less than a desired limit.

‘One disadvantage of the Massau technigue is
the lengthy iteration in.space and time to locate
the intersection point D. The Hartree?
technique simplifies this problem by choosing all

the grid points on constant time lines as shown

in Fig. 14-2, The known points are 4, B, and C.
The point D is on the particle path from B.
Points A" and C' aré fourd by extending the
estimated characteristic lines back to the time

associated with A, B; and C. After locating

TIME t
)

points D, A’ and C’ approximately; the iteration.
proceeds as in the Massau technique. The
Hartree method has two distinct advantages over
Massau’s:,

(1) .Computations ouour at  constant
times, thereby imposiny a nafiual order on the
computations.

‘(2). Information is obtained along particle.

paths. These data are directly comparsble to
records from embedded gages which move with
the material,

Comparison computations suggest that the

u~c CHARACTERISTIC

S u+c CHARACTERISTIC

‘DISTANCE x

(A) GRID FOR A RIGHT-MOVING WAVE

TIME t

u+c CHARACTERISTIC \

D

. PARTICLE PATH

u-c CHARACTERISTIC

DISTANCE x

(B) GRID FOR MASSAU COMPUTATION SCHEME

Figure 14-1. Typical Characteristic Grids in the Distance- time Plane
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errors from the two techniques are similar (see
Chou, Xarpp, and Huang?).

If shocks occur; their trajictions in the
(x,t)-plane must be constructed during the
computation. Thermodynamic. ‘state variables on
either side of the-shock lines-are computed from
the Hugoniot jump conditions. Normally, the
starting point of each shock trajectc:y must be
anticipated by the programiner; special provision
must be-made for each possible occurrénce and
disappearance of a shock front. If the
computation begins with-a strong shock, as in an
impact, the shock is easily followed. If a shock
develops or disappears, as in a transistion from
deflagration to  detonation, then the
computations are much more difficult and the
shock location is established by trial.

For computational purposes, a shock is
assumed to be initiated at a point where two
successive characteristic lines of the same sign
intersect. To avoid the computational
difficulties associated with the presence of
shocks, approximate procedures are sometimes
used to eliminate these intersections. In the NIP
code of Lambourn and Hartley® the lower
pressure charvacteristic is simply discarded.
Another approach is to. average the sound
velocities of the intersecting characteristics to
produce a pseudo-characteristic; this is the
weak-shock analysis of Friedrichs®, Whitham?,
and Blackstock®.

Because: of thé inhefent compléxities
introduced by the ‘presence of shocks, a quite
different technigde for using thé method of
characteristics has been developed. In .this
approach, exemplified by the Stxess Wave
Analyzing Program (SWAP) computer program
(see Barker®+19), all waves are represented by a
series of shock waves. Hence, the Hugoriiot jump
conditions are used throughout the (x,t)-plane,
replacing the differential equations for
coritinuous flow, Egs. 14-1 to 14-8. The grid
used is similar-to that for the Massau techinique.
The isentropic sound speed ¢ is replaced by
shock speed U for defining the directions. of
characteristics. SWAP is rare among
characteristics codes, because it is designéd to
treat 2 wide variety of one-dimensional problems
(radiation deposition, plate impact, and
detonation). Shock trajectories .are located by
the program; they do not need to be
pre-positioned by the programmer. The current
program  (SWAP-9) does not handle
rate-dependent phenomena; hence reaction
mechanisms are excluded, although a CJ
detonation.is permitted.

For simplicity, this discussion has been.limited
to planar one-dimensional flow. However,
characteristics have been used for cylindrical and
spherical one-dimensional problems (see Chou,
Karpp and Huang?), in two-dimensional planar
problems (Barthel and Stxehlow!!), in

u+c CHARACTERISTIC o
PARTICLE PATH

- A u - c CHARACTERISTIC
H ~al
-

b d A v w :

A A B ¢ c

DISTANGE x

Figure 14-2, Characteristic Grid for Hartree Computat:on Scheme
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two-dimensional axially symmetric calculations
(Richardson®?), and in three-dimensional flows
(Chushkin®3),

14-2.3 METHOD OF ARTIFICIAL VISCOSITY

One -approach to calculating wave propagation

is to simply put the goveriing differential
equations in finite difference fo:m, and integrate
numerically. Computations of this type
generally lead to fictitious -pressire oscillations
near discontinuities. such as shocks. The
amplitude of these oscillations may increase
indefinitely with time, ‘thus effectively
terminating the computation. To reduce these
oscillations and produce a stable scheme which
could account for shocks, von Neumann and
Richtmyer'4 suggested adding an artificial
viscosity. The viscous stresses are significant
only at shock fronts, and they act to smooth the
shock fronts over several cells of the finite
difference grid and reduce oscillations at the
wave fronts. The artificial viscous stress is
intrepreted. physically as the difference between
mechanical or external stress (which follows the
Rayleigh line*) and thermodynamic stress
(which lies on the equation-of-state surface) a§
shown in Fig. 14-3.
) Many types of artificial viscosity have been
introducedt but in one-dimensional problems
only the linear*® and-quadratic*# forms are in
general usé.

The linear and quadratic artificial stresses are
given by

0y
q, = -pC,cl3r)AX

. <o (14-10)
ox

d 2
q =+ pC} (a—;‘—) Ax?

* The Rayleigh line is a straight line in the(r,v)-or
{P,u)-planes .connecting the initial state to a final
shocked state on the Hugoniot curve, It is the locus
of P,v or Pu states consistent with a single shock
velocity.

t Forms of von Neumann and Richtmyerl“,‘
Landahoff“, Langley'®, and Lax and Wendroft' ¥
are discussed by Frank and Lazarus!® and by A.F,
Eutery??, Richlmyer and Morton?? describe the
effective viscosity form of Godunov 21 and some of
the above. Additional, more complex forms.are uied
for two- and three-dimensional problems?2,

4 =g =0 &30 e

where p and ¢ are density and.sound velocity,
respectively; u is particle velocit;7; and-A X is the
grid spacing. The dimensionless coefficients, C,
and C,, which govern the amount of viscous
dissipation, normally have values around 0.1 and
2.0, respectively. The quadratic term. provides
dissipation only very near the shock front but is
not very effective in eliminating small and
low-frequency oscillations. Since the linear form
does damp out oscillations but increases rise
time excessively, it is usually advantageous to
use a combination of both forms. Examples of
the use of each form in impact calculations arée
shown in Figs. 14-4(A) and (B); note that the
wave front remains steep with quadratic
viscosity, while the oscillations die out quickly
with the linear form.

Finite difference computations have been
based on Eulerian, Lagrangian, and hybrid
formulations of the flow equations, and have
treated one-, two-, and three-dimensional
problems. For simplicity, the discussion. .of
details of the computational proceduye is
restricted to-one-dimensional, planar Lagrangian
coordinates. For this.geometry the material may
be considered discretized into.a large number of
<ells in the directions of motion and with unit
cross-sectional area. The computations then
treat motion through this grid or array of cells.
For the most stable and accurate results, the
numerical integrations are not based on the
differential equations, but on integral forms of
the conservation relations. These conservation
relations are, in finite difference form:

P Xa + Uat (velocity) (14_12)
b, = % (mass) (14-13)

U= U, = [é%!] at  (momentum) (14-14)

1
D
Ey = Ey +(5+) n/n,,-xm,)«li) ZuR, (energy) (14-15)

where Z is the constant mass per unit area of a
cell; X and U are position and velocity of the
cell boundaries, respectively; AX is the current
distance between adjacent cell boundaries; D
and E are density and internal energy,
respectively; and S and @ are thermodynamic
and artificial viscous stresses, respectively. The
subscripts o and 1 refer to time £, and (, + At),
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Figure 14-3. Paths Traversed by Thermodynamic and Mechanical Stress Through a Shock
Front; Definition of Artificial Viscous Stress

respectively. The quantities used for U, b5,
and Q, AS, AQ, and At are-chosen to provide
an accurate representation of the conservation
laws; the differences between methods lie in
these choices.

The progress of computation is illustrated in
the distance-time plane in-Fig, 14-5 which shows
coordinate points (labeled C and O) and other
points (labeled H and A). The flow and
thermodynamic variables are computed at some
or all of thése points. Calculations proceed from
left, to right, one coordinate (set of A4, C, H
points) at a time, updating X, U, D, etc., to the
hew time, ¢, + At. When the right boundary is
reached, computatlons begin again at the left for
the next time increment. The simplest
computation scheme is the leapfrog method of
von Neumann and Richtmyer!* in which
density, energy, and stresses are computed at H
points, particle velocity at cocrdinate C points,
and X at A points. With this layout, the
computed velocity equals U (the average
velocxty between times associated with X and

X.) in Eq. 14-12, the two derivatives in Eq.
1414 [8U/0t and B(S + Q)/2X] aré centered at
the same point, and the density calculation of
Eq. 14-13:s exact. The stress quantities in Eq.
14-15 are averages at twoH points for successive
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times, hence the stress at (t, + At) must be

known o integrate Eq 14-15 For equations of
state in which density is hnearly related to
energy, Eq. 14-15 can be solved simultaneously
with the equation of state. For more complex
equations of state, E and D are found by
iteration (see Brodxe” for an example)

Another integration procedure is typified by
the iwo-stép Lax-Wendreff method of
Richtmyer and Motton2®, In that, all flow and
thermodynamic quantities: are computed for
both € and H' pcints. The H points are treated as
subsidiary, co the diffexrence equations. (Eqs.
1412 to 14-15) for those points are not
required to be centered. The energy equation
(Eq. 14- 15) is directly integrable because (S +
@)-term 'is taken as the average of the stresses
one-half time step earlier, and these are known
at the time of integration. Hence, for complex
equations of state, this two-step method has an
advantage over the leapfrog method. Because
there are twice as many hyd;odynamic
computations in the two-step as in the:leapfrog
method, the computing tilme is longer for simple
equations of state,

Besides the leapfrog and  two-step
Lax-Wendroff integration schemes, there are
several others which have been used successfully.
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Among these are schemes due to Lax2* (a

schemes. are those of Trulio??, Lax2%;

i
b
1

RN H
) method which uses second derivatives and only  Rusanov?®, and Herrmann??, ;
Y ‘C points in Fig. 14-5), Lax and Wendroff* 7:2° in setting up the integration schemes for a 3
g \one-step with second derivatives), Godunov?!, computer program, the following general rules ;
4 arid Seaman?® (a double-leapfrog scheme should be followed to avoid stability problems: i
;12 combininig. features from the two-step {1) Centered, first order differences '
K Lax-Wendroff and leapfrog methods). The should be wused to represent first order '
B double-leapirog method sllows direct integration  derivatives. i
4 of the eneigy equation, yet remains stabie in the (2) The time increment must be less than :
7‘ presence of boundaries and high density AXC for all cells (the Courant-Friedrichs-Lewy
i wadients, unlike the two-step Lax-Wendroff conditions??). It should be much smaller (e.g.,
F method. Wilkins?? developed a two-dimensional ~ 0.02 AX/C) for the first few cycles, and should
version of the leapfrog.scheme; this vérsion is  be allowed to increase only gradually (€.g:, 20
the basis of the general-purpose codes HEMP  percent) at any step. i
and PIPE?®. Other practical two-dimensional (3) ‘The -artificial viscosity 'must be )
&
- ] T ] | :
25'|— — (
/ ;
4 ’ I
B 20 -
le
! 15 H — ‘
5 - . |
2 INTERFACE 8 CELLS {8 CELLS 28 CELLS E '
; & 0.0267 ¢m 0.06cm 0.0933cm : '
R [ ’ N
i 4ol — :
R [ . :
K ] !
i . 1
(s ;
0 ‘
1 I l | r L
. 0 0.05 0.l0 0.15 0.20 0.25 6,30
TIME, usec

Figure 14-4(A). Stress Histories Generated in Tungsten by an Impact With C-7 Epoxy:
ni Quad:atic Artificial Viscosity Only, With a Coefjicient of 4.0
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% ]
sufficient to force the mechanical stress to  For tach problem, a grid or cel} size must.be ) : ‘

follow the Rayleigh line, but not so large that  selected which is appropriate to the materials

the stress-volume path is markedly concave and to the detail required in the resuits.

downward, Normal values of artificial viscosity will smear !
(4) The computation scheme in a  shock fronts over three or four.cells; the cell'size

two-step method should exhibit sufficient should be chosen with this in mind. At

feedback in the computation of velocity and  interfaces between materials, the cell’ thickness, !

stress to maintain stability; j.e., the equations AX, and &k, should be chosen for equal

must be so arranged that an overestimate in  crossing times, l.e.,

velocity on one cycle-will lead immediately to a AX, AX,
stress gradient which will correct the velocity on ’c N~ - (14-16)
the next -eycle. The ‘double-leapfrog scheme?® 1 2

teatures this feedback, and. therefore is usabie where ¢ is the relevant wave or shock velocity. . ’
‘with  high  density.  gradients, seriously The artificial viscosity method is well suited to ! L

mismatched materials, and equations of state ‘the construction of general purpose programs. :
with regions of imaginary sound speed. Shock formation and disappearance, and shock ;
2 T T T T ;
H B
N\ .
20 H — | ‘

cet

P .
i !

%

INTERFACE 8 CELLS

0.0267 cm

18 CELLS
0.06 cm

28 CELLS
0.0933cm

STRESS ; kbar
S
1

| ] | 1 | ]
0 0.05 0.10 0.15 0.20 0.25 0.30
TIME, usec

Sy

Figure 14-4(B). Stress Histories Generated in Tungsten by an Impact With C-7 Epoxy:
Linear Artificial Viscosity Only, With a Coefficient of 0.5
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fronts are provided for naturally in the
computations, without requiring that the
program or programmer know in advance the
locations of these phenomena. After a stable
scheme for handling the hydrodynamic
integrations is produced, arbitrarily complex
equations of state, strain-rate-dependence,
combustion reactions, radiation deposiiion, heat
conduction, fracturing, and other capabilities
may be readily added. For this reason, many
artificial viscosity computer programs can
handle wave propagation initiated in three ways:
b§ impact, radiation deposition, and detonation.
The method is‘also readily extendéd to two- and
three-dimensions.

The principal difficulties with- the artificial
viscosity method are the erosion of wave fronts,
and the computer times tequired. The wave
front erosion is serious if details of the wave
front, such as time-dependent precursor decay,
are of interest (see Fig. 14-6 fora comparison of
precursor decay from a viseosity -calculation
with that obtained from an analytical
calculation), For attenuating waves, the viscosity
augments the rate of dissipation. Computing
times are usually much longer than for
characteristics codes for comparable problems.
For multi-dimensional problems, the computing

costs can be very high. To minimize costs, the
grid. is usually very coarse on tliese problems;
then the results are also coarse.

Many computations are not suited to the
Lagrangian formulation. Lagrangian is most
appropriate if the motions and distortions of the
material are sufficiently limited for the cells to,
retain their basi¢ shape (e.g, a square cex
stretched to a long rod nG longer represents the
material very well). During some computations
the distortion i eliminated periodically by
“rezoning”, i.e., redefining the Lagrangian cells:
When there are large distortions, however, such
asin a fluid flow problem; Eulerian {nonmoving)
variables are probably appropriate. The Eulerian
epproach ‘s often faster than Lagrangian, but:is
less accurate for solids, and reqiiires exiensive
programming to handle material interfaces and
elastic-plastic ‘behavior. The OIL code?® iz one
example of an:Eulerian program.

