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FOREWORD

The Third Symposium on Detonation is the continuation of the
series of Navy-sponsored discussions of this subject which have been
scheduled at irregular intervals as new advances in the science make
- an assessment of the current state of the field timely. The first two
symposia were sponsored by the Office of Naval Research. On this
occasion, the Naval Ordrance Laboratory, White Oak, one of the labo-
ratories under the Bureau of Naval Weapons, is joining with ONR in
the continuation of these symposia.

Unlike the previous symposia, the scope of this one has been
limited to condensed systems. This restriction is based on the exis-
tence of more opportunities for presentation of research on gaseous
detonation at relatively frequent meetings of various scientific and
engineering societies.

The object of this symposium is to bring together scientists
actively engaged in research on detonation to discuss the current status
of related research. To achieve this, the organizers of the symposium
have invited review papers on the three topics being emphasized:
Explosive Sensitivity, Detonations and Shocks, and Non-Steady Detona-
tions. These are supplemented by contributed papers to include the
results of current research.

The papers are being published in two groups, one containingb the
unclassgified contributed papers and the second containing the review
"papers and classified contributed papers.

The sponsors of this sympasium are of the opinion that the exchange
of regearch information and concepts will stimulate advances in this
complex field of the interaction between flow and exothermic chemical
processes. In addition, advances in the understanding of detonation
phenomena are becoming more and more important to the Department
of Defense and other agencies of the government. This increases the
value of making certain that existing knowledge is available to those
having need for it.

To all those contributing to the success of the symposium, the
organizers wish to express their sincerest appreciation. Special
thanks go to the individuals undertaking the difficult task of preparing
the review papers; to the session chairmen; to the staff of Project
SQUID of the James Forrestal Research Center, Princeton University
for handling many of the arrangement details; and to Princeton Uni-
versity for the use of its facilities.

JAMES %, ABLARD

Chemistry and Explosives Program Chief
Naval Ordnance Laworatory

White Qak

RALPH ROBERTS
Head, Propulsion Chemistry Branch
Office of Naval Research
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CONFIDENTIAL

SENSITIVENESS TESTING AND ITS RELATION TO THE -
PROPERTIES OF EXPLOSIVES

E,G, Whitbread

Explosives Research and Development Establishment,
Waltham Abbey, Emsex, England.

Scope

It is preposed to review the subjects of section cne as
seen from E,R,D,E. This is neceasarily a biased view with a
conaidarable esphasis on this establishasnts work, but it is thought
that this description of our problems will be useful to the meeting
as a vhole.

1. The Selection and Standardisation of Teats

1.1 Safety Certificate Testing. The need for sensitivity
testing in researscli long a recognired. A great deal of
effort is currently expended, in those establishments councerned, oz

the development of eapirical tests and rather less on basic research
leading to an understanding of sensitivity phencamena.

There are two major objectives in sensitivity testing, (1)
to obtain a measure of the hazard associated with the manufacture,
use and storage of explosive materials, and (2) to determine the
reliability in operation of explosive devices, To some extent
these require a different philosophical approach although the testa
used may be similar or even identicel. In one case the desired
state is a very low probability of initiation, whereas in the other
the optimum is a very high probability of detonation whick wmust
itself be as efficient as possible,

For either ohjective the work falls into two natural
classes: the development of efficisnt tests, and a study of the
mechaniam of the physical and chemipsl processazs by which the
material is brought tc explosion.

The choice of tests by a given establishment im often
arbitrary and dictated by availability of facilities or similar
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factors., The commonest, in order of popularity, are:-

Inpact machire,

Some form of thermal (temperature of explosicn) test.
Some form of friction test,

Gap test.

Projectile attack test,

wEFWw o

It is a chastening thought that of all the tests and test facilities
the impaoct test-is the only one which is universally usad.

There is a considerable advantage in the cocllective use of
the results of several tests to describe an exploasive., In the
United Kingdom this principle is used in a doocument known 28 the
"Safety Certificats', and this has been the basis of a certain amcunt
of standardisation.,

The '"Safety Certificate" is issued by the authority of the
Director of Safety Services aad is available to the technical staf?
o? sny establishment (e.g. a filling fastory) having to handle the
explosive certified, It contains a great deal of information on
the hazards (nct necessarily explosive) associated with the use and
storage of the explosive to which it refers. Six tests of =ensi-
tivity are included, viz, impact, friction, temperature of ignition,
eass of inflamsation, hehavicur on inflammation and sensitivity to
electroatatic discharge, Of these tests only the fricticn and
impact are commonly carried out in more than one laboratory and as
& result the effort on standardisation has been confined to these
twvo tests,

The friction test mpecified for safety certificate purpcses
is ocrude but surprisingly effective, To test for friction sensi-
tivity betwesen two materials the explozive is spread on an anvil
mades of one material and struck a glancing blow with a mallet made
from “he other, the opsration being entirely manual and its
efficiency and reproducibility entirely dependent on the akill of
the operator. The results &re reported as the number ot ignitions
in 10 trials.

Several wisuccesaful attempts have been made to meohanize
this test or to substitute soms other leass subjective test but to
the present time the improvement and standardization has Gbeen
limited to the tools (i,e, anvils and zallets) which are drawn by
all laboratoriss from a common sow.ce.

The original impact machine technique was worked out by
Dr. Godfrey Rotter in about the year 1908. In the comstruction of
his machine he employed, as indeed many laboratories must do to-day,
materials readily to hand, in his case those storea to be found in
the Royal Arsensl at Woolwich, For example the base of the machine
congimts of twe 15 ineh proof shots, and the explosive is leaded
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inte small brass caps which were the prirmer caps for the 12 pounder
gun of that day. As picric acid was then the major high explosive
he dacided to employ it as a standard against which all other
materials would be measured., He was greatly concerned with the
probability that some materials would only partially explode and
devised a somewhat complicated procedure for the computation of the
result which depended on the integration of the various volumes cof
gas evolved from caps of explosive struck at different heights.
Because the numarisal result produged by the machine is larger for
less censitive materiala, the result, expressed as a percentage of
%ho resu%t for pioric acid, was termed the "figure of insensitivensss'
°r F.I. [ ]

This procedure lasted almost unchanged until about 1950 =
52, At about this time at E.R.D.E., Waltham Abbey we satisfied
ourselves on two points: 1, For high explosives the volume of zas
evolved yields zno more information tham that the ahot has ''fired'" er
"failed!!, 2, Plorioc acid is a very bad material to use as a
standard,

It is not hovever in our tradition to smake changes lightly,
and in the minds of those who have to handle explosives there is a
2ivm pattern of "figures of insensitivenese! built up over the last
half century, We therefore retained the use of pioric acid as 2

standard but have subatituted RDX for daily use; we hawve
adopted the '"Bruceton staircase' deterzination of median heights but
express the result as the ratio of the median height of the substance
under test to tie median height of the reference standari, RDX, and
multiply this ratic by one hundred times the ratio of the =median
height of this RDX to the median height for pioric acid, thus
obtaining a result numerically similar to (but more precise than) the
F, 1.

It is interesting to note that A,W.R.E,, working quite
independantly of E.R.D.E., arrived at the same final method, and
with its adoption by A.R.D.E. and the Chemical Inspectorate there is
now a broad messure of agreement among the Government Establishments
on the actual method of measurement.

There are eight machines in use at various establishmants
in the U,K., and a number of trials have been made to compare the
data obtained by each., Table 1 shows the kind of mcatter obtained.

It has become clear that before any useful standardisation
was possible the following requirements must be met:-

1. The machines must be ideatical in construction.
2. The expendable machine parts (i.e. the 'tools'"; in the

Rotter machine the anvils and caps) must be drawn from a uniform
stock commen to all machines.
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Z, The operating procedure must be identical in all cases.
For example, all ars agreed that a modified Brucetcn procedure is a
good basias for the determination of the median heigit, but agreement
has not yet been reached on the spacing of the intervals,

4, The method of rerorting the results must be identical,

5. A reference atandard explosive muast be used, and this
gust be drawvn from a stock common to all users,

Table 1
Median height calculated relative to agreed standard
mn_ogi“ E.R.D.E, AJRJDL.E,
AsWR.Es | yoonine | Machine | Machize | Machine | 2*C*%°
1 2 1 2
Pieric Acid 129 137 132 110 91 106
RDX/TNT .
Holston 105 117 104 103 88 119
RDX/TNT
Bridgwater 103 118 106 103 93 116
PETN 69 & 49 51 51 Ly - 59
TNT 158 202 211 159 122 146

The value of this standardisation is a fit subject for
discussion io its own right. In this case (i.s. in the U.X.) it is
necessary that certain explosives are tested batch by batch and that
the data are accepted by saveral authorities; to have value the
test must be as discriminating as possible., If the need is assumed,
careful standardisation is essential; but it is quite sxpsnsive for
a test as aimple as the impact test and could be prohibitively sc if
applied to all testing.

In the more general case it is necessary only that the
sensitivity of a new explosive iz assigned to a certain class and as
pointed out by G.F. Strollo (1) there is much virtue in testing any
new explosive by a variety of tests even if these are nominally of
the safe type.

1.i1 Other Standard Teast Methods. In the U,K. we have not had
the widespread and diverse interest in liquid monopropellanmts that
has occurred in the U.S.A. and there is no equivalent to the
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American '"Committee for Standardisation of Monopropsllant Test
Methoda'', Ixtenaive work on liquid monopropellant senasitiveness
has been canfined almost entirely to Waltham Abbey and the question
of siandardisation has not arisen.

Three points of contact with American work may be noted:

(a) At E.R.D.E. a locally modified version of the Olin
Matherson impact tester for liquids is used. This appears entirely
satisfactory provided that it is recognimed that only the risk of
initiation from adiabatic compression of occluded air is measured.

(b) The "gap'" test used at E,R.D,E. for liquid propellanta
is related to the one wvhich is (or was) the American standard; but
has a fundamental difference in that in the American pattern only
high order detonations are recognised as "fires'' whereas in the
British test a mush lowar order explosion is counted as a poaitive
result,

(e¢) Interest in liquid oxygea in contact with other
materials is centred mainly at Rolls Royae Ltd, who intend to usa an
exact copy of the Douglas Airecraft Company impact machine. (2) (3)

1.iii Future Extensiocn of Standardisation, Unless some central
authority Bas the pover to specify exactly & method and to enforce
its adoption, atandardisation on the lines followed by the work on
the Rotter meshine is extremely expensive Lecause of the lengthy
discussions and experimental work made necessary by ssall differences
in technique in the different laboratories.