Tn an effort to combine the advantages of
Eulériap. and Lagrangian variables, many
programs have been written ‘with a mixture of
the two types of variables. Frank and Lazarus'®
treated a two-dimersional protlem in- which-the
variables were Euleriai in one direction,
Lagrangian in the other; this technique is
appropriate for many laminar flow probiems-in

O Previous coordinate positions
C New coordinate positions’
A Coordinate, half step points
H  Mid cell, half step points
tytht - c c c c
-
$ A WA H A H A
).
t o [ o o
1 ] 1 R
Q 1 2 3 4

LAGRANGIAN COORDINATE LOCATION

Figure 14-6, Grid for Depicting Coordinates und Time Increments
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which the motion is-~timarily in one direction,
The STRIP code was Jeveloped by Trulio®? to
handle two-dimensional sphericai problems with
the radial variables being Lagrangian, but
variables in the 0 direction being Eulerian,
Noh®? wrote the CEL code for fluid flow past
solid objects; for that problem it was convenient
to use Lagrangian variables for the solid, and
Eulerian for the fluid. In the AFTON codes
Trulio®? attempted to follow the flow with
Lagrangian or other moving variables and to
rezone frequently to reduce grid distortion; the
rezoning tended to erode wave fronts
excemvely More recently he has developed a
moving coordinate system®* which emphasizes
(with & fine mesh) the wave fronts. The moving
coordinates. .were designed specmcnlly for the
problem 6f radiation deposition in a thin surface
Inyer; at early times, very fine cells are needed in
that surface layer, later the small cells are
needed eltewhere and the surface layer can be
represented by large cells. For the
two-dimensicnal radiation problem it has been
appropriate to use an Eulerian or PIC {discusced
lster) computation during the early, violent
motion, and.a Lagrangian grid later. Evidently, a

grid system appropriate to the problem at hand
can usually be found and used successfully.

The preceding artificial viscosity formulations
are ail of the explicit type, except for iterations
associated with the equation of state. This
approach, in which the variables at each time are
determined by exfrapolative formulas from the
previous time, is by far the most common., By
contrast, in implicit methods?? the variables at
each time ave a function of all other variables at
the new time us well as those at previous times,
The flow equations are solved by “closed”
numerical integration schemes, Implicit methods
may be desigied so as not to require short time
steps like those needed for explicit methods.
Therefore, if details of the wave fronis or other
information requiring short time.steps are not of
interest, an implicit scheme may be
advantageous. The solution atv each time
increment is. produced'by iteration, the fimt set
of values being obtained from equations of
“opén” type, and the latex values from “closed”
type equelions A code based on -an implicit

method was derived from an integration of the

flow equations along  approximately
characteristic lines by Muller®® for the

20 T g T =T I
- PREDICTED PRECURSOR WAVE AMPLITUDE f UL e st
sl D™ COMPUTED STRESS PROFILE % T e |
) o~ T~ ’
L |
‘\
270\ l
@ \ |
2 NI
F gl \\ !
I |
4
-
t = Jusee
n |
0 05 10 15

DISTANCE 1NTQ MATERIAL, cm

Figure 14-6, Stress Profiles Following Impact in a Material Represented by Simple Anelastic

Model
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computation of nonlinear acoustic flow without
shocks.
1424 PARTICLE-IN-CELL METHLD

The particle-in-cell (PIC) methoa®537 js a
mixture of Lagrangian ahd Eulerian techniques,
and generally requires a computer with both a
Jarge memory and high speed. It is especially
useful for problems in which there are large
distortions. The fluid miay be visualized as
discretized into small Lagrangian particles with
mass, velocity, and energy, but no shape. Duririg
the computation, these cells are passed through
a fixed Eulerian grid. During each time step, two
types of calculations occur: a computation of
pressure and energy in the Eulerian cell based on
the number of particles in the cell, then a
determination of the motion of each Lagrangian
particle from the pressure gradients on the
particle, The stability of the computations
arises, according to Harlow?®, from an ariificial
viscosity introduced unintentionally in the
averaging process. Some of the disadvantages of
the method are ity high computitg cost?®, the
jumps in pressure associated with guantized
changes in density, and difficulty in handling
elastic-plastic properties. Harlow presented
figures from two-dimensional PIC computations
of a crater formed by the explosion of a
spherical charge on the surfaca of the ground;
this exemplifies well the Iar3e distortions treated
in PIC problems.

14-3 EQUATION-OF-STATE COMPUTATIONS

An equation of state is a relationship between
thermodynamic  variables which  describe
equilibrium states of a material. The relationship
can be visualized as a multidimensional surface
whose coordinates are the thermodynamic
variables. In an equilibrium process, the material
state moves across the surface; in a shock or
reaction process, the end points are on the
surface but intermediate points may be off the
surface. An example of Hugoniot curves on
equation-of-state surfaces is shown in Fig. 14-7,
In the shock front the material state follows the
Rayleigh line from O to A, In the subsequent
reaction, the state follows the Rayleigh li
from A to the C-J point.

In this paragraph, computer codes ave
discussed which develop the equationsof-state

relationships for reaction products, given the
equations of state of each constituent; i.e., these
codes could be uszed to develop the upper curve
in Fig. 14-7. The computations generally follow
the analyses in Chapler 2 and Appendices A, B,
and D. Examples of these codes are the
STRETCH, BKW?#, RUBY??, and TIGER*®,
The TIGER code was constructed with the aid
of experience gained from the earlier two; its
characteristics are described in the paragraphs
which follow.

The TIGER computer code caiculatez the
composition and thermodynamic variables
associated with equilibrium states of reaction
products. The user supplies the chemical
formula (or formulas, for a mixture) of the
condenscd explesive and specifies the state
points -of interest. State noints which are
obtainable are the C-J point, the constant
volume explosion point, a series of Hugoniot
points, a series of points on an isentrope, or any
arbitrary point for which two thermodynamic
variables are specified. The program uses the
analysis of Chapter 2 to satisfy the
stoichiometric and chemical equilibrium
conditions, and the equations of state of each
constituent—combined with the Hugoniot,
iseniropic, and C-J conditions—to find.the state.
The printed output for each state pointincludes
the constituents, the thermodynamic variables,
and derivatives—such as the specific heat, tke
thermal expansion coefficient, and the adiabatic
exponent. For each point the constituents may
be represented by either a perfect gas law or a
Becker-Kistiakowsky-Wilson equation of state,
The resulting states are eqnilibrium states and,
therefore, do not repiesent a reaction process.
To be able ‘to estimate .properties of
nonequilibrium states, points may be computed
with the constituents either frozen to thoseofa
prior equilibrium state, or free to assume unew
equiliteium configuration. The transient stutz
may be presumcd to lie between these two
states.

Within the TIGER program there is a basic
thermodynamics routine (THERMOQ) which
solves for equilibvium composition given two
equation-of-state variables. Within THERMO the
basic variables are the n, {mole numbers for 2l
ges phase constituente), m, (parameters reluted
to chemical poter. ials—one per element present),
temperature- T, and a pressure-related variable
P,. Because of the hivhly nonlinear relations
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ameng these variables, a two-level iteration
procedure was devised. To start the procedure
the n, arc estimated; the n, may be taken as
equal for all constituents, This estimate sexves as
a basis for determining the 9, T, ang P, values
from the stoichiometric conditions ~(which
require conservation of each element in a
reaction, see Eqgs. 2-5 and 2-10) and the
equation of state. With fixed M, T, and P, ;the
n, are determined:-from the chemical equiliérium
conditions (Eq. 2-30) in the inner iteration lorp
by the Newton-Raphson method: With ..ew
values for the n; the n,, T, and P, are
determined in the outer ﬁemtion loop. The

inner and outer loops-are repeated in-order until.

values computed in successive cycles meet the
convergence criteria.

Hugoniot points, the C-J points, isentropes,
eic,, are calculated- by repeated calls to
THERMO, For example, to compute the C-J
point, the constant volumie explosion :state is
first computed by providing THERMO with two

HUGONIOT
POINT -~

REACT|ON-PROCESS

\ ; HUGONIOT DF PRODUCTS

HUGONIOT OF SOLID s\

state variables, the energy of formation and
initial specific volume. The first approximation,
to the C2! point is obtained by providing
THERMO vith T, and V| where T, is the
temperature at the constant volume explosion

point and
- K
Vi Vo (‘:C’%T)

V, and k are specific voume and adiabatic
exponent, respectively, of the constant volume
explosion point. The equation for V, is derived
f.om the CJ condition, By use of this initial
approximation, the iteration procedure finds
improved values of pressurc and spdcific volume
which are used in the next call. to THERMO,

In wave propagation programs the principal
thermodynamic variables. are pressure, internal
energy, and specific volume (or-density). In the
artificial viscosity codés, the equation-of-state
subroutines are provided with energy and
density 1ind expected to yield values of pressure,

P

v e A A . A o, AT

RAYLEIGH LINE

Figure 14-7, Hugeniots and Paths for Steady-stute Shock and Reaction in a Homogeneous

Explosive
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Therefore, for use in wave propagation
calculations, the most convenient equation of
state is one in which pressure is an explicit
function of energy and density. An example of
the transformation which may be fequired to
pat an equation of state in tractable form is
given by Zernow, etal.*!. Initially, they used the
equation of state to compute pressure for a grid
of points-in (E, p)-space, and then interpolated in
this grid for the wave propagafion calculation.

14-4 REACTION. ° ‘MECHANISMS FOR
COMPUTATIONS

The reaction mechahism is the process by
which the unreacted material burns or detonates
to become the reaction product. If the reaction
process is not of interest, then a very simple
computational scheme can be wsed. However,
for a study directed toward determining the
induction time, initiation and fadeout of
detonation, and other phencmena governed by
the reaction zone; the reaction process is
modeled more carefully, For a homogeneous
explosive the Arrhenius equation for the reacted
fraction f is used??: 4. 43

%ﬁ‘ = A(1-7)" exp [- E* /(RT)] (14-17)

where A is the frequency factor, E* js the
activation energy, R is the gas constant, and A is
the order of the reaction (either A =0 orl is
used), While the material is reacting, part of the
material is obeying the product equation of state
and part the explosivé equation of state. The
products are in pressure equilibrium but not
necessarily in thermal equilibrium. Possible
computational treatments of this two-phase
problem are giver by Peirone*? and by Zernow,
etal4t,

For an inhomogenegus (condensed) explosive
Warner** and Boyer*® have suggested methods
for describing the hot-spot initiation, burning of
adjacent material, and detonation. Warner let A
= 2/8, corresponding to a process depending on
surface area rather than volume, and made T the
temperature of the reacted gas. Boyer*®
considered the condensed explosive to consist of
two phases, one of which would detonate by an
Arrhenius law (the hot-spot part), and the other
would burn by alaw like Warner’s with A= 2/3.
Both Warner’s and Boyer's methods were able to

model an underdriven detonation, with
subsequent build up of reaction and production
of a steady C-J wave front,

Where details of the reaction process are
unimportant, simple reaction mechanisms have
been employed, for example, an instantaneous
conversion to the C-J state of the explosive at
the front of *he detonation: wave, This
mechanism, available in TOODY?® and in
NIP*S may be adequate when the explosive
propels a flyer plate, and only the terminal

velocity of the plate is of interest. For alittie

more fidelity to the reaction process, Wilkins?2
has suggested iwo computational mechanisms:

(1) The detonation is requircd to travel at
the known detonation velocity D, and the time
of .arrival of the wave at each.cell is.calculated in
advance. When the detonation time is reached at
a cell, the heat of reaction is added to the
internal. energy of the cell over several time
increments. As with the simpler mechanism
previously described, the detonation wave is
forced to reach the C4J velocity and achieve the
C-J pressure,

(2) An alternate possibility is to set the
burn fraction f to

1-V/V,

f = TV, (14-18)
where V, V_;, V_  are the cdrent, C-J, and

initial specific volume, respectively. With this
mechanism, the detonation wave is-cllowed. 4o
establish itself.

Wilkins has found that the second mechanism
does not establish a steady state very rapidly. To.
eliminate this problem and.also to allow for an
overdriven wave, he recommends computing f as
the maximum from the two mechanisms.

14-5 SUMMARY OF CALCULATIONS OF
WAVE PROPAGATION WiTH REACTIVE
MECHANISMS

The preceding paragraphs have contained
descriptions of the three basic elements of wave
propagation in reactive flow: hydrodynamics,
equations of state, and reactive mechanisms.
Here, some of the ways in which these elements
have been combined are mentioned, and the
nature of the resulting solutions are discussed.

One example of a method of characteristics
calculation with reactive flow is that of Barthel
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and Strehlow* to study the effect of transverse
waves on- one-dimensional flow. Another is the

study of Osborn*” on the thermal
decomposition, induction, and burning of
propellants.

Unsteady aspects of detfonation waves have
been considéred by Warner with artificial
viscosity  computations. The initiation,
induction, and gradual build up to the steady
state, instability, and fadeout were treated from
a continuum mechanics viewpoint. The Jetails
of hotspot and bubble collapse mechanisms for
initiation have been studied by Madert8.42.50
who t:eated the hot spotin detail.

Without treating the reaction process in detail,
Wilking®? has performed multiple detonation
computations to determine the equation of state
of reactant products. The equation of state was
altered and the calculations were repeated until
there was satisfactory agreement between
computed and measured motion of the explosive
casing. The preceding references only hint at the
variety of problems which have been tackled
with wave propagation codes.

Before constructing a code for wave
propagation calculations, it is well to decide on
the nature of the results desired, whether the
code must be general-purpose, etc. Some of
these code characteristics have been discussed
previously; three more will be mentioned here.

First, the code should be easy for the user to
understand and' even modify. Normally, this
requirement lengthens the program and extends
running time somewhat, but it saves programmer
time and encourages people to use the code. If
possible, the code should be modular, i.e., with

1414

separate routines for hydrodynamics, equations
of state, reaction méchanisms, input and-output;
this simplifies code modification.

Secorid, an estimdte of the number of
computations required in a given project
depends strongly on the role that the
computations are to play. If the obsewed
detonation velocity or fracture lines are
pre:planned for the computation, the computed
results serve mainly to corfelate the
experimental data. Then there may be one or

two computations per experiment. On the other-

hand, if the computed detonation velocity is the
resuli of hydrodynamic and reaction rate
calculations, then it is properly termed a
theoretical prediction. With such a. code, a
variation of parameters is vsually helpful, this
will require a large humber of computations.
The third item is accuracy. With all
computations there will be some errors and, in
wave propagation, these tend to grow with time.
One aspect of accuracy has been discussed,
namely, the comparison of computed results
with an exact analytical prediction. Normally,
this type of error is of less inferest (and smaller)
than those associated with uncertainties in the
parameters of the reaction process and the
equations of state, In most of the foregoing
computations these parameters are not known

-closely so that the computed results are

primarily of a semi-quantitative nature; although
the results may be relied upon to indicate the
relative importance of input parameters. In spite
of this drawback, the computations are useful
for extending our understanding of the
detonation process.
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APPENDIX A EVALUATION OF THE THERMODYNAMIC. PROPERTIES

A-1 INTRODUCTION

The thermodynamic relations of general
validity, summarized in par. 2-4, provide the
basis for the evaluation of the thermodynamic
properties of a system. Since it is a
characteristic of these relations that they are in
differential form, ‘it is' necessary to integrate
them in order to obtain-expressions that can be
employed for numerical wsork. Furthermore,
since they are characteristically relations
between partial derivatives, the integral
expressions are most conveniently stated in
terms of lin integrals. Physically a line integral
is a way of expressing the change in some
property during a process between two different
states. In the present application, one state is
taken to be that of the system of interest and
the other that of a reference system whose
properties are. known. If the reference state is
properly defined, the line integrals needed to
evaluate the thermodynamic properties of real
systems can be made to involve only properties
of the system that are determined by the
equafions of state of its constituent phases.

In successive- paragraphs of this Appendix,
expressions are deduiced for the thermodynamic
properties of pure condensed phases and of a gas
mixture, Relations: are then given for the
properties of a general heierogeneous system. It
is assumed that the composition of each phase is
given, A procedure for the determination of the
composition at equilibrium (which is the only
composition uniquely determined by
thermodynamic considerations alone) is given in
Appendix B.

A-2 THERMODYNAMIC PROPERTIES OF
PURE CONDENSED PHASES

In the interest of simplicity of notation, we
dispense. in this paragraph with the component
index that has been employsd in Chapter 2 to
identify the chemical species of which the phase
iz composed, and with the prime-notation that
has been employed to distinguish a condensed
phsse from a gaseous phase as in Eq. 2-11.