Thers is however cne Zeature of the Rotter procedure that
is to be commended to all laboratories, and that is the use of a
reference matarial, Frequently data are reported solely (far
example, considering the impact machine) as drop heights and unless
the reader has an intimate knowledge of the machine used he is
unable to form any real estimate of the sensitivity of the material,
This principle can be extended, within reascn, to other tests and
would form a satisfactory substitute for full standardisation.
Bagically the idea is that with any sensitivity test the data are
reported either relative to some well known standard explosive; or
alternatively, a figure for this material is reported with the new
data.

For laboratories that needed a closer degree of standard-
isation, samplea of materials could be exchanged, although the
physical barrier of the Atlantic will impose an obvious limitation,

This scheme is not new, data for several moncpropellants
have been suggested as standards for the N.O.L. gap test and
Technoproducts (4) give n-propylnitrate as a standard for their
liquid impact tester.
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2. Effecta of Scale and Ad Hee Trials., It ie a fundamental
limitation of all laboratory tests of sensitiveneac that they will
grade exploaives only in an order defined by the teat, they will not
give any measure of the absolute probability of an explosion in a
particular set of circumstances other than those obtaining in the
actual test,

It frequently happens that a question is posed in the
fellowing form: "It is intended to process a large bulk of
propellant material (say 5000 1lbs) in one bateh. As the design of
the buildings to house the plant and the layout of the explosives
area is affected by the possible consequences of an explosion, will
the effects following an ignition resemble those of a detonation or
those of a fire?" This is one of the most important types of ad
hoe experiment and its design poses a number of difficult questions,

If replicas are constructed of the piace of plant in
question, for the conclusions to be drawn with reasonable confidence,
either a large number of shcts must be fired or the stringency of
the conditione increased over those found in the original,

As full scale replica firing is extremely expensive, use is
made of reduced scale charges, This also calls for an increased
stringency to compensate for the smaller scale, In both full and
reduced scale experiments we need to knew the effect of stringenoy,
in whatever way this is applied, (e.g., confinement) on the
probability of an explosion. Finally, as the result is usually an
explosicn intermediate between a detonation and a fire, some method
mu3t be devised to measure the destructive potential,

As yet no comprehensive sclutioa is available. The method
adopted by E.R.D.E, in a recent series of trials (16) on a new
propellant was to lay on a few trials in full scale replica cone=
tainers, supported by a larger number in 1/10 scale, much stronger
containeras. In all shots the blast output was measured by canti-
lever blastmeters. Wwhen the trial was fired, the blast from the
1/10 scale cuntainers, because of their greater strength, axceeded
that from the full scale replicas, but in all cases the blast output
was acceptably low. In these circumstances the smaller shots were
held to provide evidence supporting the larger.

It is thought that this scluticn is unsatisfactory in that
a definite result cannot be predicted, e.g. the small containers
might be made too strong and give an unacceptable amount of blast
even when the full scale ones did not; and it is suggested that
systematic work om the effect of scale is necessary bafore a satis-
factory solution car be found.

3, Relaticn of Experirental Results and Explosive Progperties.
The field of work in semsitivity is very wide and any one laburatory
can hope to investigate only some of the questions.
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In the last ten years at E.R.D.E. wa have studied some
aspects of the influence on senzitiveness of kinetics, orystal habdit,
cryatal imperfections and the acoustic properties of explosives,

3.1 Kinetics, The early work was concernsd with liquid
propellants, a large part of this was reportad at the second
detonation conference (5) (6) (7) (8). Liquids were chosen because
of their imporiance at the time (1950 = 55) and because they offered
Ireedem Irem the effects of grain, astructurs and demsity variations.
The most important ressocn for working with these materials however
wvas that they permitted a new approach to the application of chemical
kinetics to sensitiveness, viz, by the use of the rate of burning at
standard pressurea instead of the rate of decomposition.

The overall conclusion from this werk was that, in a liguid
monopropellant the probability of an explosion was a function of the
rate of growth of the explosive reacticn after initiation, and that
this could be estimated from the rate of burning and energy of
explosion of the explosive concernmed. It is probable that this
correlation owas its existance to the elimination cf all other
factora: the acoustio properties of the liquida were similar,
erystal form and struoture and voids were abaent.

No attempt has been made at E,R.D,E. to find correlations
betwveen oxygen balance or the kinetics of decomposition and sensi-
tivity. The most aignificant recent vork is that of Kamlet (9)
(10) and Wenograd (11). Both werkers used the ERL machine with the
use of added grit in the form of sandpaper. Under these conditions
an adequate supply of initiation centres are always available and
the effects of crystal strusture or hardness are submergsad; the
correlation of sensitivity measured under these conditions with the
kinetics of decomposition is reasonable, It would be interesting
to study the effects of decomposition kinetics or oxygen balance
with a '"pure' impact machine, (i.e., one which initiates by impact
alone), certainly neither the Rotter nor the E,R,I, fill this
requirenent but an esxciting new device devised by Cachia and reported
at this conference may well provide the necessary data.

.11 Crystal Structure. An obviously fruitful line of attack
into the provlem of the mechanism of initiation is to study those

materials which show anomalous behaviour rather than those which
fit neatly into patterns, One example in the impact test is the
differing sensitivity of the various polymorphs of HMX, This was
investigated by Jeffers at E.R.D.E, (12). He found that the
greatest sensitivity arose from what might be termed ''mixed poly-
morphs', that is, whers crystals were in process of transformation;
and that to some forms of the impact test e.g. the so called
adiabatic compression test, all forms had a similar sensitiveness.

It is possible that in this case the '"mixed polymorph' is
harder than the normal crystal, the apparently greater sensitivity
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oould then be exrlainad by the greater efficiency of the impact
machine considered as a whole, i,e, including the explosive, In
effeoct this means that with the harder crystal more erergy has been
sxtracted by the sxplosive from the falling weight than with the
normal kind.

It might be thought that impact and gap tests would show a
correlation, Some data have been determined at E,R.D.E, with the
Olin Matheson machine on liquid propellants which tend to support
thi=s., The data are too scanty for firm oconclusions but the gap
test used i=s known to correlate with combustion processes (5) and in
the Olin Matheson machine the propellant is burned rather than
detonated,

wWith the gap tests used on liquid propellants the criterion
of a "fire" was carefully chosen to be below a full detonation as
the object of the test was the estimation of hazard, With high
explosives the gap test ia usually empleyed to measure the efficiency
of an explosive train and a detonation is taken as a oriterion of a
"fire'', With high explosives in the impact machine the criterion
is not sc well defined, it is often violent and called a detonation
but in fact may be only a rapid burning, This difference must be
borne in mind when comparing data arising from impact and gap tests,

We have made an interesting study of the effect of crystal
perfection on sensitivity as measured by gap and impact tests, The
iaterial chosen was RDX., It had been found that the sensitivity of
an RDX/TNT mixture, to the gap test, was controlled by the RDX.

Two RDX/TNT mixtures of similar nominal composition but with widely
differing sensitivity to the gap test were taken, the TNT and wax
extracted with benzene from each sample and reincorporated with the
RDX from the cther sample,

Table 2
Material Gap test | Impact
Holston composition B 0,083 115
Bridgwater RDX/TNT grade A 0.027 116
TNT and wax from Holston Comp. B, RDX from
Bridgwater RDX/TNT grade A 0,027 119
TNT and wax from Bridgwater grade A
RDX from Helston Comp, B 0.086 117
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Table 2 shows that there is no correlation between the impact and the
gap test data for these samples, and that the gap test result is
influenced sharply by the RDX.

, - Next an attempt was made to sensitise the Bridgwater
material to the Holaton level., Impact results are eagily influenced
by the addition of grit which provides initiation centres, but the
addition of either grit or sork dust to the RDX/TNT failed to affect
the gap test sensitivity, The most interesting addition was that
of sensitive HMX, The sensitivity of DX {0 the lmpact temt varies
considerably as has been discussed. If 5 HMX is heated tc 150°C
for two hours a mixture of g £ and § is formed and this material has
an impact senaitivity comparable to lead azide, This material was
made into a 60/40 outel with TNT and then the TNT was axtracted with
solvent and the HMX was found to have retained nearly all its high
impact sensitivity, yet the addition of 1% of this material to
Bridgwater RDX/THT raised the critical gap to only 0.031" and 3,75%
raised it to no more than 0,033" (compare data in Table 2). It
might be expacted that material of tris character would, in the gap
teat, act as nuclei and greatly increase the sensitivity of the
oharge as a whole, in fact this is not so,

A carelul microscopic examination of the various samples of
RDX available showed that the more sensitive the RDX/TNT made there-
Irom, the greater the number of mioroscopic inclusions in the RDX
orystal, The particular sample of Holston RDX/TRT was particularly
rioh in these inclusions, presumably introduced during formation of
the orystal from the reaction mixture and preservad by recrystallis~
ation by partial solution. A simple method was then devised for the
addition of small inclusions to RDX. (13) The procedure is simply
to heat the RDX until & limited amount of decomposition osourred.
The products were then trapped in the orystal at numercus points
throughout the orystal lattice.

Table 3

Temperature and | Impact sensitivity | Density Gaﬁ test

Time of Eeating of RDX of RDX
Hours oc (picric acid = 100) g/el 60/40 RDX/TNT

0 130 4 1.804 0.027

24 130 74 1.797 0.042

72 130 72 1793 0.045

167 130 75 1.789 0,047

b2 160 77 1.790 0.093
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The increase in the number of these inclusions may be varied
easily in a comtrolled manner, Reference to Table 3 shows that the
effect on the gap test of RDY/TNT made from the RDX is not paralleled
by any effect on the impact sensitivity of the RDX itself,

This behavicur raises a number of interesting possibllities
but for ths purposes of this paper it will suffice to note that it is
possible to vary the sensitivity of RUX/TNT to the gap test by modie
fications to the RDX crystal which do not affect its impact sensi-

It then seemed pertinent to examine the behaviour of RDX
alone, and ia particulsr the behaviour of single crystals of RDX.
Dr, Jawmes Holden of N.C.L. worked on this interesting study whilst
at E,R.D.BE. (14), The orystals ranged from 20 = 45 g in weight and
were relatively free from internal flaws. The results may be
sunmarized as follows

(1) The semsitivity to shock of these single crystals ia
about equal to 60/40 RDX/TNT (i.e. is less than might be thought for
pure RDX).

{2) In the majority of cases the crystals did not detonate

until the shock had passed through the crwstal completely and they

then detonrated ‘“backwards'.