We assume that the molar volumo of a pure
condensed phase is a known function of pressure

and temperature, V = V(p, T). Writing the second
of Egs. 265 and integrating, we obtain an
expression for the molar enthalpy H of the
phase

g=H+ ﬁ[v T(a—v (A1)
aedd' o [l 1) Jo

where H* is the molar enthalpy in a reference
state at one atmosphere. The quantity H* is a
function of temperature only, H* = H*(T), and
the integral is along a path of constant
temperature. The -quantity H* is undefined to
the extent of an additive constant, the
specification of which can be arbitrary. The
specification of this constant is equivalent to the
selection of a standard state or datum base in
terms of which the enthalpy is to be .casured,
The standard state is defined by a reference
temperature, reference pressure, and reference
state (Jiquid or solid) of each element. We select
abgolute zero and one atmosphere as the
reference temperature and pressure. The
reference state is the phase which is stable at
room temperature and atmosphberic pressure,
The guantity H* may then-be defined formally

‘by

* * * ¥
B* = Br- 1+ AH]

where (H - HY) is the enthalpy function in the
reference state at temperature T messured’
relative to the same state at a temperature of
absolute zero and A,Hy is the molar heat of
formation of the materials from the elements at
absolute zero and at a pressure of one
atmosphere. The quantities (Hf - HY) and A, H}
are listed in standard tables of thermodynamic
propertiest. The standard state here defined is
consistent with that employed for gas mixtures,
The molar energy is obtained fiom the
definition of the enthalpy

P
. ()4 A-2)
E=H"-pV+ [V—-T(—-—)}dp (
[b-6)

The heat capacities can be obtained by
differentiation of Eq. A-1 and the use of Eq.
2-69
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¢, =c¥- 32 dp
1 P
e = c* + T(a_v)z(@.)
v » aT A v/,
)
ot/ ¥
1 »

where ¢f = dH*/dT = c¢}(T) is the molar heat
capacity at constant pressure in the reference
state of unit pressure. It can be obtained from
standard tables of thermodynamic properties.
Thé chemical potential (equal for a pure phase
t6 the molar Gibbs energy) is expressed by a
relation-obtained by integrating the first of Eqs.

267
B
o=+ / Vdp
A

where u* is the chemical potential in the
referer:ce state of unit pressure, This quantity is
a function of temperature -only, p* = g&#./7),
that is tabulated in standard tables of
thermodynamic properties. The entropy can be
obiained from the relation

(A-3)

(A-4)

S =(H- p)T (A-5)
which results from the definition of the Gibbs
free energy.

As a first approximation, the molar volume
may be assumed o be a constant, independent
of p and T, With this assumption

H=H"+V{p-1)"~

E =E*

(A-6)
* _ = = ¥
Cp —'L‘p -—6‘" —cu

PRS- EENE

where E* and ¢} denote the molar energy and
molar heat capacity at constant volume,
resp -clively, in the reference state at 1 atm, At
low pressures, it is possible to simplify these
expressions still further by neglecting the
product pV coinpared to E* and p* so that H ~

A2

E*, u 2 p* This: approximation is valid for
systems in which a condensed .phase is in
equilibrium with a gas phase if npV/RT << 1,
where n is the number of moles of condensed
phase per mole of gas phese. For the explosion
products. of a condensed explosive for which—as
we shall' so2, the density of the gas phase is of
the oxder of the densities of normal solids—this
approximation is not valid even if it is possible
to assume that the condensed phase molar
volumes-are constant. —

A second approximationl may be obfained by
assuming that the coetficient K, of isothermal
compressibility

13V
K =-={—
4 V<ap)1,

and the coefficient Ky of isobaric thermal

expansion
1/oV
e~ 3len),

are constants independent of temperat re and
pressure. With these assumptions the
pressure-volume-temperatire-equation. of state is

V=V, exp[K T]explK (1-p)|

where V, is the molar volume at a temperature
of absolute zero and a pressure of one
atmosphere. Then Eq. A-1-becomes

V* 5 L
H=H*+ (L -TKp) ;1 - exp[xnu-p)”(A.q)

o f-

whére V# = V, exp [KpT], and the expression
for E follows directly by adding pV to the right
hand side. Differentiating Eq. A-7 with: respect
to temperature at constant pressure and
combining the result with Eq. 2-69 gives the
following expressions for the heat capacities,

2 K
TR,V

= c¥ -
cp CP

1- exp[K,(1 -m]} (A-8)

= ¢oX
OU Cu 7

For the chemical potential, we obtain the
expression
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. V* . absolute temperature Ty E is the wmnolar energy
R=ptt 1o explK,(1- P (A9) at T = 0°K; and the statistically ralculated

P

A-3 THERMODYNAMIC PROPERTIES OF A
GAS MIXTURE

In this paragraph, we present expressions by
means of which the thermodynamic properties
of a phase consisting of a gas mixture can be
evaluated in terms of cértain thermal properties
of its constituents and an equation of state of
the mixture, A comprehensive account of these
matters is given in a review by Beattie®.

Our procedure is to define a reference state of

the mixture and to calculate the change in the-

various thermodynamic propertics of the
mixture during a process that transforms the
mixture in the reference staté into the mixture
in the actual state of interest. If the
thermodynamic properties of the mixture in the
refererice state are known in terms of the
properties of the pure constituents, the
properties of the mixture in the actual state are
then known. It is not necessaxy that the
reference state have physical exister ce; it is only
necessary that it be possible to. Jetermine its
properties and to pevform an  accurate
ealeulation of its chapze in the process resulting
in the actual stats of interest. The reference
state may, thérefore, ‘be an hypothetical state
and its-definitior; may be arbitrary.

As reference iitate, we select the hypothetical

perfect gas mixiture of the samie composition at

the pressure and temperature of the actual
system or, altermatively, at the volume and
temperature of the actual system. The data for
the mixture are tuken to be the thermal
properties of the pure constituents when they
are in an hypothetical 1deal gas state at a
pressure of one atmosphere. For a constituent i in
this state, we let E? be the molar energy and S
be the molar entropy. By definition, Ef and S7
are functions of temperature only
E'= E/(T).8 = S(T)

From a knowledge of the energy states and
structure of the molecules of gaseous substances,
the methods of statistical mechanics have been
employed to caleulate the quuntities Ej, - E°
and S for pure substances regardﬂd as ideal
gases at atmospheric pressure. E,F and 7, are the
molar energy and entropy, respectively, at

quantity S =0when T=0,
We may now complete the specification of the
E° andS by defining

= (S

A-10
LA ST N Rt
where (&, H?) is the heat change of the
hypothetical *cachon at atmospheric pressure
and zero absolute temperature (equal at absolute
zero to the energy absorbed) that produces one
mole of substance- i from the elements, the
elements being assumed to be in the state of
aggregation that is stable at room temperature
and atmospheric pressure. More briefly, (A,
H?), is called the heat of formation at zero
temperature. Thus, the energy E is measured
relative to a datum base or standard state
consxshng‘nf the elements at absolute zero. The
entropy S is measured relative to the same

standard state becauae the entropy of the

elements in their standaxd states is zero. It may
be noted that the specification of a standard
state independent of the compwmition of the
mixture is essential if changes in the
composmo-x are to be ¢onsidered. The quantities
- EJ, A, B, and S, are listed in standard
taqt‘)ulatlons of thermodynamxc data.
The ideal gas pure components satisiy the
equation of state

pV; = RT (&TD)
where R'is the molar gas constant and V7§ is the
ideal molar volume of substance i. The ideal

molar enthalpy of substance i at one atmosphere
pressure is

H’=E +pV'=E+RT=HIT) (A12)

and the ideal molar Gibbs free energy (chemical
potential) of substance i at a pressure of one
abmosphere is

W= B~ TS = B+ RT - TS = p(T)(A-13)

The ideal heat capacities of substance i at a
pressure of one atmosphere are the functions

A3

g
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c:‘ = dE/dT = c“,’I(T)
(A14)
¢, = dH['/dT= ¢ (T)

Evidently, ¢, - ¢, = R. From Eys. 2-66. we
have

dij/TYdy = - HYT? (A-16)
From Egs. 2-64 and 2-65, written for sne mole

of a substance I/, we find that for a substance
obeying Eq. A-11

(0H,/3p},, = 0; (38/3p), =~ R/p
Integrating these expressions hetween p = 1 and

p = p at constant temperature,-we obtain the
relations

H(p, T; ideal) = H ,
(A18)
(g, T; ideal) = &~ R &1 p

and from the definition of the chemical
potential, we obtain the additional relation

pip, T:ideal) = p+ RP ¢np  (A17)
We pew definé the hypothetical perfect gas

mixture as one for whiich .

wip, =)+ RTp + RT fnx
1 t , 1 (A18)

I
x = n/n, n = Zn,

for every constituent { of the mixture, where we
employ an asterigk to designate a property in-the
reference state: All of the praperties of the
mixture in th; reference state are deducible
from Eq, A-18. In.particular, since the chemical
potential is the partial molar Gibbs free energy,
the Gibbs free energy g* of the perfect gas
mixture described by the mole numbers n,, .,
n, is given by

%= Zngy + nRT W p + RTSn, fn %, (A-L9)
“ince, from Egs, 2-81, (0g%/0p)r , = 7%, the
» wation of state of the perfect gas mixture can
1@ obtained by differentiation of Eq. A-19

pr* = nRT (A-20)

Eq. A-20 is in sccord with Dalton’s law of
partial pressures...allon’s law of itself-does not,
however, form a sufficient basis for the
definition of the reference state-since Eq. A-18
cannot be deduced from it without an sdditional
assumption that introduces the concept of
equilibrium between the mixture in the
reference state and the pure -coustituents (as
through appropriately defined semi-permeable
membranes).

With. the aid of Eq. A-20, the Helmholtz free
énergy f* of the perfe.t gas mixture can be
obtained from Eq. A-19.

f*= g% - pr* = g* - WAT
= E,n,(y;? - RT) + nRT S (RT/r)} (A-21)
+ RTE'n‘ fnh,

Expressions f.i ihe other thermodyhamic
properties of the m ..re in the reference.state
are easily deduced.

Thé equation of state of the actual rixture is
an expression in one of the forms

p=prT  q,en)

o= T(p’T; n".-q.n')

We assume the eguation of state, expressed in
either way, has the property that pr/(nRT) - 1
as p » 0 or 7 + =, and further that pr/(nRT)
differs from.unity by terms of. st least first order
in p or 1/r at finite pressures, Thus the actual
mixture becomes identical with the reference
mixture in the limitasp+ 0 orrem,

If the equation of state is explicit in
temperature and volume, we evaluate the
Helmholtz free energy of the actual mixture
from that of the perfect g mixture in a
reference state at the: same temperature and
volume by meansof

o Ty = D)= D) - £

+ {f(n.T) = fwT9]
where we use the fact that f¥(=T) = f(=T).
From Eqs. %-31, (3/0u)p, . =-p. Therefore

iy
&) = fHe1) = f ('L?%f

1
) = o) == f pir
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where the integi_tion is along a path of constant
temperature and composition, and thus

T
mRT
flr,T) - fAnT) = '—T- - p)«#
(A-22)
f"(TeT) = .??1‘()17“ RT)
+ Rm'?n, fn (nRT}r)
All of the thermodynamic properties can be
derived from Eq. A-22 by means of: the general

relations of.thermodynamics. Using Eq. 2-25, we
obtain

* ot ‘
#(nT) - W T) = f - p>dr

ea08)

KT, T). = p + BT S (nRT/7)

where p; has been defined as p; = (3p/dn,)r .
From Eq. 2-31, we have s = - (3f/01),,, and
therefore

§(7,T). - 3*(T)T) f[(a ) }d'f
1(A-24)
s+ (r,1) = Zn, §° + RZn n [r/(nRT)]

Using kq. 2-34, we obtain the expréssion for the
energy

T N
e(r.,T) - e¥(r,T) = f [T@%) - éldr

T . (A-25)

= o
Hn,1) = EnjE
and by differentiation with respect to

temperature, an expression for the frozén heat
capacity at constant volume

T, agp
Con (nT) - c”’.“”(T,T) =f T(ﬁ) 4
" v

¥ o= e
Coa zlnlcu‘

(A-26)

In Eq. 2-61, there is defined the derivative B; =
(%e/8ny)r,p. From Eq. A-25 we obtain the
er wession

) (4GS
g - 5= f{ré q) ; p] g (62

Egs. A-22 to A-27 are the desired expressions
for the thermodynamic properties when the
equation of state is explicit in the trmperature
and volume. We nota that the argt ent of the
logarithm in Eqs. A-22 to A-24 is éxpressed -in
units of atmospheres.

If the equation of state of thé mixture is
explicit in temperature and pressure, we evaluate
the ‘Gibbs free energy of the actual mixture g
from that of the perfect gas mixture g* in a
reference state, at the same tempefrature and
pressuré by means of

e, Ty = £*(p,7) - (", T) -
+ [g(va) - g(O!T)]

where weuse the fact thatg*(0,7’) =¢(0,T). From.
Eqs. 2-31, (98/0p)y,, = v. Therefore

r)
£40.T) - £%0,T) = f (Lf:) dp

p
&p,T) - 8(0,T) = / Tdp

FRO%Y)]

where tlie integration is along'a path of constant
temperature and composition, and thus

#p.1) - £ (1) = fr»——«)d

£(e.1) = Zn, K + nRT Sn p
+ RTEn O EA

All of the thermody,mmlc propertles wan be
derived from Eq. A-28 by means of the general
equations of thermodyngmics, Using Eq. 2-25,
we obtain

w(p.7) - (0, T) _[ <V--)dp (
A-29)

Ko = 1+ RT 2np + RT fn x, |

(A=28)

A5
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From Egs. 2-31, we have s = - (3g/0T),,, and
therefore

J(PT)-S"(PT)=j[LR —‘(9-7—) ]dp
A p 6T,,,,,

*(p,T) = E'n,Sf— nR 1 p~REn, nx,

(A-30)

Using Eq. 2-34, we obtain the ekpression for the
enthalpy

h(p,1) - P(p,T) -][r - 1(%) iép
° P,

K (p,T) = En Y

(A-81)

and by differentiation with respect to
temperature an expression for the frozen heat
capacity-at constant pressure

7 (3
G0 = 01 = - [ T(SF) dp
s P (A-32

* o
cp,n(pv T) - )‘:nlcpl

By differentiating Eq. A-31, we obtan an
expression for thé partial' molal enthalpy of the
i-th constituent,

R

H - H?"f,V,- Tor) P (as9)
(4 M,

Eqs. A-28 to A-33 are the desired expressions
for the thermédynamic properties when the
equation of state is explicit in pressiire and
temperature. We note that the argument of the
logarithm in Egs. A<28 te A-30 is expressed in
units of atmospheres,

Activity coefficients f; are sometimes defined
by one.of the relations

Ry
= (v~
fn f(, p)p

°T (A-84)
RT A
i ='t‘/‘(-;_--- p)dr

A6

the first expression being used if the eguatios of
state is explicit in pressure and temperature, and
the second if the equation of state is explicit in
volume and temperature, These quantities are
used as abbreviations for the definite integrals
that express the effect of gas imperfection on
the chemical potential,

A-4 THERMODYNAMIt: PROPERTIES OF
HETEROGENEOUS SYSTEMS

For the general heterogeneous system of unit
weight which consists of a gas phase whose
composition is described by the mole numbers
m(i=1, 2,...s) togethér with one or more
condensed phases whose sizes are described by
the mole numbers nj, the extensivé properties
are the sums of the contributions of each phase.
Therefore, the specific energy is given by

T A
e = ?n,,E;’ +/[T<—55;m —P]dr

o

(A-35)
+ ?nl'(

the specific enthalpy by

[ for
eyt [ - ..

o

]d'p (A-34)

and the specific entiopy by either of

gyt
+ EnH

¥ = 3n, }s,‘w R [(rl(n,RT)lz

r p aR
e - — + En's’
+‘[[Qﬂ>m T I iy

s = Z'In‘ [S‘"- R 2n (pnin))

P k4
nit [dr ot
fBGJer

where the properties of the condensed phases
are expressed as functions of pressure and
temperature in par, A-2,

(A-37)

.

(A-38)
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The specific enthalpy is an implicitly
prescribed function of the pressure,
temperature, and the mole numbers n; and nj. It
has the partial derivatives

v

dp+}_nc e,

The Jpecific entropy may be regarded an
implivitly defined fi-nction of the same variables
with thie partial-der. iives

98

57 = SalT

3 v

p aT
s

an,~

(A-40)
= (H - w)T

as — ] g

5y = - BT

The specific energy can be regarded an implicitly
prescribed function of the gas phase volume 7,
temperature, and the mele numbers n; and nj. If

we recall that V) = V/ (p,T), the partial
derivatives of the specific energy are

LA, e e ._,) :
37 ?r;,.u' +.[T(BT’) dr + ;:n/ [c,r P\aT
N GAT A
“ﬁ?ﬁ%éF* 3 /)"
o} oV \/
el L) 4 of L
ECT>+”CP>]

(a-41)

The specific entropy can also be regarded an
implicitly prescribed function of the gas phase
volume r, tempersture, and the mole numbers.rt..
and n;, with the partial derivatives

s 1 \ W\ 3 - aV,'
T [‘fﬂ * ’f"l"(ar MY T
2 o '

oy
W Tar 3 1Y \BT

L]
3:-,' (B~ p)T

(A-42)

s .
5;' ES (H} -
In Eqs. A-30 to A-42, all of the.variables except
the variable in terms of which the d:ttennuatxon
is performed are to be held constant during the
differentiation.