(3) The sensitivity was affected by the nature of the
material in contact with the crystal, i.e, different results were
obtained if the crystal was in contact with a biock of steel,
aluminium or TNT, and the data could not be explained by the
different acoustic impedences,

3.iii Physical Properties. The experimental problem in
ipitiation by ShnoCk waves is to do so with a shock of accurately
known intensity and duraticn, The method used at Z,R.D,E. is to
emyloy a discarding sabot gun to fire cylindrical projectiles at
the explosives. The projectile velocity correspondiug to a 50%
probability of detenation is measured,

The pressure of the shock wave is determiped by the velocity
of the projectile and the shock properties of the explosive and pro=-
Jectile. The duraticn is determined by the projectile length., By
using projectiles of different shock prorerties and of different
lengths it is possible to compute the duration and preasure in the
pulse which will just produce detonation.

Some interesting results arise from this study. (15). It
was found that for the longest pulses the critical shock pressure
was independant of duration., However for each explosive there was
a winimum duration below which the critical pressure was strongly
dependant on duratiom., For RDX/FWX 83/17 s eritical duration of
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0.6u seconds was found, and for pulses longer than this,a critical
pressures of 0,05 megabars,

The interesting aspect is this: 1f we apply to tris
explosive a pressure of C.05 megabars for a duration of ex ¢tly
0.6H seconds there will be a 50% probability of detonation, but at
the time when the pressure at the entry face falls, becauss tra end
of the pulse has now reached the entry face, the shock front will
have penetrated for no more than 2 to 3 mm into the explosive, It
is a commonly observed phenomenon that with shock waves of bordere
line intensity the transition to detonatiocn does not occur at the
entry face but at some distance into the explosive, It is
reasonable to assume that this happens in this case, We tharefore
have the circumstance that at the end of C,6u sec. (in this
partioular case) the shock has started a seguence which will lead
inevitably to a detonation but has not yet in faot done so.

4, Conolusion. It would be inappropriate to draw purely
technical conolusions in a review made in a biased fashion and withe
out reference to the papers to be presented with it, It appears,
however, at the present time that the interest in sensitivity is
much healthier than at the time of the laat detonation confersnce
with many more laboratories taking a keen interest in these important
probleas aad ve can leoit forward to the future with confidence.

5. Ackncu;!ggigont. This review wduld not have beez poasible
without the work of the author's colleagues both in E,R.,D.E., and in
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SENSITIVITY RELATIONSHIPS

M, J. Kamlet

U. S. Naval Ordnance laboratory
White Cak, Silver Spring, Maryland

ABSTRACT: Since individual impact results are not
closely reproducible and since such effects are often
small, it has hitherto been impossible to determine the
effect on sensitivity of incorporating a specific chemical
linkage witain the structure of a molecule, It has now
been found for large classes ¢f structurally related
compounds that impaoct errors tend to cancel out and that
a plot of logarithmic impact sensitivity as a function of
0B/100 shows points distributing about a straight line,
oalled the "true trend" for the class of compounds in
qQuestion, OB/100 is defined as the number of equivalents
of oxidant per 100 g of explosive above the amount
necessary to bwrn all C to CO and all H to Hp0,

For compounds containing a nitro group bound to
nitrogen (nitramines, nitramides) the "true trend" is
described by

log hsog # 0.02 = 1,38 - (0.18) (0B/100),

For other polynitrcaliphatic compounds the pertinent
equation is

log hspg + 0,02 = 1.76 - (0,22) (0B/100).
Separate trends are also shown for polynitroarcmatic
compounds whose sensitivity varies to a great degree
depending on whether there are hydrogen atoms on a carbon

alpha to the ring and for the surprising impact behavior
of polynitrostilbernes,
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These relationships enable us for the first time to
compare speclfic effects of speclfic struotural features
on gsensitivity. Mixtures of explosive plus wax are shown
to be about as sensitive as would be predicted from the
relevent "true trend" for pure explosives at equivalent
values of 0B/100, Thus ccnventional '"desensitization" is
merely & prooess of dilution,

I, INTRODUCTION

The impact sensitivity of an explosive varies to an
extent depending on the operator, the preparation and
condition of the impact sample and multifold other, as yet
widetermined, causes, Thus it is at presant possible to
distinguish only gross differences in sensitivity between
structurally similar organic compounds, The present study
was undertaken with the purpose of establishing a rela-
tionship whereby we might Jjudge how the impact sensitivities
of a recently prepared Series of ccmpounds contalning the
terminal fluorodinitromethyl group (4b) compared with
other polynitroaliphatic compounds at similar levels of
"explosive power," In developing the relationship herein
described it soon became appareat that there might be
rggif%cations extending far beyond this original limited
obJjective,

In view of the unreliability of individual impact
reaults it appeared that any correlation would necessarily
be based on large numbers of impact sensitivities deter-
mined for related compounds, Our hope was that errors
would average out and that a plot of these data as a
funotion of whataver parameter was chosen for comparison
would show distribution arcund a "true trend," The trend
would then serve as a tool for predicting variation of
impact behavior with the chosen parameter,

The parameters oompared ware logarithm of 50% impact
height as determined on the ERL machine and Oxidant
Balance per 100 grams of explosive, Impact helghts were
determined for 30/50 sieve cuts using Type 12 tcols on
sandpaper. The other quantity, abbreviated as 0B/100, is
defined as fhe number of equivalents of oxidant per 100 g
of ocompound above the amount n 2sessary to burn all hydro-
gen to water and all carbon to carbon moncxide,

In calculating O0B/10C0 an atcm of oxygen represents two
equivalents of oxidant per mole, an atom of fluorine one
equivalent, Hydrogen represents one equivalent of reduc-
tant, carbon two equivalents, Since carvoxyl groups are
considered as 'dead-welght', two equivalents of oxidant
per mole are subtraected for each such group in the
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molecule. FPor compounds contalning only carbon, hydrogen,
nitrogen and oxygen, the applicable equation is

100 (2 ng -~ ng - 2 n¢ - 2 a(-000-))
&lo Htg

0B/100 =

where ng, ny and ng represent the number of atous of
oxygen, hydrogen and carbon in the molecule and n(-C0Q-)
the number of carboxyl groups. For compounds balanced
to the carbon monoxide level, OB/100 = O, Above the CO
level, OB/100 has a positive sign, below the CO level a
negative sign,

II. POLYNITROALIPHATIC COMPOUNDS (1)

An attempt was made to eliminate the possibllity
that preformed prejudices might influence the cholce of
examples, The first ¢ne hundrad compoinds encountered in
a search of the periodic NavOrd Reporty listing sensitivi-
ties of explosive samples recelved by tie Explosives Properties
Division (2) during the period 1 January 1950 to 1 November
1956 were taken, The following criteria were then set for
inclusion: The compound was solld at room temperature,
contained no hetercaromatic ring, contalned no acetyleniec
or azido groups and was not a salt. Of the original
hundred, seventy-eight met all oriteria,

These compounds, divided into categcries according
to structure, are listed in Table I, Idisted also for each
is the mclecular formula, mclecular welght, oxidant balance
per mole, OB/100 and impact sensitivity. A plot of OB/100
;z. impact sensitivity for these compounds is given in
gure 1,

A first glance at this figure in which no dlstinetion
is made between types of compounds shows the expected
general increase in impact height with increasing OB/100,
The band within which all compounds fall is quite brocad
with impacts ranging from 5 to 16 ecm at OB/100 = + 3,0,
from 11 to 72 cm at OB/100 = + 0,30 and from 34 to 220 cm
at 0B/100 = ~ 1,25, Closer inspection of the plot,
however, shows several areas of regularity,

Categories 1 - 5, Nitramines and Nitramides @

These compounds, which share the common property
that each has at least one nitro group attached directly
to nitrogen, almest uniformly show lower impact values than
the other polynitrecaliphatices at equivalent values of
0B/100, It appears, indeed, that points for the compounds
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FIG, | IMPACT SENSITIVITY AS A FUNCTION OF 0B/100, ALIPHATIC
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in these five categories, represented by filled-in circles
on the plot, show the hoped-for statistical distribution
about a straight line relating OB/100 with the logarithm
of the impact height,

Since 1t would be overly precise to attempt a least-
squares treatment based on measurements as inexact as
these, we have by inspection delineated an area within
which it is expected a least-squares line would fall and
whose width at any impaet height is equal to 10% of that
height. Tis area, hereafter called the "true trend for
¥-nitro compounds, may be desoribed by the approximation

log I. S, + 0,02 = 1,38 - (0,18)(0B/100)
where I, S, represents the 50% impact height,

Of the forty-five nitramino and nitramido sompounds,
fifteen fall in the area of the "true trend", an addi-
tional seventeen within 10% of the area and an additional
seven within between 10 and 30% of the area. Of the other
8ix, none is more than 80% off the value predicted by the
"true trend." Since TNT, a standard for impaoct determi-
nations, has shown impao% values ranging from below 100 to
250 om, and considering that for a pericd of over three
months impact sensitivities of TNT consistently ran
between 20 and 40% high, the distribution is as gocd as
could be hoped for if the relationship olaimed is truly a
fact of nature,

An attempt was made to determine whether within the
overall classification "N-nitrc compounds" there was any
preferred oonsentration of points above or below the "true
trend" acoording to strusture, The five individual cate-
Egries comprising the group each show more-or-less random

stribution as do categorias based on the number of
nitraminoe groups in the molecule or meolecular welight,
There is a slight tendency for ccmpounds containing
"dead weight' carboxyl groups to fall above the "true
trend® and for primary nitramines to fall below,

Categories 6 and 7, Trinitromethyl Compounds O

Points for these two classes, represented by empty
cirecles in Figure 1, also distribute about a straight line
relating the logarithm ¢f impact sensitivity with 0B/100.

A "true trend" for pg;i%;troalip%gtic compounds basad on
these po 8 18 shown e plot and may be described by

108 I, So : 0.02 = 1076 - (0.22)(03/100).
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Of the twenty-eight compounds, eight fall in the area of
the "true trend", an additional thirteen within 10%, four
géthin between 10 and 30% and three within between 30 and

At OB/100 = + 2,0 this "true trend" prediocts an
impact height twice that of the N-nitro "true trend"; at
0B/100 = - 2,0, impact heights are thmee times as great,
The question of why polynitroaliphaties and N-nitro com-
pounds follow separate trends is disoussed separately (1)
a8 is the suggestion that lower heats of formation and
higher heats of detonation of N-nitro compounds cause
lower impact heights at equivalent values of OB/100, It is
meanwhile instructive to consider two pairs of compounds,
structurally identlcal with the exception that in each
case a nitramino group replaces a gem-dinitro. Tie-lines
between the compounds conaidered a%@'arawn in Figure 1.