ST
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APPENDIX 3 GENERAL PROCEDURE FOR THE CALCULATION
OF EQUILIBRIUM COMPOSITION

B-1 INTRODUCTION

This Appendix describes a procedure for the
calculation of the-equilibrium compaosition of a
heterogeneous system consisting of a gas phase,
whose composition is ‘described by the mole
numbers #; -(i=1, 2, ... . s), in equilibrium with
cne or more ¢ondered phases, each of which
we have assumed to consist of a pure component
and whose sizes are determined by the mole
numbersz}. The relations for a system consisting
only of a homogeneous gas phase can be
obtained by setting all of the nj equal to zero.

The procedure is designed for calculations to:

be carried out on large computers. For this
reason, it takes advantage of the possibilities
offered for a general program by the general
nature of the notation that has been employed
to describe the chemistry of the system. An
objective in formulating the procedure is to
make the computer program as simple as
possible. Simplicity of program is achieved at
the expense of the number of individual
arithmetic operations that need to be carried
out.

If the eyuilibsium composition is {0 be
-evaluated in calculations. performed by hand (as
with a desk calculator), it is desirableé to reduce
the number of arithmetic operations as much as
possible by a partial reduction of the probieni i in
which the chemical nature of the system s
explicitly considered. A procedure of this type
for systems Lonslstmg of cempounds of carbén,
hydrogen, oxygen, dnd nitrogen is presented in
Appendix C.

B2 LINEAR|{ZATION OF THE
EQUILIBRIUM CONDITIONS

The equilibrium conditions, Egs. 2-30, can be
written for the heterogeneous systen under
consideration in the form,

BERTERN (=L (B
and
B =RTN if w#0 (j=1,..,0 (B2

where g, and g are the chemical potentials of
the i-th paseous constituent and the j-th
condensed component in the hetferogeneous
mixture,

The stoichiométric conditions for the same
system are

=g (=L, (BY

where for gencrality we have assumed that every
component may exist as a condensed phase, In
practice n] will be zero for most j and if n} = 0
for all j, the system consists of a.gas phase only.

The number of Eqs. B-1 to B-8 is equal to the
sum of the number of components, the number
of gaseous constituents, -and the pumber of
condensed phases. This number is e7ual to the
number of unknowns n;, nj, and A,. We will
consider the temperature and either e gas
phase volume 7 or the pressure p to be
additional unknown variables, and we will
supplement Egs. B-1 and B-2 by two
independe * specifications of the state of the
pystem. )

The number of equations fo be solved can be
reduced by the number of components by

algebraic efimination of the parameters Ay fiom

Eos. B-1 to B-3. If this is dune, it tums out that
the number of erithmetical dperahons in,
cilculating the coefficients of *he remaining
iinkiiowns and in the subsequent solution of the
equations is jusi the same ag the number of
arithmetical gperations required to solve the
laxger set of equations, {The tiwo altematlves are,
in fact, formally identical.) If the X, are
eliminuted algebralcally, a more elaborate
program is required, Therefore, there is ne
benefit from such a procedure if the mewmory
capacity of the computer is adequate to
accommodate the problem with the larger
number of variables.

The dominant parts of Eq, B-1 are linear in the
logarithms of the mole numbers n;, while Eq,
B3 are linear in the mole numbers, Two
compufational procedures are possible, each
resulting in an approximate set of equations
livear in all of the variables. One is to expand
the logarithms of the mole numbers (and the
contributions from the equation of state) in

|
r

i . . B

P
3




gt

AMCP 706-180

terms of the mole nunibers, retaining only linear
terms, The other is t¢ expand the mole numbers
(and the contributions from the equation of
state) in terms of the logarithms of the mole
numbers, retaining only linear terms. The second
procedure employs the exponential expansion to
representi the mole numbers n; in terms of their
logarithms, The #irst procedure. leads to a
computat.on method proposed for ideal guses by
‘White, Johnson, and Dantzig® -(although their
method of derivation is less direct). The second
procedure leads to computation methods
propoted by Brinkley! and by Huff, Gordon,
and Morrel?, The second procedure clearly leads to
the ‘better linearizatior of the prchlem since the
exponential expansion s miuch more rapidly
convergent than the expansicn of the logarithm.
The linearized equations, in either form,
constitute the ¥ - s for the solution of Egs. B-1
to B3 by sive approximations. The
coefficients o inearized equations are
evaluated with. approximation to the
equilibrium cu.aposition. An improved
approximation. is then obtained by solution of
the set of linear equations. The process,
consisting of evaluation of the coefficients of
the linearized equations end their solution is
continued uatil successive approximations to the
composition are identical to some desired degree
of precision. The procedure, in whatever form
the equations are linearized, is an example.of the
well-known Newton-Raphson method for the
solution of nonlinear algebraic.equations.
Efficient and well standardized computer
programs exist for the solution of simultanecus
linear equations, and the methods employed do
not need to he discussed here. This Appendix
will therefore, be limited to the presentation of
the necessary equations,
We elect to express the mole numbers n; as
linear functions of their logarithms, in the form
no=n’+ n’A 4 . :
i 1 ('} (B-4)

A= - tnn]
Eq. B4 is just the Taylor expansion of n;,
regarded a function of 2n n; about a value nf to
terms of first order in A, With this
approximation, Eq. B-3 becomes

‘Eﬁu"?A: t=gq - %75;1": (B-5)

B2

{J=1,2,...c). Egs. B-5 are the linearized form
of the stoichiometric conditions in which the
variables are regarded to be the increments 4;
and the mole numbers nj which describe the
sizes of condensed phases.

B-3 RELATIONS FOR AN EQUATION OF
STATE EXPLICIT IN PRESSURE AND
TEMPERATURE

Now we suppose that the equation. of state of
the gas phase is explicit in pressure, femperature,
and the mole numbers n;. The linear Taylor
expansion of the chemical potential u; of
gaseous constifuent i’can be written

By By ’ o
2r o \gr TP 4

PV;IO E ° A
+\— A -l + .
RT L4 RT) T

A, =2 (p/p°)
A, = (TIT%)

where

and where the superscript zero means that the
quantities so designated are to be evaluated at
the point (%, T%; ny, . . . n9). In writing Eq.
B-6, Eqs. 2-66 are employed, together with the
following relation. that can be derived from Eqs.
A-29:

(i, [ RTY n n,  Fav,
e (o) s ge [ e @
1 e e i
where &;+; is the Kronecker delta (§;,= 1 when i
= §', and 8y = O when i # i') With the
approximation expressed by Eq. B-6, the

linearized form of Eqs. B-1 is

- LAY LAY /A
~Eubd t ¥ -\ & \ap) A= \7r)  (B8)

(i =1, 2,...s). The linear Taylor expansion of

the chemical potential p;, of Egs. 2-67 is of
the form

1] t\0 Ao \

v H
B By Py ) (2 A 4. B9)
RT \RT/ "\RT/ "P" \RT/"T

With this approximation, the linearized form of
Eq. B-2is

e e ek

iy
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S - : L
. A ; s
: -~ PV Hi’ /JI ° 7\ H ) 2
; —_ = - Y fuid /i .
T e @ o
('=1,2,...c). Eqgs, B-5, B-8, and B-lO are (s + 3o\ e\ B. -
2) lix;ear relations between ’the (s + 2 + 2) +|:;?;.‘ “% ‘alT 4, + ‘%‘ A (B-15)
quantities, Ag, . .. Aes Ry, ... i Ay, L. Ay \e :
4 4,, Ar. They will be sapplemented by two - K + Ty H_/) ’
additional relations prescribing the state of the l o A \nr , >
N4

system, '
If a condensed form of a particular :

)

(

24 P m

component—e.g.,, j'--is excluded a priori on
physical grounds, then nj is set equal to zero and
the corresponding member of Eq. B-10 is
eliminated.

If the solution of the equations leau. to the
result that n; < 0, then n; is set equal to zero
and the corresponding member of Eq. B-10 i
.eliminated from consideration. As a formal
computation device, this can be done by
defining

8, =1ifj=j and n. >0
{B-11)
8,; = 0 otherwise

It is now necessary to express the two
independent specifications of the state of the
system in a manner compatible with the
linearized equilibrium and stoichiometric
conditions, If the pressure is specified, » = p°
and

4,=0 (B-12)

Similarly, if the temperature is specified, 7'= T°
and
A, =0 (B-13)

Suppose that it is desired to evaluate the
composition and thermodynamic properties ata
specified value of the-enthalpy. With the aid of
Egs, A-39, the linear Taylor expansion of the
enthalpy can be written in the form

h= B+ T A+ 20y [n’ - (n;)"]

(B-14)
(pV Tp )A +(Tc )A+

Rearranging, the condition imposed by specified
enthalpy can be written

where h is the specified value of the specific
enthalpy. The mixture volume and its fixed
composition temperature derivative are to be
calculated from Eq. 2-41. Proceering similarly,
the condition imposed by specified entropy can
be written with the aid of Eqs. A-40in the fcrm

ﬁt u \ o H “/
9 i o e m——
X‘n, CVT R’X‘) A' * ?(RT RT
2o %) B-1€
Hol Av(.a)ﬂr @19
o .

where s is the specified vahie of the specific
enfropy. )

If the volume is specified but the equation of
state is explicitin the pressure and temperature,
the condition imposed.by specified volume can
be obtained in a sihiilar manner. It is expressed
by

rolio sl (A

. [g o\l (B17)

o
v = ") of 2%
PG <RT

where v is the specified specific volume of the.
system, The fixed composition derivatives of the
mixture specific volume are o be evaluated with
the aid of Eq. 2-41. If the energy is specified but
the equation of state is. expli¢it in the
temperature and pressure, the coundition
imposed by specified energy con be obtained by’
making use of the relation e = f - pu, There is
obtained
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Eqgs. B-5, B-8, and B-10 may be employed
together with any two of Eqgs, B-12, B-18, and
B-14 to B-18 to determine by an iterative
calculation the: equilibrium composition and
thermodynamic properties for two
independently specified state properties. Pairs
that are. indcpendent are: (p,T), (p,h), (P,3),
(p,v), (pie), (hs), (hv), (he), (s),(se), (v,T),
and (v,e). The coefficients of the set of linear
equations selected for the particular problem
can all be evaluated at an approximate
determination of the composition-and state of
the system in. terms of tabulated thermal
propeérties of the constituents-of the system and
explicit equations of state for éach phase by
means of éxpressions given in Appendix A.

B4 RELATIONS FOR AN EQUATION OF
STATE EXPLICIT IN VOLUME AND
TEMPERATURE

'Now we suppose that the equation of state of

the gas is explicit in gas phase volume,
temperature, and the mole numbers n,. We
employ tne same procedure as that of the
previous discussion, The linearized for of Eq.
B-1 becomes

° . p;,‘r,a
ERATLT %ﬁu)‘j + BT Az
(B-19}

(B °A Y
RT/ T \RT

A, =t (T/°)

where

&, = (T/T°)

and where, when the chemical potential is
considered a function of volume and
temperature, Eq. A-23 can be used to define the
coefficient Ay as

B4

O gn (uy [RT
Ty = )

donn,
T ' (B-20)
n, 7o,
= 8,,, - RT Bn, dr

The linearized form of Eq. B-2 is

S1\0 2

N A

W \erflpVor/| T
N EARA YN
RT R 0T/} 7

E";P,V}’i aA ) Nl‘/l: o
"rr ) % " \fg

The comments made in connection with Eq;
B-10 apply to Eq. B-21. Egs, B-5, B-19, and
B-21 are the linearized form of the
stoichiometric and equilibrium conditions for
use when. the equation of state of the gas phase
is explicit in temperature and gas phase volume.
It is now necessary to expréss the two
indspendent specifications of the state of the
system in a manner conmipaiible with these
linearized conditions. If the temperature is
specified, Eq. B-18 applies. Theanalogue of Eq.
B-12, namely that Ar = 0 for specified 7 is of no
interest except in a system consisting of a gas
phase only, If the volume of the mixture v is
specified, one may employ the condition

PWQ, pr [0 ;:au °
e e G ol
po . Y aul ° h
+Eﬂ—‘5 ?3}["{!1, E’T‘)p‘] A (B-22)

o
O SN i/
RT TYI\RT,
where v is the specified specific volume of the
mixture, For a homogeneous system, Eq. B-22
yields the relation Ay = 0 when v = 7 = 1°,
Suppose that it is desired to evaluate the
composition and thermodynamic properties at a
specified value of the energy or entropy. If e

( (B-21)

()
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use the linear Taylor expansions of these
functions, the conditions imposed by specified
erergy or entropy can be written

1 foe 1 e,
E" [ (a,‘)]nA +¥ [RT (an>] K

+ [E% @]’AT + [;El (Z_T] AT- (B-23)

\ (B-2"
T [3s\]° 19 1 (el .
+[E(35>]AT-T +¥[§ (‘a-—"JJ] o

respectively. The derivatives of the energy are
given explicitly by Eqs. A-41 and the derivatives
of the entropy are given explicitly by Egs. A-42.

If the pressure is specified but the equation of
state of the gas phase is explicit in the gas
volume and temperature, the condition imposed
by specified pressure can be written

o (o[ }” E

i LP

R aT

_p-p)T °)r°
RT?

If the enthaipy is spegified but the equation of
state of the gas phase is explicit in temperature
and ges volume, the condition imposed by
specified enthalpy can e obtained from the
relation h = e + pu, in the form

b [uir(::‘) ::" Rr(§:>] 4 :,( *)V
) A6 #6 |
OB BIO me=R ]

Eqs. B-22 to B-26 reduce to expressions that arve

(B-26)

algebraically much simpler for ‘the case of a
system consisting only of a gas phase. A
considerable amount of simplification is
achieved if the molar volumes of the condensed
phases can be considered constant,

Egs. B-5, B-19, and B-21 can be employed
together with any two of Egs. B-13, and B-22 to
B-26 to determine by an iterative calculation the
equilibrium composition and thermodynamic
properties for two-independently specified state
properties, Pairs that are mdependent are: (v,T),
(v2), {uia), (up), (vk), (es), (6,p), (eh), (s,p),
(s,h), (p,T), and (p,e). The coefficients of the set
of linear equations selected for the particular
problem can all be evaluated at an appro‘:unate
determination of the composition and stats &f
the system in terms of tabulated tbermal
properties of the constituents of the system and
explicit equatlons of state for each phase by
means of expressions given in Appendix A.

For the ideal gas equation of state and for
some forms of equations of state of imperfect
gas mixtures, the coefficients v;; are diagonsi
(7,; = 0 when i'#i). If this is true for an equation
of state explicit in the temperature and pressure,
the gas mixture obeys the Lewis and Randall
rule fot imperfect gas mixture. If it is true for an
equation of state explicit in-the temperature and
volume, the gas mixture obeys the Gibbs-Dalton
rule for imperfect gas mixture, It is then possible
algebraically to eliminate the linearized,
equilibrium conditions from the equations to be

solved in the method of successive
approximations and so to reduce the dimensions

of the simultaneous linear equations by the
number s. There is no benefit derived from this
procedure unless the computer memory capacity
is limited, since the reduction in the number of
arithmetic operations resulting from the reduced
number of equations is exactly offset by the
increase if1 the number of arithmetic operations
required to calculate the coefficients of the
resulting equations.

B-5 THE INITIAL APPROXIMATION

In order to complete the description of a
computation procedure employing the method
of successive- approximations, it is necessary to
specify a way of obtaining the initial
approximation, The hypothetical systein

B85
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consisting of components only provides a
convenient initial approximation to the
composition. Our procedure requires that the ny
must not vanish (although they may be
negligibly simall). Tlis requirement s met if, in
the absence of a better approximation, the
initial approximation is tak.a (& ve

n) = eif i # i)

where ifj) is the -constituent label of the j-th
component and € is an arbitrarily chosen
constant smaller than the precision with which
the equilibrium composition is to be calculated,
and R
n =g, i i = i(j)

and a condenséd phase of the j-th component is
excluded a.priori, or

ny = ¢ if i =.i(j)

and a condensed phase of the j-th component
may exist, in which case

" =
) =g

If the temperature and pressure or volume of the
system. is not prescribed, initial' estimates of
these quantities can be entirely arbitrary (but
preferably of the correct ordex of magnitude) or,
when available, the results of some simplified
approximate calculawon.

The state for which enthalpy and pressure g
specified is called the constant pressure
combustion state. That for which the enéxgy and
volume are spgeified is called the constant
volume explosion state, The latter is frequently
employed to describe the reaction products of 2
condensed explosive,

B-6 CALCULATION OF THE EQUILIBRIUM
PARTIAL DERIVATIVES

The equilibrium derivatives (9v/0T)p,
(dv/3p)y, and e, can be evaluated by means of
Eqs. 2-48 and 2-62 if the partial derivatives of
the mole numbers n; and nj with resyect to
temperature and pressure in  equiliivwium
mixtures are determined. Expressions for wiese
quantifies can be obtained by differentiuting,
with respect to temperature and with respect to

B6

pressure, Egs. B-1 to B-3, We obtain for the
change in equilibrium composition with respect
to temperature at constant pressure the
simultaneous linear equations

0 &n n) Bnl'
R Ty AT

3 2n ny ax)‘ H, 1
= 2 a7 | + ?ﬁm F’F/= T RTE

! '
% \57 RT?
For the change in equilibrium composition with

respect to pressure at constant temiperature, we
obtain the simultaneous linear equations

o fan\ on
B\ T 0 °
o Rnrn‘ N V,,
-~ T et 08 [t} = —
77[!.' ap A * %,‘IB(I,' 817 F T

o
%\3p) = RT

In Egs. B-27 and B-28, the coeffivients vy, are
defined by Eq. B-7. The coefficients of the
variables of Eqs. B-27 and B-28 are the same and
their matrix is the same as the matrix of the
coefficients of Eqs, B-5, B-8, and B-10. Since the
triangular or inverse form of the leiter is
obtained in the course of the calculation of the
equilibriin composition, the solution of Egs.
B-27 and B-28 can be economically performed.
The equilibrium dexivatives (9p/3T),,
(0p/ov)p, and ¢, can be cvaluated by the
procedure described in par. 2-4 if the partiai
derivatives of the mole numbers n, and ny with
respect to temperature and gas phase volume in
equilibrium mixtures are determined,
Expressions for these quantities can be obtained
by differentiating, with respect to temperature
and with respect to gas phase yolume, Egs. B-1
to B-3. For the derivatives with respect to
temperature at constant 7, we obtain

(B-27)

(B-28)

ﬁ'%?y\
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7 AP W In Eqs. B-29 and B-80, the coefficients ;1 are ;
6.1 — s L <y defined by Eq, B-20. The coefficients of the
U\ ar [ oar variables of Eqs. B-29 and B-30 are the same-and

b P their matrix is the same as the matrix of the
. S (3 8 n\, (ax, E, coefficients of Egs. B-5, B-19, and B-21. The
o o =Py \ )t BBy \sn) = - oz ) (B-29)  triangular or inverse form of the latter is

. : i aT 7 RT* gl . ; L
obtained.in the ¢ourse of the calculation Of the

an B, vila equilibrium- couaposition, and thus the soliztions )
Syl = - == + —=12) of Egs. B-29 and B-30 can be économically L .
o7/ RTTRT QTS obtained. :

For the derivatives with respect to T at constant o -
temperature, we obtain ) P

9 fan\ an; L L
Fom o )t 70 :

3 0 1, a:\,\‘ ?
R AT v Al 'é',._/” - zr | (B30)

; 2
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APPENDIX C METHOD FOR THE DESK CALCULATION OF EQUILIBRIUM
COMPOSITION OF SYSTEMS CONTAINING COMPOUNDS OF
CARBON, HYDROGEN, OXYGEN, AND NITROGEM

C-1 INTRODUCTION

In this Appendix, we outline.a simple iterative
procedure tur the calculation of the equilibrium

-composition of systems containing compounds

of carbon, hydrogen, oxygen, and nitrogen. The
procedure is designed for hand computations, It
is now well adapted to calculaticns on

computers since convergence .is- not guaranteed.

for .all possible combinationis, This is not an
importaiit characteristic ‘for hand caleulations
since the computist can exercise judgment to
force convergence by adjusting the approximate
solution employed as the basis for each iterative
step.

We amume +hat the caleulation is to be
performed with independent. variables,
temperature and pressure, when an equation of
state is .explicit in temperature azd pressure; or
with independent variables, teinperatiire and gas
volume, when the equation of state is explicit in
these variables, If thc stite of the system is
specified in another way, it is. best—in using
these methods—to perform the calculation at
several appropriate values of the independent
variables and to interpolate in the resulting table
of the thermodynamic properties with respect to
the property or propertiec that are specified.

The procedure described in this Appendix
does not lead to ar exact calculation of the
equilibrium  derivatives, such a the heut
capacity, If these quantities are required, they
must be evaluated either by the exact methods
described in Appendix B, using the tomposition
calculated by. the method of this Appendix-C, or
Ly numerical differcntiation in a cable of the
appropriate property prepared by performinz
the calculations at several values of the
independent variables, )

The chemicai species considered it this
Appendix, together with the label ass:qued to
each:species, are listed

Speies| C() €0 CO, H, H,0 N,

ford 1T 8 4 5 6
Species] 0, O O H No N
iorj | T8 9 10 11 12

Elemental carbon, if present, is assumed to be
solid.

We definc a quantity ¢; for each constituent
by the following scheme:

®, = W/ART) (C1)

where i is the chemical potential of solid
carbon, to be evaluated by Eq. A-4, and

¢, = K /(RT) - S%nn,i=23,...12 (C-2)

where .y is the cheinical potential of the i-th
gaseous constxtuent ¢ is the same quantity less
the leading concentration term, and n: i the-
nurzber of moles of the i-th constituent i a uniy
weight of mixtuve., The quantity g is %o be
evaluated with the aid of E, A-29 & the
equation of state is explicit in temperature- rs.
pressure, or with the aid of Eq. A-23 if *
equation of state is explicit in tempeyature .ula
gas phase volume. Wc define equilibrivia
constant k; for the i:th species by the celatién.

log, ok, = 0.43420(3B, - ) (<~

Tables of the coefficients fj; are giveli in *aldes
which follow.

The method is based on the fact tiaZ, wxi}" one
excepiion receiving. special treatmem, Tk 08
calculated by Eq. C-3 for the partic:ilar vahuas.of”
the B, employed here are all much less thau,
unity at the pressures of infessgd . ihe
description of the exulosion gamducty of
condensed explontes.

Gengrally o, ofid- Garbore 5wk produced iy
sustemg onitamang mozh: Gk han zec;_uued
for romplste oxigation of the carbes: #id
hydrogen, Usually, it is ne;.e:;sau to- dgieimine
tie equilibrium compositlor. o, "he gsumttion
thaw sohd carbon is presinf, I iais. cal.uauou

resulis in a negative amount. of cdrkim, the

celeulation is then repeated w.ili 1l inowledgs
that solid carbon is absent. :

We denote by q¢, 9, go. ¢x thanumber of
gram atoms -of carbon, hvdmgen, oxygen, and
nitrogen, respectively, that are presetst “n. uue
gram of mixture. We affix a supnuoput zero to

o4
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the symbol n; to denote that the syinbol so
designated is an approximation to the
composition of the system, and to the symbol k;
to denote that the equilibrium constant so
designated is to be caleculated with the
approximation n3, . .. nl, to the composition
of the system.

C-2 SVYSTEMS W!TH SOLID CARBON
The equiliorium constants k; are calculated

with the aid of the following table of the f; for
each value of i"for which entries-are given:

By ‘ c CO H, Na
j= 1 .2 4 6
i
co, 3. 1 2 0o 0
H,0 5 -1 i 1 0
0, 7 -2 2 0 0
o 7 4 10 0
OH 9 1 1 i 0
H 10 U 0 12 0
NO 11 1 1 0
N 12 0 0 0
Steps in the calculation are:

(1) nj, n,, and ng are calevlated from the
conservation relationships for oxygen,
‘hydrogen, and nitrogen atoms:

o.-

. L oon® . o_ 0_ 0_ 0
ny=gp = 2y - ong - By -y - ng -y,

n = g, - ”: - lﬁn: - %"‘:o )

thq- - 14n° - %n®
ng = gy - Yny, - ny,

Initially, all of the nfin these relationships can
be taken to be zero:
(2) The remaining mole numbers are calculated
with the equilibrium conditions:

n, = kg":’
ny = Ko,
n, = k?,n";
Ny = Ir:gn2

(C-8)

_ 0 .
ny, = k?\nz\/n‘
P
o™ k;o\/nL
= k% nofi
VR MY KVE

= 1,0 ~
= km\/;‘-s

(8) Steps {1) and (2) are repeated in sequence
tntil successive iterations give the same
values of n,, ry, and ne. The amount of
solid carbon is then calculated from

ny =g, - ny, -ny (c6)
Tiie calculations for n; < 0 aré given in the
next paragraphs.

C3 RICH SYSTEM WITHOUT SOLID:
CARBON, go <2gc +4u/2

The equilibrium constants 'k, are cilculated
with the aid of the following table of-the 3, for
each value of i for which entries are giveri:

Bi; o H, H,0 N,
i 2 4 5 6
x : , .
co, 3 1 -1 1 0
0, 7 0 -2 2 0
o} 8 0 -1 1 0
OH 9 0 2 1 Q
H 10 0 /2 -0 0
NO 11 0 1 1 1/2
N 12 0 0 0 1/2

N
.

o
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Stens in the calculations are:
(1) The Qizantities A, B, C are evaluated from
the definitions
A=1q,

0

B =Yg, - g, *q.* 2": +ony

+ sl = vn®or nd (T

0

ey o _op0 a0 _ 0
C =gy~ G20y -ng ~ ny = nyy

Initially, all of the nfin these relationships can
be taken to be zero.
{2) n, is the positive root of the quadratic -

(1-KQ)n3 + (Akg + B + Ckd)n,

- /‘Ckg =0 (C-8)
(8) ng, ny, Ny, and ng are evaluatéd from the
relations
n, = A- ny

n, = B+ ny
(€-9)
s = C-ny
o 0
ng = ‘hqy - ny, - Yn,
Initially, the values of n$, and n, can be
taken to be zero.

(4) The remaining mole .tumbers are calculated
with the relations

0 2,2
ny = kyhging
[ I
n, = kgnyin,
() .
ng = kg N,

. . (C-10)
"10 = kxo n

4
0 .
nll = kll"EV n6/n4

_ 0
fyy = RV

(5) Steps (1) through (5) are repeated in
sequence until successive iterations give the
same values of n,, ng, ng, and ng.

C4 LEAN SYSTEMS WITHOUT SOLID
CARBON, g6 > 29¢ + gy /2

The equilibrium constants k; are caleulated:
with the aid of the following table of the f;; for
each value of i for which entries are given:

By CO, H,0 N, 0,

i= 3 5 6 7
co 2| 1 0 0 /2
H, 4 0 1 0 -1/2
o) 8 0 0 0 1/2
OH 9 0 12 0 1/4
H 10 0 172 0 1/4
NO 11 (] 0o 12 1/2
N 12 0 o 12 0

Steps in the calcilations ares
(1) n3, ng, ‘ng, and ny ace calculated from the
relations

'
nyg =9~ n,

. 0 0 5 0
=}, - -1 -1
n Aq" I‘l“ ,én’ Anm

3
[

- . - °
Yaqy, - %n;1 - Yn,, (C-11)
n, = %q, - g, - q

(1]

+ '/zng + ’/mg - %n:"- Yang

0 0
vnY .
+ Yang, - Y%ng

Initially, the values of the nf may be taken to
be zero. It 9o =%qg - 2¢¢, it is necessary
initially to take n, to be some arbitrary small
number, e.g., 10®, 50 that it will not vanish.

(2) The remaining mole numbers are calculated
with the relations

€3

4

I3

a

A & .
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. 0 —
n, =k,n, AR o
2 23NV =10 I ASA
"0 k;o Ry
0, =
n4=k4n5/\/n,’

-

(3) Steps (;) and (2) are repeated in sequence
n,= k:l,\/';; Ay (©12) until successive iterations give the same

values of ng, ng, ng, and nq.
0 .
M2 ™ klz\' g

ng = k:\/n_,
By = k:\‘ "5\/7'.;
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APPENDIX D IMPERFECT GAS CONTRIBUTIONS TO THE THERMODYNAMIC
PROPERTIES FOR SEVERAL EQUATIONS OF STATE

D-1 INTRODUCTION

In ihis Appendix, we list for easy reference
expresions for the imperfect gas part of the
thermodynamic properties of a.gaseous phase,
employing several of the equations of state that
have been used to describe the gaseous:products
of condensed explosives. These expressions are
obtained by the use of the rélations deduced in
Appendix A.

D-2 THE ABEL EQUATION OF STATE

‘The Abel niodification of the van der Weal’s
equation of state has been employed to describe
the gaseous products of condensed explosives.
The equation is written

pr = nRT + ap (D-1)
where « is a constant covolume, (For references,

see par. 7-9.) The partial derivatives of the
equation of state are

o _ne

M p

or nRT

— = - D-2
ap » (D-2)
o T

an, p

With this equation of state, the nonideal parts of
the thermodynamic parts of the gas mixture are
given by

h(Tp) - B(T) = ap
e(T,p) - e"(T) =0
s(Tp) - s 4Tp)= 0 (D-3)

&, nlTP).~ G, (T) = 0

K{(T.p) - uIT.p)= 0

The derivative v;; employed in. the calculation
of the equilitrium composition is

Yy = Oy~ Huln (D-4)

where 8 is the Kronecker delta, Although this
equatior. of state has been used to calculate
detonation ‘parameters, it does not satisfy the
identiy for volume, Eq. 2-45.

D-3 THE ABEL EQUATION OF STATE AS
MODIFIED BY JONES

Jones hac ‘modified the Abel equation of state
for calcwafions of the properties of gasecus
explosion products of condensed explosives by
assuming that

a = ofp) {D-5)

(For references, see Chapter 7.) With Eq. D-5,
the partial derivatives of Eq. D-} are

9r _nR

or »p

LA ()
op P

or _RT

an, p .

The nonideal parts of the thermodynamic
properties of the gas mixture are given by

2,

uzo) - w'en = f otk (D)
0
p

drp) (1) = f a(pMp - op

[4
s(T,p) - £(T.p) =0

%a(TP) = ¢, (1) =0

B(TP) - (TP) =0

D1
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The coefficient v,'; employed in the caleulation
of the equilibrium composition is given by

Ying = 8in (D-8)

This form of the Abel equation doesnot satisfy

the thermodynamic identity for volume, Eg.

2-45.