Heat Impact
of Det, Sensi-

No, Compound (X = NOz) 0B/100 Cal/g tivity
66 CH3CXzCH2CH2CO0CHZCX3 -0,28 1035 70
23 CH3NXOHpCHpCOOCHpCX -0.97 970 35

72 CX3CHp00CCHCHpCXpCHaCH2C00CHACX3 40,35 1115 68
29 CX3CHp00CCHRCERNXCHpCHRC00CH2CX3 0.0 1065 29

In each instance the nitramino compound has a lower value
of 0B/100 and a lower calculated heat of detonation but is
s8till much more sensitive,

Category 8, gem-Dinitro Compounds &

Compounds 77 and 78 lie well above the "true trend" for
polynitroaliphatic compounds while with compounds, 74, 75
and 76 the points fall much lower. The last three share
in common the fact that each has a gem-dinitro group in a
poaition alpha or beta tc another secondary nitro linkage
and it may Ee that this is a sterically unfavorable situ-
ation as far as impact sensitivity is cocncerned, This
seems borne out by the fact that compounds 65 and 73 of
Category 7 which contaln this structural feature also
exhiblt the same behavior,
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III. POLYNITROAROMATIC COMPOUNDS

With the nltroaliphatlc compounds discussed above,
the division into two major ¢lasses, depending on whether
the compound had & nitro group attached directly to nitro-
gen, was made by flrst plotting all avallable data, then
ascertaining from an examination of the plot the particular
structural feature which appeared to lmpart greater sensi-
tivity. With polynitroaromatic compounds (including
mixed nitroaliphatics-nitroaromatics), an a priorl reason
exlsted for a division lnto two maln categories and an
examination of the plot showed the existence of an inter-
estling third category,

Dacons, Kamlst and Sickman (5) had used chromato=-
graphic techniques to lsolate some of the initlal thermal
decomposition products of TNT and had identified among
these the oxidized derivatives trinitrobenzyl aloohol,
trinitrobenzaldehy & and dinltrocanthranil together with
reduced derivatives which appeared toc be the isomerioe
tetranitroazoxytoluenes and gzotoluenes, These results
implied that the initlal steps in this thermal decomposi-
tion involved oxidative attack on the methyl group by nitro
groups in the same or neighboring molecules, Coupled with
Dacons' observation (6) that trinitrobenzene, hexanitro-
biphenyl and nonanitroterphenyl show very much greater
thermal stabllity both as solids or in solution than TNT
and hexanitrobibenzyl, these findings indicated that poly~-
nitroaromatic ccmpounds decompose by different mechanisms
depending on whether or not there is an aliphatic residue
sontaining a hydrogen atom on the carbon attached dirsctly
to the ring. This fuwrnished an excellent preliminary basis
for categorizing the polynitroarcmatios,

Data for these compounds are listed in Table II and
plotted in Pigures 2 and 3,

Catego Nitroaromatioes with no drogsn on al
Fiiphory.2, Nitcoaromables ¥ith ho Hydrogen on sipos

The twenty three members of this class, whiochinaludes
polynitroarylanmines, polynitrophencls, alkyl po troaryl
ethers, polynitroalkyl polynitrobenzocates and other poly~
nitrobenzolc acid derivatives are represented by open
ciroles in me 2, Although the scatter is somewhat
greater than 1s the case with the aliphatics, these com-
pounds similarly appear o follow a trend which may be
desoribved approximately by

log I, 8, + 0,02 = 1,74 - (0,28)(0B/100).
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TAHLE IX

THPACT SESITIVITY AND OB/100 OF SELECTED MITROAROMATIC EXPLOSIVES

:
HV¥,: 0B,

: 1 1 1
Yo.: Compound Kame : Fol, Formula ¢t : 0B8/100 : I.8.

: : — g T

: 9. No Alpha Hydrogen on Carbon : ; :

: : : :

5 : - : 318 : 46 3 +1.88 : 1
gg t tht‘:g.mtﬁlimmtnbmu 3 %!6%2 t 420 ¢+ 00.25 s 2
21 1 Trinitroresorcinol t %‘%% t 245 1+ 41 1 +0.H1 : &3
82 : 2,3,4,6~-Tetranitroaniline t 08 1t 273+ 41 40.2; t :;
gi : Trinitroethyl 3,5-dinitrosalicylate H 013 H 39} T 41 &t +0, t

t Trinitroethyl 3,5-dinitrobenzoate 3 012 1 375 3 -1 1 -0,28 : ;’5
85 : Pioric acid 3 or s ea 1 =1 3 -O.gl ] ’Z
86 1 2,4,6-Trinitro-3-aninophencl H 061 t 284 -2 1 -0,81 :1
gg 1 Nopanitroterphenyl t 0y 8 ¢ 632 3 -2 t -0.79 @ 89

+ Hexanitrobiphenyl 1 Cy O12 ¢t &2k : -% : -0, t 85
89 : Trinitrobenszois acid : t gzg s -2 : -3.17 @ lgg
90 : Fluorodinitroethyl 3,5-dinitrobenzocate H o10¥ H 1 - H -1.5 t 1 4
92 | Teunitropensany | ToDentoats 1w S A B & B

t T robensgens - -1,
93 gmtmd:omomtnn t Cp “gg ' ggg : -: ' '192 t :{#

t Pioremi + CoHuN, - 1.7 :
gg t 4,6«Dinitroresoroinel t CgHNN20g t 200 ¢+ -8 1 -2,00 1»320

| Rhpmimmstorsiond Fo B T R
ch: : Dimsthoxytrinitrobenzens s % 1 273 1 =7 -2.56 1 251,
99 : 3-Methoxy-2,#,6-trinitroaniline t : 223 1 =6 1 2,32 19320
100 : Maminotrinitrobenzens : : ga 1 -g 3 -z.oﬁ >3
101 : Hexanitrodiphenylamine : €y 2 : > : - : =1,1 :

t

: 10, Alpha Rydrogen on Carbon : : : :

s t t
102 1 Mnitrocthaltz{mtrobonsm 1 CgHyMgOy2 t 376 1+ 1 41.83 ) g
103 : Trinitropropylirinitrobenzens 1 012 : s 0 ¢ O. s
108 | Trinttrobenvalasnyas  ToPeREene | GENR0Y 12k : <3 100 1 %

3 98] - .
106 t l:!nnitrobibonzyl : % :6512 : gg_% : -1_1; : -;.6‘3 : %3

H - -3,
108 : Trinitrobenxyl alachol 1 OF Oy 1 243 ¢ - 1 -2.06 1 2
109 : Trinitrobenzaldoxime s Of o7 H 226 1 - s :§.56 1 N2
110 : Trinitro-m-oresol s CTHSM3O7 : 283 : -5 : ~-2,06 : 191

: s

: 1l. Stilbens Derivatives 1 t H H

3 : : t 1 :
111 1 2,2',4,%',6,6'-Hexanitrostilbene 1 C14HE®6012 : 450 : -10 1 -2.22 1
112 2:2"l,4' »,6-Pentanitrostilbene : ci 01 ¢ 405 : =15 1 =3.71 : 107
113 @ 2,4,‘&',6—'1btnn1troltnbm 1 01 % t 360 1 -20 1 -5, t 140
118 : 2,2',4, 41 Tetranitrostilbens s ClyHSMY t 360 1 20 t 5,56 : 1
115 : 2,3',4,6-Tetranitrostilbens 1 C14HBNA08 t 360 1 =20 1 -5, t 31
116 : 2,4,6-Trinitrostilbens : Cy 06 : 3151 -25 1 -7.92 1 218
117 : 2,4,6-Trinitrostyrene 1 : 1239 : =9 1 -3.76 1+ N1
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IMPARCT SENSITIVITY (CHM)

T3 = ST
08/100
FIG. 2 IMPACT SENSITIVITY AS A FUNCTION OF QB/IOQ,
AROMATIC COMPOUND
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Of the compounds in this broad category, seven fall within
the area of the "true trend", eight within 10% and two
between 10 and 40%, waile six fall rather badly out of
line. Since it is unlikely that these compounds all
decompose by similar mechanisms, the "spread" is not sur-
prising, It is perhaps noteworthy that of the six com-
pounds which fall badly out of line, the inoreased '
sensitivity of two (numbers 87 and 101) may be explainsd
on the bhasis of intramolecular ocrowding similar to that
which rts greater sensitivity in the nitroaliphatic .
gexries ere gem-dinitro groups are alpha or beta to other
gecondary nitro 1 s, The dacreased gensitivities of
95 and 96 are also not surprising since with each compound
two of the six oxygens are phenolis rather than nitro,

Cate 10, Nitroarcmatics with Hydrogen on
aziﬁg EE§§§EFIF

The greater sensitivity of this category (filled
oircles in Pigure 2) relative to category 9 is readily
evident from an inspection of the plot, Of nine compounds
in this class, six follow oclosely the trend

log I, S, # 0,02 = 1,38 - (0,25)(0B/200),

while two are 50-60% low and cne (trinitro-m-oresol, No, 110)
is 150% high. No explanation can yet be offered for the |
anomolous behavior of csompound 110 which has been repeatsd

in a surficient number of impact determinations to con-

vince us that it is real.

Category 11, Polynitrostilbenes &

Data for six polynitrostilbenes (Nos, 111-116) and
2,4,6-trinitrostyrene (No, 117) are plotted in Figure 3,
Although ther3 compounds conform with the definition
offered for category 10, 1t is apparent that as a elass
they are uniformly more sensitive., 2,4,6-Trinitrostilbene
(No., 116), with threa nitro ups for fourteen sarbon
atoms, is perhaps the poorest explosive yet to register on
the NOL impaoct machine, The remerkable sensitivity of
this class may be due to the close proximity of the nitro
group to the readily oxidizable C»C linkage,
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IV. TWO-COMPONENT MIXTURES

In considering the senaitivity of pure compounds one
has to contend only with the vagarises of the impact
machine, With more than one component there is the addi-
tionsl complication that the method of mixing 1s also
suspect, One never knows wnether the 35 mg sample taken
for the individual shot fairly represents the overall com-
position of the aggregate, Unfortunately, such phenomena
a2 segregation and clustering appear to be the rule rather
than the exception,

Since systemic errors in multi-components systems are
more to be expected than with single compounds, we have
been more seleotive in the choice of examples for conslder-
ation, We have confined ourselves to pairs for which e
numbers of measurements are avalilable and for which results
taken over a span of years by a number of workers show a
measure of agreement, The data have, as before, bheen
taken from the periodic NavOrd Reports of the Explosives
Properties Division covering the interval 1 January 1950 to
1 November 1956 (2).

Explosive Plus Explosive

Plots of logarithmic 50% impact heights as funotions
of OB/100 are shown in Figure 4 for mixtures of RDX with
TNT and with bis-dinitropropyl fumarate (DNPP), In both
cases the points distribute about straight lines connecting
the logarithmic impact heights of the individual somponents,
Probably the most reliable of the points on the plot is
that for Composition B at OB/100 = = 1,50, Although not
strictly a two-component system since it contains 1% wax,
it seems significant that the accepted impact sensitivity
of 60-65 om agrees well with the 62 am predicted if the
linear relationship should apply.

Other explosive pairs, for which it appears that
mixtures show logarithmioc impact heights between those of
the individual components and for which a similar linear
relationship with OB/100 may hold, involve RIX-TNETB,
RIX-BTNEU and HMX-BTNEN, With these pairs the amount of
data avalilable is sufficient only for the qualitative
observation,

Without further experimental results any conclusions
must be tentative and it can only be expressed as an
opinion that where mixing is ideal, the logarithmic impact
sensitivity of a mixture of explosive plus explosive is a
linear function of the composition of that mixture,

It should be noted that the frequently made qualitative
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FIG.4 IMPACT SENSITIVITIES OF RDX=-TNT AND RDX~DNPF
MIXTURES AS FUNCTIONS OF 0B/ICO
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cbservation that the sensitivity of a mixture approaches
more olosely that of the more sensitive component is not in
conflict with the above opinion, A linear relationahip
with lcgarithmic heights would on a non-logarithmic basis
have this as a necessary consequencet®,

Explosive Plus Wax

Because of thelr differing physical properties,
segregation and oclustering are even more to be expected
with mixtures of explosive plus wax, It 1s disconcerting
but not surprising to find presumably the same RIX-wax
composition shoot a heights ranging from 25 em to
250 om, Of the multitude of data collected for explosive=-
wax mixtures only a single value may be oconaidered as
reliable and this only over a range.

Based on an average of tens of thousands of shots, Com-
position A (91% RIX-O% wax) has an impact sensitivity of
70-75 om, OB/100 for this mixture is -2,58%*, At an
equivalent value of OB/100 a pure explosive, -if it fol-
lowed the "true trend™ for R-nitro compounds, would be
predioted to have an impact sensitivity of 67-73 om,

Additional data for this and other proportions of
RIX and Stanolind wax are plotted in Figure 5. It can be
s2an that for compositions ranging from 2 to 15% wax
there 18 an approximately equal distribution of points
above and below the "true trend" (solid lirnes),

Also plotted in Flgure 2 are data for TNETBE =
Stanolind wax mixtures at comgositions from 1 to 15% wax
together with the "true trend" for polynitroaliphatic com-
pounds, Here i1t appears that if a least-squares line
should be drawn through these points the line would closely
parallel the "true trend" for this class of compounds,

¥ Note added in proof: It has recently eocme to our atten-
ticn that a similar linear relationship between composition
and logarithmic impact heights of RAIX-PETN mixtures as
measured on the ERL machine, "Design No. 3", was des-
eribed fifteen years ago (35.

#% In the ocalculations waxes are considered to be

mainly polymethylene, OB/100 = - 28.6
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FIG. 5"DESENSITIZATION" OF RDX AND TNETB WITH
STANOLIND WAX
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log Cxd
hsog \

0B/100

If the point A represents an explosive sompound and the
broken line X-Y the "true trend" of the class inte which
that eompound falls, the arrow A-C describes the behavior
of both RIX and TNETB on addition of wax, This effect 1is
one of dilution, not desensitization, The same result
was obtalned on adding methylene groups in the formu of a
wax coating on the explosive crystal as would be pre=
dicted had the same quantity of methylene groups been
incorporated within the structure of the molecule,

True desensitization would imply the behavior
described by the arrow A-B, The dedrease in sensitivity
on coating orystal surfaces with wax would be greater than
that antloclipated simply by dilution, Many cases of A-B
behavior have been reported, but none has ever been repro-
duced and it appears that in conventional "desensitigation"
it has never truly occourred, If it had, the compositiocn
would probably now be in service use.

Behavicr described by the arrow A-D has also often
been reported. It 18 a necessary conseauence of segre-
gation that if A-C represents ideal behavior and if one
portion of a mixture follows A~B behavior, another portion
will follow A-D,

It 18 our belief that the impact sensitivity of an
explosive on "desensitization'" approaches that anticipated
on dilution as mixing and sampling approach ldeality.
While the valldity of all other evidence 17 suspect, the
value for Composition A seems ungssallable and strongly
supports this bellef,
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CONCLUSIONS

A number of concluslions may be drawn from this study.
If correct, they suppert recommendations on future researsh
and development in the field of explosive chemistry.

(1) Nitramines are more sensitive than other poly-
nitroaliphatic compounds at equivalent values of OB/100
and at equivalent heats of detonation, The N-nitro
linkage appears to be a bullt-in sensitizging group, It 18
perhaps unfortunate that of the three compounds most
commonly used in explosive chemistry, RDX, tetryl and TNT,
two are of this class, In the further syntheslis of new
high explosives and propellants, the N-nitro linkage should
be avolded. Conversely, at every value of 0B/100, poly-
nitroaliphatic compounds net sontaining the N-nitro linkage
are less sensitive than pure explogives and exploaive com-
positions now in use,

(2) For separate classes of explosive oompounds
there are linear relationships hetween logarithmic impact
heights and 0OB/100, These relationships have a number of
potential uses.

(2-a) One can predict the sensitivity of a compound
prior to making it, This furnishes a preliminary indi-
cation of how the compound should be handled,

(2=b) One ocan determine whether within a class addi-
tional structural features tend to sensitize or desensitize,
Fluorodinitromethyl compounds, for example, appear quite
promising a8 a group because thelr impact sensitivities
generally fall above the "true trend" for polynitro-
aliphatics (4). Conversely, compounds with the gem-
dinitro linkage alpha or beta tc a secondary nitro group
appear not to be promising bDecause impacts fall well
below the "true trend,"

(3) Wwith ideal mixing the impaoct sensitivity of
explosive plus wax 18 that predicted at an equivalent
value of OB/100 by the "true trend" of the class into
which that explosive falls., Conventional "desensitization"
appears merely to be a process of dilution, If this be the
case, why 'desensitize”? The same result may be achieved
by incorporating the same quantity of methylene groups
within the structure of the explosive molecule, 1i.e,,
"teilor-making" a molecule with the same value of 0B/100
as explosive plus wax. A number of advantages result,

Problems of segregation, stratification, preferential
exudation, sampling, ete. are eliminated, Batch to bateh
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reproducibility is much easier, In "desensitizing” RDX
we must build arouné the physical characteristics of this
compound; in tailor-making we can choose between many
possible sets of physical properties since a wide variety
of compounds is potentially available at any value of
0B/100 desired.

NOTE WELL: In recommending against "desensitization®
we confine ourselves to the conventional method of scoating
explosive crystals with wax, Work cwrrently being done on
desensitization by solution is promising and may offset
many of the arguments made here,
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4 STATISTICAL CCRRELATION OF IMPACT SENSITIVITY
WITH CXYGEN BALANCE FCR SECONDARY EXPLOSIVES

By
Jack Alster

Ploatinny Arsenal
Dover, New Jersey

Intrcduction

In a compllation of the impact sensltivities of a variety of
primry and seccndary explosives, Arthur D, Little, Ine. (1) noted an
apparent correlation of the Figure of Insensitiveness (which is a
meamure of irpact sensitivity) with ocxygen balance, The "correlaticm”
was not subjected to a statistical test nor was its theoretlcal Jjusti-
fication explored, More recently, with Bowden's and Yoffe'!s (2) hot
spot theory of impaot initiatiom as a basis, Wenograd (3) demomstrated
the existence of a correlaticon batwsen the impact sensitivities of
seccndary CHNO explosives and thelr extrapolated rates of thermal de-
composition at 500°C, Having attributed the thermal decompesition
rate to ease of breaking of the weakest bend in a molecule, Kamlet (4)
reasoned that for groups of strusturally related explosives containing
the weak C-nitro or Ne=nitro tonds one should find a relationship be-
tween the rate of decomposition and cxygen balance, (The latter is
obviously a function of the mumber of C-nitro and Nenitro bonds in the
molecule,) Consequently, impact senmsitivity, too, should correlate

th axygzen balance,

Kamlet?!s investigation of same eighty=-four explosive come
pounds has, In faoct, substantiated this notion; in partiocular, the
logarithmic impact heights corresponding to 50% probability of ex~
plosion were found to vary in an inverse linear manner with increasing
oxidant balance, where the latter is defined as the number of equiva-
lents of oxidant per 100 gms of sampound above the amount necessary to
burn all hydrogen to water and all carbon to carben monoxide.

Since asome of the ramifications (4) of these and relatad
findings are reportedly of great comsequence to the military, it was
deamed desirable 1) to search for a similar correlation among an ine
dependent set of impact sensitivity data and 2) to test the extent of
the correlation, if any.
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Compardson of Impact Tests

The data which will be analyzed in this report -onsist of
the British Figures of Insensitiveness (FI) which are compiled in the
aforementioned Refersnce 1 and are also available in the convenient
form of IEM punched cards (5)® The FI Index is defined as the rela-
tive area under tne per cent gas evolved versus impact hsight curve
based on pdoric acid as the standard, It is determined by means of
the Rotter impact machine (7) in which a brass cap containing a knewn
volume of explosive 1s acted upon by a falling weight and the extent
of the ensuing evolution of gas 1s taken as a measure of explosion
robability. Four repeat runs &t each of five or six drop heights
generally constitute the raw data for each explosive whence the FI
value is obtained, -

The data which served as & basls for the analyses of
Wenograd and Kamlet, howsver, were obtained by means of the ERL impact
machine (8) employing Type 12 tocls on sandpaper, Hers the sample is,
relatively speaking, unoconfined and the cscurrence of an explosion is
registered on a noise meter (9), OCOenerally, 50 trials are carried out
near the 50% explosion height in accerdance with the AMP "up and dowm®

Owing to the relatively low statistical uncertainty surround=
ing the 50% explosion height and the greater number of trials employed,
the AMP test procedure is, no doubt, capable of yielding more »elinhle
relative impact smensitivities than the British procedure (1l). Ao~
cordingly, British investigators (12) have in recent years largely
abandoned their traditional test procsdure in favor of the Mup and
down" method, while still retaining the basic features of the Rotter
mchine, The newer results are, however, quite limited in quanmtity,
Thus, in order to provide the ensuing correlation study with the
broadest possible base, it was decided to exploit the older, more
complete set of FI data.