D4 THE ABEL EQIJATION OF STATE AS
‘MODIFIED BY COOK

Cook has modified the Abel equation. of state
for calculations of the properties of gaséous
explosion products of condensed’ explosives by
assuming that

@ = ofr) (D-9)

(For references see Chapter 7.) With Eq. D-9,
the.partial derivatives of Eq. D-1 are

% _ R

T 7~

9_‘_’_’ - nRT 1+ ! 1

or  (r-w? {1+ etm] (D-10)
o _ BT

an, T~

1

The nonideal parts of the thermodynamic
properties of the gas mixture are given by

er,T) - &' (T) =0

s(r,T) - s'(r,T) =nR dry

( o)
(D-11).
c "‘"(r, T) - c, n(’I‘)

T
W(RT) - WrT) = - RT j~-—°ﬁ ar

Thecoefficient 7;; employed in the calculation
ofthe equilibxium composition is given by

"fl” = ﬁm (D-12)

D-2

This form of the Abel equation does not satisfy
the thermodynamic identity for volume, Eq.
2-45,

D5 THE VIRIAL EQUATION OF STATE OF
HIRSCHFELDER AND ROSEVEARE

An equation of state in viral'form proposed by
Hirschfelder and Roseveara has been applied to
the caleulation of the properties of the gaseous
explosion products of condensed explosives by
Patterson. Patterson employs the expression

pr b, (b)? (by ,
— bk —i + B>~
nRT T+ T 4 7, B 7/
5\4 {D-
+C (—)
-

where A, B,:and C are numerical constants. A =
0.625, B = 0;287, C = 0,193, ind-

-12)

L2y

b= ?n;b; (D'14)
where b; is the high temperature second virial
coefficient of the k-th gaseous constituent,
regarded as independent of temperature, (For

references, o2 Chapter 7.) The partial
derivatives of 1 *equation of staté-are

Bl ol
ot eslon o
MR

4o D]

The ncnideal parts of the thermodynamic
propertics are given by

(D-15)

erN-e'Mm =9

b AfY BAY cfe
T s 2 (n —nRi’ 2“) E(r-) 4(-'_-)

GARTY = (M = 0 (D-186)

BT - {6« RT i( _.>_‘,( ~_) (%7
D60 |
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The coefficient v/, employed in the calculation
of the equilibriitin coriposition is given by

1+ % ma, (;)" (D-17)
e prCy ]
where 4, =1
4, =4
A, =B
A,=cC

D6 THE HALFORD-KISTIAKOWSKY-
WILSON EQUATION OF STATE

Halford, Kistiskowsky; and Wilson have
proposed an empirical equation of state for the
description of the gaseous products of
condensed explosives. As.subsequently modified
by Cowan and Fickett, it has the.form

pr =nRT (1 + xea")
& = R/[7(T + 0)') (D-18)
k = ?n‘k,

Here, @, f3, and 0 are constants to which Cowan
and Fxckett assign the values & =0,5, f= 0,09, 9

= 400°K. The k; are ‘“‘covclume” constants
characferistic of the individual species. (IJfor
references, see Chaptér 7.) The partial
derivatives of the equation of state are
op i

R ol \ |
= 2;- %1 +xe™ - P (1 + frpre™

aT

p r-FT

P 51 +xe™ 4 (1 ﬂx\xe f

W<19)

BL—RT Be . 7 z
Bn, - 1+ xe + (1+Ex):e

With this equation of state, the nonideal parte of
the thermodynamic propertiess of the gas
mixture-are-given by

eTir) - €'(T) = nRT ( ):e‘:’

AT - F () -nn’l\;-) P xmif (D20
ey« EXT1 %R (T’ )xr‘ ;z -—-——u mng.,‘

R - AR - xrl»m"'n + (- !W;

In thé calculation of the equilitirium

composition, we employ the deiivative

", n ) Y a0 R4 i .J‘
(LX) ~f*€(—-‘-é[ﬂ-’:&-&i§r—l] (D-21)

1 ad S

D3




o A D e S i T e, B e e R

o

AMCP 706-180

()

APPENDIX E CALCULATION OF THE DETONATION VELOUITY OF THE
THERMODYNAMIC STATE OF THE EXPLOSION GAS

JAs shown in Chapter 6 (Egs. 6-106 and
6:107), the detonation velocity D and the
thermodynamic state at the detonation front
gatisfy the equations

D =yVKph

e1 ey = %(PJ + P,,)(Uo - Ul) (E‘l)

- p,lp, =k, (pv, = 1)

where the subscripts o and 1 denote ;nitial
conditions and conditions at the detonation
front, respectively; k is the adiabatic exponent;
and e, specific energy function.

Let us suppose that. the equation of state is an
expression of the form

p =p(vT) (E-2)

and that with this expression together with
tables of the thermal properties of the individual
reaction products, the specific energy, and
adiabatic exponent are represented as functions
of’the same independent variables

e =¢e(v,T)

k= k(v,T)

Thus, in the solution of Egs. E.1, we are
required to satisty the functions represented: by
Eqgs. E-2 and E-3, in which the temperature
appears as a parameter.

1t the composition of the reaction products is
known, if the analytical form of the equation of
state is a simple one, and if the thermal
properties of the reaction products can be
represented with sufficient accuracy by simple
empirical equations; then an algebraic solution
of Egs. E-1, E-2, and E-3 can in principle be
obtained. As an example of the theory, we
derive in Appendix F the sclution for e case
when Eq. E-2 is the equation of state for an
ideal gas, In gensral, however, the thermal
propeities of the reaction products are not
analytic functions of the temperature, and the
composition of the mixture of reaction products
is to be determined on the assumption that the

(E-3)

products are in thermodynamic equilibrium at
the temperature and specific volume behind the
detonation front. The solution of the
equilibrium conditions, necessary tor calculating
the detonation parameters with Eqs. E-2 and
E-3, is itself a problem of considerable
complexity. This problem has been discussed in
Appendixes B and C where methods for ‘its
solutions are discussed in detail. It is apparent
that. the solution of Eqs. E-1, satisfying the
fi: ictions represented by Eqs. E-2 and E-3 and-
wipject to the equilibrium conditions for the
composition of the mixture, must be obtained
by an iterative method. With the understariding
that the procedures described in Appendix A
can be employed to-evaluate the functions of
Eqs. E-2 and E-3 for specified values of specific
volume and temperature, thesé functicns can'be
regarded as known and we can proceed to
formulate an iterative method for the solution
of Egs. E-1.

Suppose that an approximate solution, e.g.,
vy T'l) , tc Egs. E-1 has been found and that

P, = p(vg Ty}
¢ = e{u},T}):

! !
K = k(vy,T;)
have been evaluated. It is convenient to define
the abbreviations

x=plp
(E-4)
y=u /v

which are the corrections to be applied to the
approximatr values pj and v’1 to obtain an
improved approximation. We "also define the
quantities

a=p [p
b = o, 0] (E-5)
¢ = 2(e) - e )p;v;)

which can be eveluated at (v},T;). Now, as an
approximation, we assume that t’he detonation

E1
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products are polytropic between (v}, T, )-and the
correct solution to Egs. E-1, vl,%'l ), with

-adiabatic ‘exponent k, = n’l . With this
assumption
1 g
¢ -¢ = -1 (P10 - Py9;) (E-6)
. !

By use of Egs. E-4, E-5, and E-6 the bottom two
equations in E-1 can be written as

-(x’lj 1)(c - ab +ay) -~ 2
T (K- 1) b- (k) + 1)y

K’
1+ a \y
Y= = b+ [~ b
K, +1 (x1+1)x

and solved for x.and-y.

kor a condenséd explosive, the ratio p,/p, is
the order of 10°. Since theé ratio p,/p) is of
order unity, a ~ 0 to a very.good approximation
for condensed explosives, and the solution of
Eqs. E-7 can be written

x =~ (k- 1)(c/b) + 2/b

(BT

(E-8)
y = Kpl(ky+ 1) ‘

For a gaseous explosive, p,/p, is of order 10
and it is not permissible to neglect p, in
comparison to- p'l in the solution of Eqgs. E-7,
The separation of variables in Eqs. E-7 results in
a pair of simultaneous quadratic equations.
Instead of solving them in this form, it is
convenient to use successive
approximations—employing the second of Egs.
E-8 to begin the iteration—and then employing
Egs. E-7 in sequence to determine successive
approximations to x and y, a process that
converges very rapidly.

Having determined x and y, and these
improved estimates of p, and v, ; we can obtain
an imptoved estimate of the temperature T
from the equation of state. For a condensed
explosive, requiring the use of a nonideal
equation of slate explicit in temperature and
volume, the evaluation of the temperature must
usually be carried out by successive
approximations because of the practical
impossibility of inverting the equation of state
to obtain an expression giving temperature as

E-2

function of volume and pressure. For a gaseous
explosive, for which the ideal gas equation of
state is sufficiéntly accurate, we can write

T, = Tyxy (B-9)

and this expression can be used to start the
successive approximations to determine T,

We have developed a :procedure to- obtain an
improved estimate (v;,T,) to the solution of
Xgs. E-1, satisfying the functional relations of
Egs. E-2 and E-3, when an approximation
solution (v},T,) is known. We have thus,
without assumption regarding the form of the
equation of state, formulated an iterative
procedure for the solution of these equations.
At each stage of the iteration the equilibrium
composition and thermodynamic properties. are
evaluated, using standard computational
procedures, for the thermodynamic state
specified by the approximate solution. When x =
y =1p;=p; vy =v} T) =T}, and the detonaiion
can be calculated with the top equation in E-1.
The cemparison of x and y with unity affords a
test, at each stage of the iteration, of whether or
not the iteration has converged. The usefulness
of this computational procedure xesults from the
facts that the adiabatic exponent is an
insensitive function of state anc® -“hat the
polytropic assumption, Eq. E-6, is employéd
between states whose separation tends to zero as
the iteration proceeds. In application, this
procedure has been found to converge very
rapidly.

In order to complete the formulation of the
computational procedure, it is. necessary to
specify a way to obtain a fifst approximation to
the desired solution. For this purpose, it is
convanient to employ the polytropic gas relation
between the Chapman-Jougiet pressure and the
constant volume explosion pressure p,.

elp,v,) = ¢ (E-10)

can be used to calculate the thermodynamic
properties of the constant yolurie explosion
state by the methods described in Appendix B.
On the assumption that the detonation
products are polyiropiv between the states
(py v, )and )p,,0, ), we can write

-
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e(p;,v,) =~ ep,v,)

(p, v, - pY,) (E-11)

Kk, =1

Ke = K(}?e’vo)

With. Egs. E-10 and E-11, the Hugoniot equation
can be written

s, .
p, [k, *1 vy, P, (Y% 3} (B-12)
P, N, -1y P, \Y%
2 Y%
+ —
Kk, - 1\y

Eliniinating ‘the ratio of the specific volume by
means of the third of Egs. E-1, we obtain the
quadratic equation

2
P
o Y I T T
@, pC e

where-u? = (k, - 1)/k, + 1). Since p; > p., the
desired root is

£
2 (B-24)
P 47 (
sll- - = u“<—°),
P \B

The expansion

by 1- MZ\ 0 (E-15)
__._Z._ —
b, 2 )P,
2'2 p"z
_1/2‘___._-14"“ =2) .
2 2,

is -correct to termis of order -(p,/pe)?. For a
coendensed explosive, p, can be neglected in
comparison o p,, and Eg. E‘14 reduces to
pipe = 2 (E-16)
Even for a gaseous explosive, thie approximation
given by Eq. E-16 differs from the result of Eq.
E-14 or Eq. E-15 by'at. most a féw percent.
From this aualysis, we conchide that an
appropriate first approximation to- the pressure

.p, cdn be obtained from: the constant volume

explosion pressure p, through Eq. E-16. The
corresponding first approximations to the
specific volume v, and temperature 7', cin then
be obtained from the second of Egs. E-1 and the
equation of state, respectively. With the
specification of the initial approximation and
the formulation of an iterative procedure, the
computational procedure for the solution of
Eqgs. E-1is completely formulated.

E3
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APPENDIX F CALCULATION OF THE DETONATION VELOCITY FOR IDEAL GASES

As shown in Chapter 6 the detonation pressure
p, and the detonation specific volume v, are
deterniined by solving the equations

e - & =%, + )Y, - v) (F-1)
1~ p,/p,= K (pyy, - 1)

and the solution reguires the introduction of an
equation .of state. When it has been obtained,
the detonation velocity D and the particle
velocity u,.can be evaluated using the equations

D=, Pih (F-2)

u, =D(1 - pu)

As an example-of the application of the theory,
we derive in this Appendix the solution of Eqs.
F-1 for the case where the explosion products
are ‘described with sufficient accuracy by the
ideea gas equation of state

pv = nRT (¥-3)

where n is the number of moles of gas produced
by unit weight of explosive. We also assume that
the composition of the explosion gas is frozen
and is known. In order to calculate the

detonation velocity and detonation properties of

a gaseous detonation, to which case the ideal gas
equation of state is accurately applicable, the
results of this Appendix can be employed
iteratively with the procedure for the calculation
of the equilibrium composition that has been
described. in Chapter 2, The results also provide
a basis for approximate relations that are of
practical interest for the estimation of the
explosion properties of condensed explosives.

It is convenient to transform Eq. F-1 by the
introduction of the specific enthalpy h = e + pv
and of the specific heat of explosion, defined by
Eq. 6-8. When this i5s done, we obtain

b~ h(p,.T,) = g + %(p, = Py, *v,) (F-4)

where h(p,, T,) is the specific enthalpy of the

explosion products at pressure p, and
temperature T, . For an ideal gas, the enthalpy is
independent of the pressure and a function of
the temperature only. Therefore, thelefi-hand
side of Eq. F-4 can be written )

h, - hip, T,) = K°(T,) - K°(Z,) (F-5)
=G (T, - T,) ‘

where K(T) ~ h(T, p = 1 atm) is the ideal. gas
specific enthalpy of the:explosion products-and
¢S is the average specific heat of the explosion
products between temperatures T, and Tj.
When this expression is substituted into Eq. F-4
and the temperature 7; eliminated by means of
Eq. F-3, we.obtain:

— [P1V \
a(hh T) (F-6)

=q + %P, - ), *+v,)

When the abbreviations x=v, fu,,y =p, /p,,a =
2 G/mR, b = 2 (g + & T,)/(psv,) are
introduced, Eq. F-6 becocmes

@- xy+x~y=b-1 (F-7)

In the special case that the average specific heat
€3 is a constant, Eq. F-7 describes a rectangular
hyperbola..

For an ideal gas, the adiabatic exponent k is
equal to the ratio of the heat capacity at
constart pressure to that at constant volume,

K= c:/c: = 7o (1-8)

By using the abbreviations x and y, the second
of Eqgs. F-1 can be transformed to the expression

(v 1y ~x-my=0  (F9)

Eqgs. F-7 and F-9 are to be solved simultaneously
forxandy,

Upon separation of the variables, a pair of
quadratic equations is obtained

L
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(0 + a)x®- () + Lhbx + 4°(b-1)= 0

[, - 1) - 77 - 11 (F-10)

Sy A UG-2y +b~1=0

These equations can be solved with the aid of
the usual formula for the roots of a quadratic
equation. Each 'has two real roots. The
Chapman-Jouguet detonation, which is here the
solution of interest, corresponds to the pair for
which x <1, ¥ > 1. (The pair for whichx > 1,y
< 1 coresponds to a Chapman-Jouguet
deflagration.) After x and y have been obtained,
u; and p; can be evaluated and the temperature
Ty of the Chapman-Jouguet state can be
evaulated with the:2id of the equation of state,
Eq. F-3.

Both the average specific heat and the heat
capacity ratio are functions of temperature,
although the temperature dependence is not
very strong. If an attempt is made to include the
temperature dependence explicitly by expanding
these quantities as a power series of the
temperature, the expressions replacing Eqs. F-10
become of order higher than the second and
their solution becomes awkward. It seems
better, therefore, if precise results are desired, to
conduct the calculations iteratively. The average
specific heat and ratio ¢° are evaluated at an
approximate temperature. The solution of Eqs.
F-10.and F-3 will then yield an .improved value.
of the temperature, upon which a second
solution can be based. If it is desired to
elaborate the calculation to the -extent of
requiring that the explosion products be in
thermodynamic equilibrium,. the composition of
the products can be adjusted at each stage of the
iteration by calculating the equilibrium
composition at the approximate temperature
and pressure of the particular iteration, Whether
the equilibrium calculation is performed or not,
the successive approximations will be found to
converge rapidly.

As a useful approximation {o obtain estimates
of the detonation properties, one can assume
that the explosion gas is polytropic with a
constant heat capacity. Then

F2

a=2y")y° ~ 1)
0 ) (F-11)
—lg+ 7°nRT, f(v* ~ 1)]

R

b=

In this approximation, Egs. F-11 can be written

o
-1
xz—\’Y’Yo bx
0
¥y - 1) )
+ | = -1 =
yag -0 > (512)
¥ - (% - 1) - 2y '
0
'Y —1 1 ~—
+<7‘°+1 (b‘L)"O

In the polytropic approximation, 4° is a known
constant, independent of the teniperaiure.
Therefore, Eqgs. F-12 can be solved at once and
an iterative-calculation is not required.