Oxyzen Balances

Two typea of oxygen balances are considered as correlation
paramsters in the present study.

One is the familiar weight per cemt oxyger balance to COp
and Ho0 witich is a measure of the relative weight of oxygen in de-
ficiency or excess of what is required to bum all carben to carbon
dicxide and all hydrogen to water, For CHNC compounds the applicable

aquation is ( Ny
0B = 100 (Ng = -
0 = o = o) 100 MOB (1)
Vi My

13 16

#Pootnotet A catalog (6) which has basan preparsd from the card file

7 alpo confains all the data reported here but in less con-
venlant form,
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where No, NH and Ng are the number of atoms of oxygen, hydrogen and
carkon, respectively, in the molecule, % is the ratic of the molecu-

lar welght to the atomic weight of oxygen and MOB is the molar oxygen
balance to COz and HyOs It should be noted that the main difference
between Bquation 1 and Kamlet's axpression for oxidant balance resides
in the difference between the CO and C0; reference lovels of combustion,
In essence, however, they measure the same quantity which is the rela-
tive amount of oxygen in the explosiva,

Anocther exrression feor cxygen balence has recently been in-
troduced by Martin and Yallop (13) for the purpose of differentiating
among axygen atems which, an the one hand, are either ccmpletely or
only partially available for combustion of the fuel elements to €Oz and
HyO and, on the other hand, are altugether wmavallable, Thus axygen
atoms attached to a nitrogen which 1s loosely linked with elther a
carben or ancther nitrogen as in the plosophoric®* nitro and nltramine
groups, respestively, ars caupletely availsble for combustlion; oxygens
which link the nitrate group to a carbon atom are only partially avail-
atle for further combustion; finally, oxygens which ccour in the guxo-
plosive® keto, carboxyl, hydroxyl or ether groups are essemtially
unavailatle, For CHNO explosives this modified cxygen balance tskes

the form
ot = 100 (MOB -~ w) (2)
n

vhere n is the rumber of atoms in the molecule and wi* is a factor
which corrects for the extent of "moneavailability? of certaln oxygen
atoms, In partioular, the valuewt* of w employed in the caloulation

- - -

*Fo,otx.:_ctu For a definition of the terms primary plesophoric and
gsscondary plosophoric and auxoplosive see Reference l.

HPootnote: In Martints and Yallop's paper w is preceded by f which
signifies that when MOB is positive w is positive and when MOB
is negative w is negative, Presumbly, the authors anticipated
that the "trend" of increasing detonation velocity with inoreasing
oxygen balance would reverse itself at a negative oxygen balance
near zere owing perhaps to an increasing degree of disassociation
of COp and H-0 followed by dilution of the detonation energy by
the presence of excess cxygen,

In the rressnt study, howsver, one would expect impact
gensitivity to increase monctomically with increas ng oxygen balance
so leng as the oxygen is carried by ploscphoric as contrasted with
auxoplosive groups, Ths effect of auxoplosive oxygen should, as a
result, always be subtracted in Equation 2,

*#Footncte!
These values ars taken directly from Reference 13.
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of OBl in this paper are the following:
Nature of Cxygen lLinkags w

o (N=0) 0
0 (C~0-N) 1
0 (c=0) 1.8
0 (C=0-H) 2.2

Eesldes the appearance of w in the axpress for OBJ', a
secand featurs which differentiates between OB and OB~ is that the
former is a weight ratio whereas the latter is an atom ratio, It
will be later shown, however, that this does not materially affact the
correlation with FI,

From Kamlet!s investigation, one infers that impact sensi-
tivity increases with oxygen balance provided the cxygen is associated
with weak linkages as, for example, the C-nitro and C-nitramine bonda.
The more firnmly bound auxoplesive groups bearing cxygen, however, can-
not be expected to gontribute to the impact sensitivity of the parent
compound. Thus, OB+ should be supericr to CB as a correlation para-
meters As 2 result, an attempt is made to ascertain whether this is
borne out by the data,

Criteris for Selection of Compounds

Compounds were selected in accordance with the follewing
eriteriai

as They must be -

(1) CHNO sscondary explosives comtaining the primary
Rlosopheric groups, nitro and nitramine, (compowmds smtaining, for
example, the primary rloscphoric nitrate group or tha secondary ploso-
phorde groups - azide, diazo, peroxide, acetyleniec, etc. ware ex-
cluded from this agtudy).

(2) Solids et room temperaturs
be They must not be =

(1) COrganic or inorganie salts,

(2) Polymsric substances,

Results

Forty-eight compounds were found to satisfy the above re-
quirements, In Figures 1 and 2 FI is plotted versus OB and OBE,

respectively, FEach symbol represents a compound in one of five con-
veniently chesen structure classificstions; viz, aromstie nitro A
aliphatic nitro 0, open chain rnitramine (J , nitramine containing

CCIFIDENTIAL

38




CONFIDENTIAL

FIGURE OF IP:;SSENSITIVENE”
CONVENT!ONAL( OX)YGEN BALANCE

140 =~
YT ‘" FigG. |
130
120 |- PPN k
293 £D2e2 A
1O =
m pun
-2z
0
(|
W o0 l- +o
1a°] o Xens
[ o] o A  AROMATIC NITRO
O  aimuaric NITRO
O omEN GHAN NTRAMINES
S0 © MTRANINES CONTAINING
NG NITROGENS, 2
a0 X HETROAROMATIC NITMAMNES Ges -
Azce
ol
] I 1 1 11 3 | | 20
-100 =90 ~80 <70 <60 =80 =-40 - =20 =i0 0
oB

39




ALSTZER

CONFIDENTIAL
FIGURE OF INSENSITIVENESS
VS
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ring nitrogenso and hetercaromatic nitramine X » The number
adjacent to each symbol is a code designation of the compound wnich
ig identical with that found in References 1, 5 and 6, whence the
data were extracted. Table 1 enables one to identify the cempound
names corresvonding to helr code serisl numbers, the latter being
" lsved in Table - - nursrical seguence under the sppropriate struc-

LYY SDN --r
e 21

In view of thg guazidarakle grrea. ~f the points in ootn
Flgures 1 and 2, a simple linear gerreiaiicf wos azsumsd o0 a firsh
approximation between hoth FI and OB and FI and OBt, A least-squares
treatment wee then applied to the points, This yielded the feollowing
anelytical axrressions for the lines representing the points in

Figures 1 and 2, respectlvely:

FoI, (£38) = 52 = 0,79 0B (3)
and for =100 £ (B £.9
F.I, (£35) = 43 -1,3 ogt (L)

for 69 £ 0315_7

The parenthetic numter in esach of the above equations repre-
gerts a value which is twice the (adjusted) standard deviation of t
differences between the actual FI corresponding to & given OB or O
and the egtimated FI, This value widch is known to statistiocians as
2x the standard errer of estimate (i.e, 2 ) implies that at least
G954 of all the peints should fall within two lines drawn above and be-
low the lines represented by Equations 3 and 4 of wertical distances
38 and 35 units frem it, reapectively {see Figures 1 and 2), Further-
more, these equations must not be extrapolated beyond the indicated
ranges of validity of the independent variable,

Of particular importance is the (adjusted) correlation co-
afficlent which has been determined for each ¢f the above graphs,
This coefficient (12) measures the propertion of the variation in FI
which 18 associated with the indepsndemt variable, It may vary between
0 and 1, O representing no correlation and 1 perfect correlation. The
particular (adjusted) correlation eccefficients for the data in Figures
1l and 2 are 0,67 and 0.74, respectively, Applicaticn of Fisher's
statistical techniques (15, 16) to these values indicates that corre-
sponding to $5% confidence, 1) a correlation exists between FI and OB
to the extent that at least 27% of the varlance in FI can be associ-
ated with OB, 2) a correlation exists betwsen FI and 0Bl to the extent
that at least 37% of the variance in FI can be assocdated with OB,
and 3) while OBl gives a somewhat better correlation than OB there is
insufficient ovidence to indicate that this improvement is significant,

It should be noted that of the forty-eight explosives in-
cluded in this study enly fifteen contained oxygen-bearing auxoplosive
greups such as ether, hydroxyl, carboxyl, keto, ete, These are label-
led in Table 1 by means of an asterisk, The remaining thirty~three
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sonpounds carry axygen only in the form of the plosophordic nitro or
nitramine groupss The chrection factor w for these explosives s
therefore sero, Thus, OB differs frcgleB only in the change of the
dencminator in Equations 1 and 2 from to ne In view of the insigniw
ficantly small increase_in coprelationilooefficlent associcted with
the conversian OB =» 03} it wes thought that perhaps some of the ,
efficiency of OB was lost due to the change in denomrinator from il
to ns Accerdingly, the date ¢f the thirty-three pure plosophores
wore analyzed, as befcre, using both OB and 0Bt as independent veri-
ables. A decrease in correlatigg coerfloient from ,7é correspoending
to 05 to W71 corresponding to OB* was indeed observed; howsver, no
simmificance can be attached to this small difference., This, there~
fore, confirms the previous concliugion tint, insofur as the present
study is concerned, both OB and 08l are equally well suited is cor-
velaticn parameters.

Discuayion of Results

The mrincipsl ocutcome of the nrasent investigation is that
the figures of insenesitivensss of solid, seccndary CHNC explosives in
the ritro and nitramine category can be ccrrelated with cxygen balance,
That this correlaticn is unambiguously estahlished (by statistical
rmeans) is, in & sense, surprising when e considers that many factors
cther than oxygen balance could conceivakly affect relative impact
gsensitivity., To name but a few, ccnsider such factors as the veri-
ation in over-all physisal and surface condltion among samples of the
sams or different explosives, uncentrollabls vardstions in environ-
mental conditions and, above all, the vardiation in chemloal structure
among explosives of idemtical or nearly identical oxygen balance. It
is highly improbable that we are dealing with a fortuitous phencmenon,
particularly since Kamlet has already demcnstrated the exdstence of a
cerrelation hetween impact sensitivity and oygen balance on the basis
of an entirely difforent set cf data, Moreover, as was dlscussed
earlisr, the basic hypothesls is not without some thecrstical Justi-
fication. The results, therefore, strongly suggest that oxygen
balance 1s certainly an impertant factor, among undoubtedly others,
affecting the relative imrect sonsitivity of an explosive,.

Figures 1 and 2 reveal at a glance that, comtrary tc Kamlet's
findings, the nitro and nitramine compounde do not distribute abeut
separate regression lines. FPreoumsbly, the resolving power of the
figure of insensitiveness is impaired by the error surrounding its
determination which is undoubtedly greater than that of the 502
explosion heighte By the same token, the failure of OB: to perform
significantly better as a correlation perareter than CB might be
gimilarly explained, The situstion naturally demands that as the
new British impact data become available in sufficient quantity they
te subjected to the same anelysis as carried out here on the older
British data,
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THE ELECTRIC~-SPARK INITIATION OF MIXTURES OF
HIGH EXPLOSIVES AND POWDERED ELECTRICAL CONDUCTCORS

T. P, Liddiard, Jr. and B, E, Drimmer
U. S, Naval Ordnancz Laboratory
Silver ESpring, Maryland

The initiation by an eleoctric spark and the sub=
sequent bulld-up to detonation in a pure, powdered high
explosive, such as PETN or RDX, requires conslderable
energy, btyplcally amounting to several Jjoules, Little
experlimental data have been repcrted on the events ocecur-
ring within the first 0,1 micrecsec or so after the
establishment of a spark within the explosive powder,
Initiation may ocour, but this does not necessarily mean
that bulld-up to full detonation will reault, The steps
leading to such full detonation can be listed in the
following order: 1) the initlation of chemical reaction
within a locallzed region; 2) the simultaneous Lincrease
in the dimenaions of this region, and an increase in the
burning rate due primarily to an increase in the loocal
pressure; 3) transiticn from rapid burning into a low-
veloclty detonration due to an accumulation of small shocks;
and 4) rapid acceleration to high-velocity steady-state
detonaticn.

The minimum spark energy required to produce deto-
nation in high explosives depends on such things as the
inherent sensitivity of the explosive to sparks, the
circult parameters, the explosive particle-size distri-
bution, the form, habit and uniformity of the explosive
crystals, and finally, the demsity of locading., As has
been found elsewhere with primers made conductive with
graphite, we have found that the minimum electric energy
needed to produce detonation in high explosives is greatly
reduced by adding a few per cent of aluminum powder,

The effects of adding aluminum are, Iin genersl,

manifested in several ways: a) the spark is established
at a lower voltage; b) the spark break-down time for a
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given voltage is greatly reduced and is more reproducible;
¢) the threshold voltage for initiation ia lowered consid-
erably; and 4) the rate of build-up to detonation is
increased, Of many additives tested at the Naval Ordnance
Laboratory, only a fine - flake aluminum would substantially
produce all of the above effects, For a fine RDX powder
(20 microns average particle size: all less than 44 mi-
ocrons), 3 per cent aluminum by weight is about optimum for
producing these effects, The size and shape of the alu=-
minum particles are important. The aluminum used in these
experiments (Alcoa No, 422) was composed of flakes that
passed through & 325-mesh soreen, about 0,3 mioron thilck
with an average diameter of about 10 miorons., Spherical
particles of roughly the same mass distribution were
significantly lesm efficlient than this flake variety.

We have taken detalled smemr-camera photographs of
the phenomena ocourring during the build-up to detonation
‘in several high-explosive powders, both with and without
the addition of aluminum, A typliocal example is shown in
Figure 1, The exploaive, RDX/%E(97/3), was completely
confined by Plexiglas o the shape of a thin ocirocular
wafer, 4 mm thiok ang 25 mm in dlameter, The loadins
density was 0,8 g/om5, (This was the usual loading den-
sity, exoegt where the effeoct of density change was
studied. n general, for a given explosive mixture in this
experimental arrangement initiation became inocreasingly
aifficult as the density inocreased beyond about half of
the theoretical maximum density. As 5 matter of facet,
csharges with densities above 1.0 g/ocu® were not reliab}y
detonated with the ocircuit oconditions desoribed below.
Aluminum=foil elactrodes, 0,05 mm thick by 2.5 mm wide
with 30 degree taper, typlcally forming a 0.3 to 0,8-mm
gap, were pressed between the axplosive and the Flexiglas
cover. The slit of the smear camera was aligned through
the middle of the spark gap, perpendicular to the line
Joining the electrode tips, as in Figure 1, For much of
the study, the energy to the spark was supplied by a
1.0 mfd capacitor, oharged to 5 kv and discharged through
a 7.6-meter long 30-ohm coaxial cable (Figure 2). The
initial rate of rise of the current (E/L, the capacitor
voltage divided by the circuit inductance) was determined
to be 2200 amp/microsec. The peak current was 2300 amp,
reached in 2.0 microsec.

The instantaneous power and accumulated energy in
the spark within the explosive mixture have been deter-
mined for the condition used in the example (Figure 3),
The resistance of the spark, after the first 0.1 microsesc
or so, was considered to be falrly constant., (Our
meagurements were conslstent with spark resistance values
ranging from 0,15 to 0,20 ohm, or about one=fifth of the
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T T 1 T
- 1/2 CEZ = 12,5 joules -
Spark Resistance = 0,18 ohm
. ay
0O 2
1.0 Aoccumulated Energy ,
into Spark
? pu— —
s -~
o [ ]
w -
: 2
~
: :
g P 4 &
0,5 = .11
- -
B Instantaneous -
Power into Spark
q
.0 (o]
0 1 2 3 4 5
Time (microsec)
Figure 3, Power and energy of a spark wlthin a
typical conductive mix as a function of time,
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total circuis resistancgﬁg As a consequence the power
input into the spark (I follows the general shape of
the ocurrent curve, On the other hand, the energy is
absorbed by the spark rather slowly: in one microsecond,
less than 2 per cent of the capacitor energy has been
absorbed, and only some 7 per cent after 2 microseconds,
As will be seen shortly. by the end of 2 mierossconds the
chemiocal energy from the reacting explosive appea:'s to
have taken over as the driving force,

The bulld-up to detonation (distance-time curve)
for RDX/A1(97/3) is shown in Figure 4, A corresponding
plot for PETN/AL1(97/3) is also ineluded, (The explosive
particle alze in both cases was less than 44 microns.
Velocity=distance curves, obtained from slopes of the
curves in Figure 4, are given in Figure 5, Note that the
initial velocity 1is about 800 m/sec for both mixes; the
build=up of velocity in the RDX/Al powder increases slowly
for a radial distance of about 3,5 mm, and then acceler~
ates rapidly., The PETN/A1(97/3) shows no such region of
gradual acceleration, natead it begins immediately to
acoelerate rapidly. However, similar teats of mixes con-
taining coarser PETN do show such a reglion of slow acocele
eration. (Possibly the dominant reason for PETN exhibiting
a faster bulld-up than RDX, for comparable particle size,
is that the PETN orystals have a greater surface area
than the RDX orystals, Not only are PETN crystals rather
elongated, but they also seem to contaln large axial
cavities, In contraest, the RDX crystals are nearly spher-
ical and free of observable voidsfg

The firat wave appesring within the explosive, af=
ter spark break-~down, appears to be a weal, essentially
non-luminous shock, This was clearly observed, (Fig-
ure 6) when we placed a strip of aluminized Mylar film
on the outer surface of the Plexiglas, over the region
of the spark. This film served two purposes: 1) it
allowed enough light from the brilliant spark to pass
through, making observable the expansion of the spark
column; 2) it reflected light back to the Plexiglas-
explosive interface, where, on reflection again, it nade
observable the presence of a weak shock within the explo=-
sive powder, (This shock caused modifications in the
reflectivity of the Plexiglas surface, at the interface,
recorded by the camera: Figure 6,) The weak shock,
criginating with the eastablishment of the spark, appears
to be maintained by that spark, plus, perhaps, by a serles
of weak reaction waves, This, in turn, 1s overtsken by a
much stronger reaction wave, The spark column itself
appears to behave as an expanding cylinder of intensely-
heated "plasma", When detonation falls to develop, the
spark column continues to expand, as shown in Figure 7,
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Pigure 4, Re-plot of data taken directly from smear-
camera photographs, showing the bulld-up to detonation
of RDX/A1(97/3) and PETN/AL(97/3).
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Figure 5, Build-up toward steady-state detonation
veloelity,
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Pigure 6, Smear-camera record obtained as in
Figure 1, except that a narrow strip of alumi-
nized Mylar film was placed or exterior of
Plexiglas. (See Figure 4, curve for RDX/Al,
for explanatory dlagram,)
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Figure 7, Continued expansion of spark in PETN when

no chemical remction is observed,
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iu pure PETN, When buildeup occurs, as in Figure 8 for
PETN/A1(97/3), expansion of the spark is greatly re-
stricted by the pressure generated by the reaoction prod-
ucts,

In one series of tests a higher-voltage pulsing-
olrcult was used to study the effect on the bulld-up to
detonation, of higher rates of energy Llnput to the spark.
The energy from this generator (labelled "B", to distin-
guish it from generator A, described above) was obtained
from a O0,l-mfd capacitor, charged to 10 kv, This gave a
maximum current of 4600 amp, measured without spark load,
reached in 0,29 microsec, The initial rate of rise was
28,600 amp/microsec, (Contrary to the behavior of pulse
generator A, whioh used a uni=-directional switsh, this one
os¢illated with resonant frequency, besause & spark switch
was used,) This otroult (generator B) produced high-order
detoration in both pure PETN and in pure RDX, whereas the
other oircult (generator A) did not, (This underscores
cur earlier statement that the minimum energy required to
cause detonation ls dependent on the aircuit parameterst
note that the energy stored in the capacitors of gener-
ator A (12,5 goules is greater than that in generator B
(10,0 joules)). A comparison i3 made in Figure g of the
detonation build-up curves for PETN/Al and for RDX/Al
mixtures, using generators A and B, It 1s seen that a
substantial increase in the rate of build-up to detonation
is produced by using generator B, Note that PETN still
preserves a conslderable superiority over RDX in lts rate
of bulld-up.

Using generator B, a study was made of the effect
of adding fine-flake aluminum to_finely-divided RDX and
PETN powders (density = 0.8 g/em3), The detomation build-
up curves are shown in Figure 10, The increase in the
rate of builde-up over that of the pure explosive is most
pronounced in the RDX/ALl(¢7/3) mixture; only a slight
inorease was obtained in the corresponding PETN/Al mixture.