Relations that are convenient for order of

magnitude estimates of the -detonation
properties can be obtained: from a further
approximation to Egs. F-12. On the detonation
branch of the Hugoniot cuwve, x is of order
unity, and y and b are latge compared to unity.
As a first approximation, the roots of Egs, F-12
corresponding to- the Chapman-Jouguet
detonation can be written

x =9/ + 1)
y=(" -1

Futhermore, ¢ is much greater than ¢§ T,.
Therefore, Eqs. F-13 result in the approximate
relati ~ns,

1 (F-13)

v =0y’ + 1)
(F-14)

P, = 297" - Dy,
The corresponding approximation to the
detonation temperature is obtained by
substitution in the equation of state

T —(gi) 10" -1 (F-15)
1 \nR/ 4 +1
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approximate relations, Egs. F-14, we may use

the formula for the roots of a gquadratic to write
the exact.solutions of Eqs. F-12. If this is done
and the

re;ulting radical expanded in powers of
1/b, thé result to térms of order 1/b can beé
written

AMCP 706-180
-and the corresponding approximations to the o ou2
detonation velocity and particle velocity are - Y 1 1+ Y ") }_ b
obtairied by substitution in Eqs. 6-56 1 P b
. -1
D =/29(y* + 1)(y" - 1) o _ 1
(F16) ¥ =(v = 1)h{1~ |2+ — 2 _I;
— o - 1.‘
u, = /297" - DIx" + 1) o0
In order to estimate the -accuracy of the (F-17):

Thus, the approximations expressed by Egs.
F-14 differ from the exact solutions. of Egs.
F-12 by terms in the quantity 1/b offirst and
higher orders.
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Raratol, composition of Table 1-2
Barium nitrate, in barato} Table 1-3
Barker 14-4
Barthel and Strehlow 8-15, 14-4, 15-13, 14-14
Beattic A-3
Becker 6-21, 7-13
Becker-Kistinkowsky-Wilson See: BKW code
Berthelot

and Vieille 1-1

detonation, theory of 1-1
Bikini gage 5-19

AMCP 708-180 !
INDEX ‘
A Bircumshaw 4-16 i
Bis (2,2-dinitro-2-fluoroethyl) formal See:
Abel 7-2 . FEFO
equation of state 9-10, D-1 Bis (N, N'-trinitromethyl), uréd See: BTNEU
Accidents 11-26 BKW code 14-11
Accurscy 14-14 Black powder, constituents of 1-i
Activation energy 4-1, 4-3, Table 41, 101 Blackstock 14-4
Activity coefficient 7-3, A-6 Blast
Adams 11-24 pressure 5-19,18-1
Adiabat, Hugoniot 11-2 propagation theory 1-3
exponent 2-14, 2-16, 7-2, 7-9, Table 7-5, wave.13-1, 13-7, 13-10
14-11, E-1 Blasting
heating 10-9 caps 1-9; 1-4
Aerodynamic drag 13-10 gelatin Table 1-2, 11-26
AFTON 14-10 Boddington 12-8
Air-blast 3-5 Boltzmann and Jiiger 7-16
Amatol Table 1-2 Bowden 12-4,12-6, 12-8
Ammonium and Yoffe 12-6
nitrate Table 1-1 Boyer 11:24, 14-13
dynamite Table 1-2 and Grandey 11-24
perchlorate Table 1-1 Bridgman 610
picrate Table 1-1 ‘Brinkley B-2
salts 4-16 and Kirkwood 6-21, 13-7, 13-80, 18-31, 13-32
Amster 11-28 and Richardson 8-1%
AN See: Ammonium nitrate and Wilson 7-18
Andreev 4-5 stoichiometric conditions 2-8
AP Seée: Ammonium perchlorate Brisarice 5-24, 5-25
Argon Brode 13-12,13-13
flash 5-3 Brodie 14-6
gap methed 5-15 BTNEU Table 1-1
Arrhenius equation 10-2, 12-10, Fig, 126, Table  Bubble pulse 519
12-2, 14-13 Buming law 11-24, 12-20
Avrami and Erofeev 4-2
B c
Bailast, thermal 1-3 Camera
function of in explosives, commexrcial 1-3 framing 5-3
Ballistic Mortar test 3-7, Table 3-11, 5-26 image dissection 5-3

rotating-mirvor or -drum 5-1, 5-2, Fig. 5-1
“streak camera 1-2, 5-1 i
See: Photography, high-speed ‘
Campbell, Davis, Ransay, and Travis 11-23
Carslaw and Jager 10-11, 10-16
CEL 14-10
Chaiken and Cheselske 12-8
Chambee’, 10-1, 10-7
Chayman and Jouguet 1-1, 6-1
Sea: C-J
Characteristics, method of 2-21, 14-1
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Charge RUBY 14-11
cylindrical 8-1, 13-1 STRETCH 14-11
diameter, effect on detonation velocity 9-1, STRIP (4-10
9-9 SWAP 14-4

spherical 8-1, 13-1
Chemical kinetics 1-2
Chemical potential 2-7, 14-11, A-2, A4, A-5,
B-2, B-4, C-1,D-1, D-2, D-3
definition of 2-7
Chemical reaction 1-1
_.Astonation wave 1-1, 1-2, 14-2, 14-4
Chou, Karpp, and Huang 14.2, 14-4
Chushkin 14-5
CJ
detonation F-2
‘hypothesis 6-19
paraméters:Table 3-5, 3-6
points 14-11
'm Iy o
detonation velocity F-$
energy 7-7
particle velocity F-3
pressure 5-9, 74, 7-7, E-2, F-2
solution for 6-24
subideal 8-12,.9-3
‘temperature 7-3, 7-4, F-2
volume F-2

BKW14-11

Eulerian-Lagrangian 14-9, 14-10

modular 14-14
Codes, computer See: Computer codes (or

programsj
Coefficient

activity 7-3, A-6

thermal expansion A-2
Cole 13-19, 13-21, 13-27, 13-32
Components, definition of 2-2
Composition, theoretical description 2-1
Composition B Table 1-2, 5-23
Compressibility, isothermal A:2
Computer codes (or programs)

AFTON 14-10

CEL 14-10

explosion phenornena, use in 1-2

HEMP 147

hydrodynamic, time dependent 1-3, 14-1

NIP 14-4,14 13

OIL 14-9

PIC 14-10

PIPE 14-7

12

THERMO 14-11
thermodynamic, equilibrium 1-3
TIGER 14-11
TOODY 14-13
See: Chapter 14 ‘
Conductivity, as measurable parameter 5-1, 5-4,
5-22
“Conservation .
equations 2-18, 2-19, 5-7, 8:1
shock front 2-28, £-29
Constants _
Gumey Table 3-8
Rydberg 4-9
stoichiometric 2-2-
Constant volume exjlosion point 14-11
Constituent, definition of 2-1
Conventional deconiposition equation See:
Decomposition, equation
Cook 5-5, 7-8, 7-9, 9-10
Courant
and Friedrichs 2-29, 6-15, 14:2
-Friedrichs-Lewy ¢onditions 14-7
Couriney-Pratt, J. S; 54
Covolume 7-2, D-1, b-2,b-3
Cowan and Fickett 7-14, 7-16, 7-18, D-3 ot
Cyclotetramethylene: tetranitramine See: HMX
Cyclotol, composition of Table 1-2
Cyclotrimethylene trinitramine See: RDX
Cylindrical charge 13-1

D

Dalton’s law A-4
DATNB Table 1-1
D'Autriche method 6-5
Deal 5-18, 7-5, 8-9, 13-4
Deb 4-9
Decomposition

covalent explosives 4-3

data from adiabatic fumace Fig. 12-6

equation 2.1, 2.3

heat of 4-1

ionic solids 4-6

mechanisms 4-8

of azides 4-6

of nitrates 4-14

products 2-3

of TNT 2.4
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Decomposition (cont.)
rate of 4-1 ,
reaction 4-5, 4-6, 4-16, 4-18, 10-1
spontaneous 10-1
therrnal 4-1, Table 4-2
Deflagration 6-3
propagation of 1-3, 1-6, 1-8
strong 8-3
transition to detonation 12-13
wave 8-3
Denisov and Troshin 8-16
Densitometry, flash X-xay 5-7
Dependence, domain of 2-23
Detonation
energy 1-2, 1-3
fadeout of 14-13
hypervelocity 11-17
inJiquid 816
initiation of 14-13
low-order 11-26
Jow-velocity 11-26, 11-28
‘stability 11-26, Table 11-5
oyerdriven 11-1
patameters, measurement of 5-4
pressure 5-5, 5-9
ploperties Table 7-3, Table 7-4, Table 7-5,
Table 7-7
solids and liquids 7-1
theoretical/experimental comparison
Table 7-9
products
composition of 3-2, 3-3, Table 3-4,
7-13
equition of state 3-3
stablility of 6-21, 8:6
strong 6-4, 8-10
temperature 5-21
theories of 1-1
underdriven 11-1, 11-10, 11-17, Fig. 11-11
velocity 51, 5-8, F-1
charge effect on 9-2, 9-9-
equation for 3-6, 6-14, 7-3, 7-4
low, initiation process 11-26,
waves
cylindrical 9-1
definition of 1-8
- elementary theory of 6-1
° front of 1-1
: planar 1.2
plane 81
spherical 9-13
-y steady 8-4
4 weak 6-4

Dewey 519
Diaminotrinitrobenzene See: DATNB
Diaphragm gage 5-19
Diethylnitramine dinitrate See: DINA
DINA Table 1-1, 1215
Doering 5-18, 8-5
and Burkhardt 5-18
Diag, acrodynamic 13-10
Dremin 316
Duff and Houston 5-9, 5-10
Duvall 13-38
Dynamic pressare 13-10
Dynamite 1-1, Table 5-2
adinonium nitrate type Table 1-2
comminerical 1-3
composition of Table 1-2
nitroglycerin-based 1-1 .
Nobel 1-1
See; Explosive, secondary

EDGN Table 1-1
EDNA Table 1-1, Table 5-2
Edwards 8-14
Effect
See:Faraday effect
See:Kerr-effect
See:Magneto-optic effect
Eichelberger 9-12
Electrical systems, ionization probes 6-4
Emery 14-5
Energy
activation 10-1, Table 10-1
as property of explosive 1-3, 3-1
as thermodynamic property 2-10
free 3-2
internal A-1, A-3, A-5, A-6, D-1, D-2, D-3,
E-1
of detonation 1-2, 1-3
of explosion 13-23
of explosive 3-1
specific intemnal, of C-J state 7-7
Enig 10-1,10-7,10-10
and Petrone 11-10
Enthalpy 2-7, 2-9, 13-6, A-1, A-3, A-6
B-3, F-1
as thermodynamic property 2-10
definition of 2.7
Entropy A-2, A-3, A-§, A-6, D-1, D-2, D-3,
function-of
meole humber 2-9

e
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Entropy (cont.) Experimental technique 5-1
Exploding wire 5-3
temperature 2-9 Ex;;losion
inglwlt:fs(i!bi;s;)rocess 2-8 deseription of 1-2
in thermodynamics, second law 2-5 energy of 14-27

Equation
See: Arthenius equation
See: Conservation equations
See: Decomposition equation
See: Eulerian equations of motion
See: Hyperbolic equations
See: Rankine-Hugoniot equation
See: Stoichiometric equations

Equation of state 3-3, 3-6, 5-1, 5-22, 8-2, A-2,
A-3, A-4, B-2, B-3, B-5, C-1, D-1, D-2, D-3, F-1

Abel’s 7-2, 9-10, D-1
as requirement for stress wav. calculations
14-1
Becker-Kistiakowsky-Wilson 14-11
caloric 2-10
Cook’s 7-8
definition of 2-10, 14-11
Fickett and Wood 7-7, Table 7-2
for solid or liquid explosives 7-1
general derivation 7-5
Halford, Kistiakowsky, and Wilson 8-9, D-3
Jones’ 7-9
modified Abel 7-8, 7-16
by Jones 7-9, D-1
by Cook 7-8, D-2
of condensed species 7-16
of products 8-9
Tait 12-17, 13-30, 13-37
van der Wazal D-1
virial 7-16, D-2
tabie of coefficients, Table 7-6
Equilibrium
composition 14-11, B-1,:8-6, C-1, D-1
conditions B-4, C-2
general conditions for 2-8
mechanical, chemical, and thetmal 2-8, 2.9
Equivalent weight, Table 3-9, Table 3-10,
5-25, 13-38, 35
Erpenbeck 8-15
Ethylenedinitramine See: EDNA
Ethylene glycol dinitrate See: EGDN
Eulerian
equations of motion 2-16, 2-18, 2-20
variables 14-1, 14-9
Eulerian-Lagrangian code 14-9, 14-10
Erying 9-15
and Powell, Duffey, and Parlin 9-10
4

poiat, constant volume 14-11
pressure, consiant 6-3
products 1-4, 2-1
in thermodiynamic equilibrium- 2-3
thermal 1-3, 1-8, 10-1
critical temperature for 10-9, Table 10<3,
Table 10-4 ‘
dependence on sensitivity tests 12-6
of cylinders ¥ig. 10-5
of slabs Fig. 10-5
of spheres 10-12, Fig. 10-4, Fig. 10-5,
Table 10-6
shock initiation of 11-10
stability 10-3
time 10-9, 10-12, Fig. 10-4, I'q. 10-6, Fig.
10-6, 10-19, Table 10-6
underground 12-19, 13-23
undeswater 13-4, 13-19
volume, constant 6-3, E-3
work of 3-6, Table 3-11
Explosive
acceptor 11-1, 11-20
commercial 1-3
condensed 14-13
covalent 4-4
damage from 13-4, 13-26
definition of 1-2, 1-4, 3-1
donor 11-1, 11-20
homogeneous 11-5, 11-10, 11-17, 11-23
Hugoniot adiabat 11-2
inhoinogeneous 14-13
lens 5-9
nonhomogeneous 11-17, 11-23
performance 1-2
evaluation of 1-3
primary 1-4, 12-8,12.15
processes of 1-2
products §-1
secondary 1-4, 12-8
size, critical 20-9
Explosive D See: Ammon..im picrate

F

Faraday
effect 5-4
foil 5-16
FEFO Table 1-1, Table 3-1
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Fermat's principle 9-12
Fickett Table 3-5

and Wood 7-7, 7-13, 13-4
Figure of merit 5-25
Formula vector 2-2

of components 2-3

of constituents 2-2, 2-3
Flash, argon 5-3
Flash X-ray, densitometry 5-7
Fragments, velocities of 3-4
Frank and Lazarus 14-5, 14-9
Frank-Kamenetskii 10-1, 10-7
Free znergy function, Table 3-3
Friedman 12-8, 3-2
Friedérich 7-10
Friederich 14-4
¢ Frozen’ ¢omposition, of mixture 2-1

Fuel, types Table 3-1

G

Gage
Bikini 5-19
diaphragm 5-19
in-material 5-1C; 5-13
manganin 1-2, 510, 5-13
-piezoelectric 5-10
piezoresistive 510, 5-13
polarization 5-14
quartz 5-10
‘sulfur 515
Galwey and Jacobs 4-18
Gap test 11-1, 11-20, 11-26, Table 11-3, Table
114
argon 5-15 )
pressure measurement in 11.2
Gas
imperfect, properties of D-1
polytropic 13-23, 13-37, E-2
Geometry, spherical 13-1, 13-2,13-12
Gibbs-Dalton rule B-5
Gibbs free energy 2-7, A-2, A-3, A-b
in standard state 2-9
specific 2-9
Gibson 5-21, 5-22
Gipson and Macek 11-23
Godunov 14-5, 14-7
Goranson 5-8
Gray 4-4
and Williams 4-4
Gross and Amster 12-8; 12-9, 12-10
Gross compogition, specification of 2-2

Gumey
constants, Table 3-8
comparison of with @, Table 3-8
{ormula; definition 3-5

H

Haleite See: EDNA

Halford, Kistiakowiky, and Wilson 7-18, 8-9,
D-3
equation of state!3-9, D-3

Happel and Majumbiar 7-16

Harlow 14-11

Hartree method 14-2, 14-3

Har 523

He
ca; acity A-1, A-3, A-5, A-6
conduction 10-7, 10-8,13-5
of formation A-3
radiation of 13-5
release 3-1, Table -6, Table 3-7, 6-2
computation 3-§
equalion for Heis® law:3-1
in detonation 3-1 .
sample values Tible 3-2
specific 210, 2-12, 7-3, 14-11, D-1, D-2, D-3,.
F-1
transport, cause ofidetonation 1-3
Helmholtz free-eneigy 2:17, A-4
in standard state 2-9
HEMP 14-7
Herrmann 14-7
Heoss' law 3-1
Heterogeneous exploiives See: Explosive,
nonhomogeneous
Heterogeneous systen2 B-1
Hilsenrath and Beckelt 13-10
Hirschfelder
and Roseveare 7-16, D-2
Stevenson, and Eyring 7-17
HMX Table 1-1, Table 1-2
Homogeneous explosives See: Explosive,
homogeneous
Hot spots 10-22, Table 10-5, 115, 11-10, 11-13,
11-17, 1413, 14-14, 11-24, 12-6, 12-9, 12-11
critical 12-11
pressure 11-14
temperature 11-14, 11-15, 11-16,
Table 12:3
See: Explosion, thermal
Huff, Gordon, and Morrell B-2
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Hugoniot 2-29, 13-7
adiabat 11-2
and Rankine 1-1
curve 2-29, 5-10, 6-3, Fig. 6-2
definition for an explosion 8-11
equations, cylindrically symmetric flow 9-7
jump ccnditions 14-2
of explogive 11-2
points 14:11
relations 8-6
shock front 1.-1
Huygen’s principle 9-12
Hydrodynamics
cause of detonation'1-3
conservation equations 1-1
definition 14-1
equationis 2-18, 2-20, 8-1, 14-2
Eulerian equation of 13-28
explosion phenomena of 1-1, 1-6, 2-1
for goint source model 13-12
of reactiny continua 2-16
theoretical dévelopment 2-1
Hyperbolic equations 2-27

Humination 5-3
Image-converter tube 5-4
Image dissection 5-3
Impsact
sensitivity 1-8
tests 12-1
Implicit methods 14-10
Impulse, positive, as parameser of shock wave
519
Tiduction time 10-6, 10-12, 1C+ #, Table 10-5,
11-7, 11-80, Fig. 11-8, Table 153, 12-11,
14-13
Herts as bailast 1-3
‘Tnhomogeneous explosives See: Ry, yrive;
inhomogeneous
Initiating mechanisms 11-1
Initiation 11-1, 1413
air bubbles effect 11-10, 11-17;
by friction 11-17, 12-1,12-14,3 o, 12-8
by impact 11-17, 12-1, 12-6
cavitation model 11-28, 11-29
confinement effect 12-15
diameter, critical 11-20, Table 1173
duration of shock pulse effect 11-19
grain size effect 11-24
in gas bubble 12-8

-6

inhomogeneities effect 11-5
Mach disc model 11-28
porosity effect 11-3, 11-18
process of low-velocity detonation 11-26,
11-28
thermal 12-1, 12-6
time, critical 11-20
Initiator, types-of
mechanical shock 1-4
thermal source 1-4
In-material gage 5-10, 5-13
Interferometer, laser 5-16
Inviscid motion 2-17
Jtnic solids 4-6
Ionization probes 5-4
Irreversibility 12-5
Irreversible process 2-7, 2-18, 2-19, 2-28
Isentrope, properties of 2-16

J

Jacobs, Liddiard, and Drimmer 1217
Jameson 5-23

Johannson 12-8

Jones 5-8, 5-18, 5-21, 7-6, 9-10
Jougquet rule 6-6,:6-7, 6-11, 6-14

K

Kerr effect 5-3
Kinetics, chemical 1-2
Kirkwood ,
and Bethe 13-8, 13-10, 13-26, 13-27, 13-30,
13-32
arid Brinkley13-7, 12-27,.13-28,
and Wood 8-11, 8-14

L

Lagrangian 14-5, 14-9
equations of motion 2-16, 2-20
Lambourn and Hartley 14-4
Landau and Lifshitz 3-5
Landshoff 14-6
Langley 14-5
Laser interferometer 5-16
Law
See:Arrhenius equation
See: Burning law
See: Conservation equations
Sce: Dalton’s law
See: Hess' law
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AMCP 706-180
Law (cont.) Mitchell 4-9
See: Perfect gas law Modular codes 14-14
See: Planck’s distribution law Mole number 14-11
See: Wien displacement law Muller 14-10

Lawton and-Skidmore 8-9
Lax 14-7

and Wendroff 14-5, 14-7
Lax-Wendroff 14-6
Lead azide Table 1-1
Lead block test 5-25
Lead styphnate Table 1-1
Leapfrog 14-6

double 14-7

Le Chatelier See: Mallaxd, detonaﬁop, theory of

Lens, plane wave 5-9
Lewis

and Friauf 6-20

and Randall rule B-5
Lucite wedge 5-15

M

Macek12-15, 12-17, 12-20
Mader Table 3-5, 11-10, 14-1&
Magneto-opfic effect 54
Makine 13-33
Makovsky

and Gruenwald 4-6

and Lenji 4-5

Mallard, detonation, theory of 1-1

Manganin gage 1-2, 5-10, 5-13
Massau 14-2, 14-3

Martin and Saunders 12:6
McQueen 13-38

Measurement of detonation parameters 5-1

Mercury fulminate Tabie 1-1
Method
See: Argon gap method

See: Characterisitics, method of

See: D’ Autriché method
See: Hartree method
See: Implicit method
See: Method of characteristics
See: Newton-Raphson method
See: Up-and-down method
Method of characteristics 14-1
Meyer 14-2
Micxoballoons 5-15
Mixture
composition of 2-1
constant composition of 2-10
constituents of 2-4
heterogeneous 2-10

N

Newton-Raphson method B-2

Nicholson 4-6

NIP 14-4, 14-13

Nitrobenzene 5-3

Nitroglycerin 1-1, Table 1-1, Table 12, Table
5-2, 5-22,11-26, 12-8 |

Nitromethane Table 1-1, Tabie-6-2, 5:23, Table
11-2, 11-7, 11-10, 1113, 11-14, 11-15, 11-16,
11-17

HG-See: Nitroglycerin

NM See: Nitromethane

Nobel 1-1

Noh 14-10

Nonequj'ibrium states 14-11

Nuclear tests 510

OIL 14-9
Oppenheim
and'Urtiew 8-14
Manson, and Wagner 814
Ornellas 3-2
‘Osborn 14-14
Oxidizer
in explosives 1-3
types Table 3-1
Oxygen balance Table 3-6

(4

Particle-in-cell 14-10, 14-11
Particle velecity 5-7, 5-15, F-1
equation for 6-24, 7-3, 7-4, 7-7

Paterson 7-17
PBX 9404, composition of Table 1-Z
Penney and Dasgupta 13-23

Pentaerythritol tetranitrate See: PETN

Pentolite 13-33
romposition of Table 1-2

Perfect gas law 14-11

PETN Tables 1-1, 1-2, 5-2; 5-22
as homogeneous explosive 11-10, Table 11-2
chavge diameter 9-3

Petrone 14-13
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AMCP 706-180.
Phase infinitesimal 2-5, 2-7, 2-8
condensed, in mixiure 2-1, 2-3, 2-10 irreversible 2-5, 2-7
gas.in mixture 2-1, 2-3 natural 2-6
rule 2-3 of isolated system 2-8, 2-8
PHERMEX 5-18 reversible 2-5, 2-7
Photography thermodynamic 2-5
argon flash 5-3 unnatural 2-5
Deal 5-18 Propagation
Dewey 5-19 blast See: Blast, propagation- theory
‘Doering aha Burkhardt 5-18 velocity, defnition of 1:6
exploding wire 5-3 Propellant 1-3, 11-3, 11-20, 11-26
framing 5-3 Prout and Tompkins 4-2
high-speed 5-1
illumination 5-3 Q
image dissection 5-3
<HERMEX 6-18 Quartz gage 5-10
Schall 5-18
spark discharge 5-3 R
See: Camera:
Photo-optical systems 5-4 Radiation
PIC Sée: Particle-in-cell damage 4-18
Picric acid Tahle 1-1 of heat 13-5
Piezoelectric gage 5-10 Rankine 2-29

Piezoresistive gage 510, 5-13
Pin technique 5-15
PIPE 14-7
Planck’s distribution law 5-21
Plane wave lens 5-9
Plate-dent test 5-25 )
Point source model 13-12, 13-27
Polarization 5-14
Polytropic gas 13-23, 13-37
Power of an explosive 5-24
Pressure
as property
-of exploeive 1-3, 1-4
of homogeneous phase 2-4, 2-5
thermodynamic 2-10
blast 5-19
C-J, equation for 3-6'
dynamic 13-10:
in veversible process 2-8
of detonation 5-5, 5-9
of reaction 1-2
transducer 5-10
Price 3-5
Principle
See: Fermat's principle
See: Huygen’s principle
Probes, ionization 5-4
Process
equations for 2-9

-8

shock froit, discontinuous 1-1

‘Rankine-Hugoniot equation 2-29, 6-1

Rarefaction 13-3
wave 2-24
Rayleigh
line -3, 14-5, 14-8
shock waves 1-1

RDX Table 1-1, Table 1-2, Tabie 5-2, 5-22

Reaction
decomposition 1-2, 2-2, 4-5
heat of 6-2
initiation 8-5
order of 10-8
process 14-1, 14-13
progress variable for 8-3
products Table 3-1
rate 2-17, 2-18, 10-1, Table 10.1, 10-3
equation 8-2, 10-8
water-gas 3:2
waves
boandary
rigid 8-9
free 8-9
general 8-6
polytropic gas 8:8
stability 8-12, 8-14, 8-15
zone 8-1,11-23
cylindrical charge 9-3, 2-4, 99
diverging flow 9-4
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AMCP 706-180
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Reaction Zone (Cont.)

fine steucture 8-14
length 9-9
Mach interactions 8-15
mechanisms 11-24
turbulence 8-15
Release wave model 9-12
Retonation 12-15 )
Reversible process 2:7, 218, 2-19, 2-28
Rezoning.14-9
Richardson, Arons; énd Halverson 13-23
Richtmyer and Morton 14-5,.14-6
Rideal and Robertson 12-8,12-11
Riemann
function 13-256
invariants 2-22
shock waves 1-1
RUBY 14-11
Rule
See: Gibbe-Dalton ruie
See: Jouguet’s rulz
See: Lewis and Rendall rule
See: Phase, rule
Rusanov 14-7
Rydberg constant 4:9

Sachs 13-38

Safety in handling 4-1, 10-1, 10-18, 11-1,11-26,
121

Schall 5-18

Schmidt 7-2, 7-8

Schott 8-14

Scorsh 6-21

Seaian 14-7

Secco 4-16
Seismic waves 13-23
Self-heating 4-1
Semenov 10-1
Sentitivity 11-26, Table 11-7, 12-1, 124, 12.5,
128
of explosive 1-8
relation to melting temperature 12-9
Shchelkin 8-14, 815
Shear 8-9, 9-15
‘and Wright 13:33
Shock
front 13-3
velocity 5-7
wave 2-25
chemical reaction -1

detonation 1-1
from explosive charge 13-1
in solids 13-38
line 14-4
nonreactive 1-1 ‘
propagaton of 1-3, 13-5, 13-26
properties of 1-1
scaling of 13-33, 13-37
stability 1-29

wenk 14-4

Shuster 1-1
detonation wave 1-1

‘Simplé waves2-23

Skidmore and Hart 8-9
Smith and Calvert 4-6
Smoke trails 5-21
Soloukhin 8-14
Sombrero 1-1
Sonic 2-19:
subsonic 2-19
supersonic 2-19
Sound velocity 214
equilibrium: 7-14
frozen 7-14, 8-12
Spacelike 2-22:
Spark )
ss external initiating stimuli 1-3
discharge 5-3
types of 1-3
Specific heat Seé: Heat, specific
Spherical geometry 13-1, 13-2, 13-12
Standard state 2-9
Steady-state
detonation
-charge diameter effect on 1-3
theory of 1-1
of wive 1.6
Stimuli, initiating
See: Heat
See: Impact
See: Shock
See; Spark
Stoichivmetric
conditions B-1, 8-2, B-4 ]
mathematical expressions of 2-3, 2-8
constonts 2-2
equations 8-2
Strehlow 8-14, 8-15
and Fernandes 815
STRETCH 14-11
STRIP 2-19
Subsonic 2-19




s
e

AMCP 706-180
Sulfur gage 515 See: C-J theory
Supersonic 2:19 See: Detonation, theories of
SWAP 14-4 See: Mallard, detonation, theory of
Systems: See: Thermodynamics, theory of
‘See: Electrical systems See: TNT, propagation theory
See: Heterogeneous system TIGER 14-11
Timelike 2-22
TNETB Table 1-1
T TNM Table 1-1

Taffanel and D’ Autriche 7-2, 7-9
Tait equation of state 13-23, 13-31, 13-37
Target 13-4
faylor 7-15, 13-13, 13-23
wave 5-10, 88, 13-13
Taylor, G. 1. 9-13
Technique
See: Experimental technigue
See: Pin technique
Temperature
as property
of homogeneous phase 2-4
thermodynamic 1-10, A-1, A-3
in equation of state relation 2-10
in reversible process 2-8
Test
See: Ballistic Mortar test
See: Gap test
See: Impact tests
See: Lead block test
See: Nuclear tests
See: Place-dent test
Tetranitromethane See: TNM
Tetryl Table 1-1, Table 5-2
Thermal expansion coefficient 14-11, A-2
THERMO 14-11
Thermochemical data on explosives Table 3-1
Thermodynamic(s)
cause of detonation 1-3
first law of 2-5, 2-7, 2-7
process, definition 2-5
properties 2-10, A-5, A-6, D-1
gas mixture A-1, A-3
heterogeneous systems A-6
pure condensed phase A-1
second law of 2.5, 2-7
state E-1
theory of 1-2, 2-4
Theory
See: Berthelot, detonation, theory of
See: Blast, propagation theory

110

TNT Table 1-1, Table 1-2
as equivalent weight 13-38
as homogeneous- explosive 11-10, Table 11-2
burning rate and sensitivity 12-15
charge diameter 9-3
conductivity profile in detonation zone 5-23
decomposition equation of 2-1
energy.of explosion of 13-23
“equivalent” 1-3
finite charge of 13-15
granular 11-26
pressure-distance curves for 13-19
pressure ratio vs charge radii Fig. 13-20
pressure-time curve for 13-19
propagation theory 13-32
TOODY 14-13
Transducer, pressure 5-10
Transfer
electron 4-18
proton 4-18
Trinitzophenyl methylnitramine See: Tetryl
Trinitrotoluene See: TNT
Trulio 14-7, 14-10

U
Underwater performance 3-5

Up-and-down method 12-1, 12-4
statistical analysis of 12-4

)
van der Waal D-1
van Tiggelen and de Soete 8-14
Velocity

deflagation 1-8
particle 5-7, 6-15, F-1
equation for 6-24, 7-3, 7-4, -7
shock 5-7
See: Detonation, velocity
See: Sound velocity
Vizie See: Berthelot
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Viscosity, artificial 13-12, 13-13, 14-1, 14-5
linear 14-5
other forms 14-5
quadratic 14-5
Volume
as property of homogeneous phase 2-4
in reversible process 2-8
molar A-L
specitic 2-9
of C-J state 8-3, 7-7, 7-9
Von Neumarin 8-5, 8-6
and Richtmyer 1.3-12, 13-13, 14-5, 14-6
-gpike 5-9-

w

Wagner 814
Warner 11-24, 14-13, 14-14
Wave.1-1
biast 13-1,13:7, 13-10
‘deflagration 6-3
detonation 1-1, 1-8
‘propagation 14-1
multidimensional 14-4, 14-6
-rarefaction 2-24
reaction 1-1
retonation 12-15
seismic 13-23
shock 7-25, 18:38

simple 2-23
stability 2-29
steady-state of 1:6
three-dimensional 8-14
See; Taylor, wave
Welding 1-2
White 8-15
Johnson, and Dantzig B-2
Whitham 14-4
Wien displacement law 5-21
Wilkins 3-9, 14-7, 14-13
Willis formula 13:21
Wood-
and Kir¥wood 8-12, 8-14, 9-6, 99
and Salgburg 8-14
Woolfolk:and Amster 11-29

X
X-ray, fiesh 1.2

densitornetry 57
photogiaphy 5-18

Zeldovich 6-21, 8-56

Zemow i4-13

Zinn and'Mader 10-1, 10-7, 10-12
Zubarev ‘Table 3-5
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