In summary, the inltiation and build-up to deto=
nation of high-explosive powders, such as PETN and RDX,
by electric sparks 1s, in general, enhanced by the addition -
of a few per c¢ent of fine-flake aluminum, Many facters
affect the degree of enhancement, In addition to the fac-
tors described above there were a number of varliations
studied which can only be mentioned in passing:changes in
explosive-uluminum rgtio; density varlations 1in the range
from 0,5 to 1.3 g/emd; expleosive particle size and shape;
aluminum particle size and shape; explosive composition
(e.gs tetryl, HMX, DATB); and the electrode configuration,
Detalls of these studles may be found Lu KAVKEPS Report
€915, now in preparaticn,
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Figure 8. Restrilcoted expansion of apark in PETN/Al
(97/3) when chemical reaction occura, (For Figures
7 and 8, explosive density wgs 0.8 g/em3; spark

generation with 5 kv, 1 mfd
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It is possible that in some of the tests made
during this investigation, fallure to detonate was due
to an absence of the ability to propagate through the
porous explosive mass, and not due to a fallure to
initiate. This report covers some penetration into this
region of diffiocult obsesvation, however, much still
remains to be done to explain fully the mechanism of
electric spark-initiatizn and build-up to detonatlon,
especlally within the first 0,1 microsec or so after spark
formation. ‘

The authors wish to thank James Schneider for his
excellent, painstaking execution of most of the experi-
ments clted above, The as tatance of James Counihan in
preparing miny elactranic ccmponents is gratelully
acknowledgad, Many svimulating discussions with S. J,
Jacobs, M, Solow, A. D, Solem, I. Kabik, H, Leopold, and
V. Menichelll of this Laboratory contributed a great deal
to the success of this work,

This research was performed under the auspices of
the E, O, Lawrence Radiation lLaboratory of the University
of California, and thus was indirectly supported by the
U. S, Atomic Energy Commission.
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DETONATION AND SHOCKS REVIEW

M. Wilkins
Lawrence Ragiaticu Laboratory
Livermore, California

This paper is intended to review the equatioms of state and
calculation techniques used by the Atomic Energy Comwmission installae-
ticns for caleulating high explosive detonations. I should like to
" polnt out that we are first of all interested in calculating explo-
sively driven plate systems and only ineclude the physics descriptions
into the HE that help us correctly describe what is happening inside
the plates bveing driven by the EE. This paper is divided into two
parts:

I. HE Equation of State
II. Calculaticn of Detonations

Most of the forms of the equaticon of state and the reference o arti-
cles that will be discussed are neatly summarized in Dr. Sigmund
Jacob's articles in the American Rocket Soglety Journal of February
1660, 8o I will not review in detail here.

PART I

A For the past fev years the lawrence Radlation Laboratcry has
used the reasults of R. Cowan and W. Fickett work on the Kistiakowsky~-
Wilson equaticn of state for Comp B and cyclotol., These results have
worked quite well in calculating HE driven systems. The least square
fit that we made to the (owan-Fickett data gave an effective gamma
around the C-J point of 2.78 for Cowp B and 2.85 for cyclotocl. The
gammas changed to 2.4 and 2.5 respectively at expansions cf about 5
frcm the C-J point. Since the results were very much like the gamma
law equaticn of state, in the 2-dimenasicnal calculations of detona-
tions we used & constant gamme law equation asg 1t took less machiwce
time to calculate., Later, the work of W. E. Deal showed that this was
a very gocd description,

B, 1os Alazos Scilentific Latoratory uses in their detonation
celculations the constent teta eguation derived by W. Fickett and

W. Ww. wecd which uses the experimentsl results cf Teal, The forrc
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iooks like this:

k )
P="1_% g
v v

The adiabats for this equation are the same as those for e gamme law
eguation. ’

C. The British use a forn somewhat like the Jones form:
g il .4 opB a = 21
& 4

and was develored by H. H. Pike and E. R. Woocdcock. This equation
also nas gamma law adlabatas.
D. The French Atcmic Energy Commission group working on explo-
sives uses the Paterson equation of state with a correcticn term for
long range molecular forces. The lack of a Adessripticn for molezular
interaction was ous of the objections to this form raised by Cowan and
Fickett in their paper on the Klstiakowsky=Wilson equaticn of state.
E. The LASL and British forms give the same adiabats as a
gempa law equation however, for the over driven case or when the HE
is shocked beyond the C-J roint, the adlabats will start from differ~
ent roints and will deliver less enmergy than & sipple gamma law
equaticon, I do not kmew ol any experimental data for over-driven HE
that could check the ualculated parameters.

In l-dimensicnal gecmetry like the following:

30 cem O.5cm Vg = 0,515 cm/usec
dctonatgy,] cyelotol | Al ] after 15 e¢m free run

the calculated and experimental value of the velocity agrend tc less
than 1%, However, the HE volume at the end of the free run has only
exzanded to about three times its reference volume, so it turns cut
that as far as calculated l-dimensional HE plate assemblies are con-
cerned gamma law equations are very gocd since the accelerations are
over before the HE reaches an expansicn where the gamma has changed
very much from its value at the C-J point. 8o this is not a good way
to examine the equation of state for large expansicns,

However, in calculating 2-dimensicnal detonations where there
are strong rarefactions ass for example a slab of HE detonating along a
plece cof metal, the geometry of a lens,

2 HE
detonate AL

ore is faced with the problem of calculating the metal acceleraticon
from expanded gases. For some time we have found that for expansion

of the order of 3 we must allow the gam-a to drop sharply to a low vale
ue, like 1.5 in order tc corrsctly calculete the system. {(See Figure
on zage 3) This wes also found to be reguired to correctly calculate

a l-dipensional plate that was accelersted by HE that had expanded

into a void vefcre driving the piate.
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detonate uE

21 O 4

If the HE were in contact with the plate we cculd correctly calcilate
its pogition time history with the equation of state mentioned bvefore,
However, the void allows the HE tc expand to volumes three to four
times the reference volume and the calculaticns do not agree using a
constant gazma equation of state. VWhen an equation of state, with a
variable 7 was used we were able to get, cnce again, very close
agreemeny with the experiment.

3,
T ve

ll5

&5 Ty f

The French are dolng some HE worz with RDX where the
effective 7 changes sharply from 3 to about 1.7 at expansions of 3
(Memerial des Poudre 1953, Tome XL1), the reference epplies to TNT,
however the autiors informed me they got similar results with RDX.

A reascnable esgumpticn ig that more energy is being released in the
cooler gases btehlnd the C-J point. This could account for why the
experiment and calculaticn agree when the y is allowed to change.

PART II

A The Lawrence Radiation Laboratory uses the '"q" method cf

Von Neurann and Richtreyer to calculate hydrodynamic problems ¢n the

high speed cocmputer. The method is used in l-dimensicnal and 2-

dimensional hydro protlems in both Lagrange and Eulerian cocordinstes,
To calculete a detonation we introduce & parameter f which

nultiplies the pressure.

g£=_2.d;".’_ V:—g.
dt P dt 0

as V gces from L=V, .

f goes frcn =P L and is set equael 0 cne Ifrom then ¢n.
This allows us o get from the unburned state, with the
relative volure equel *c one and the energy in the material equal to
the availa®ble chemiecsl energy, to the C-J point.
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The HE will burn over the same number of zones “hat the
"q" 1s acting on (asbout 3-4 zones).

The mwethcd alsc works 1in the over-driven case.

Several years ago we used the methcd of characterictics to
burn HE, but the burn frantlion method is much siwpler and can glve
Just as goecd results.

The burn fraction methcd also works in Eulerian coordinates.

Where:

& V. 9l ) ,ud( )

- dt J t DX
B, LASL uses & sharp shock method t¢ burn HE in l-D. This
glves a sharper burn front than the burn fraction method can give.
C. The British have been using the method of characteristics

tc solve hydrodynamic problerms and dburning HE doesn't complicate the
probvlem any more than it already is, They alsc uge the Von Neumann
"q" wethod together with the burn fraction routine.

D. The French also use the method of characteristics to solve
their hydro problems. They are just starting to use the "g'" method.
E. Even though the "q" method has been in the literature for a

number of years, people haven't appreciated how well it works for
shock hydrocdyramics and have tended to adopt the method of charucter-
istics insteed. The method ¢f characteristics is inherently more
accurate, btut it is also very complicated when there are gevaral
shocks in a problem.

As yet I do not know of a 2-D characteristic routine that
can readily sclve time dependent shoek hydrodynamic problems. The
prodlem is being worked on in Germany, Switzerland and England.
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DETONAT'ION PERFORMANCE CALCUZATIONS USING
TEE KISTIAKOWSKY-WILSON EQUATTON OF STATE®

Ce L. Mader
los Alamos Scientific Laboratory
los Alamos; New Mexico

ABSTRACT

During the last three years the Kistlakowsky«Wilson
equation of state as modified by Covmn and Fickett has been used to
ectimate the detonation performiance cof explosives composed of various
combinations of the elements carbon, hydrogen, nitrogen, boron, alumi-
num, oOxygen, and fluorine, A comperison of the camputed performance
with the available detonation veloeity, Chapman-Jouget pressure, and
trightness temperature datas hac been mede, Over a wide range of
density and composition the computed and experimental performence have
agreed to within 20%, The KW equation of state suggests an intereste
ing though not thoroughly verified model of the inter-relaticnshins
between temperature, precsure, and the particle density of the CJ
rroducts for axplosive systems,

BW CALCULATIONS

The theoretical estimation of the detonation paramsters is
tased on the Kistiakowsky«Wllson equation of state as modified by
Cowan and Flckett (9). To make the calrulations as umbiased as possi-
ble in predicting the effect of variocus combinations ¢f elemenmts, the
Cowan and Fickett treatment was taken unchanged as the starting point,
and the new product species were incorporated in it without adding
any adjustable parameters, This was done by using geametrical
covolumes for the new species and the same covolume scaling factor
es was used by Cowan and Fickett for all the products except the
carbon-fluorine products, The 704 code was written, with Fickett's
asslstance, so that it would handle mixtures comtaining up to five
elements and fifteen components, one of which may be solid carbon or
solid (uncompressed) alumimm oxide, 7This generalized version of
Cowan and Fickett's technique is called the EXW calculation.

*Thls work was pertformed under the suspites of the U, S. Atemic
Energy Commission,
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The ZXW caleuwlation computes the equilibrium composition of
the explesion products at temperatures and pressures of luterest, the
detonation Bugoniot, end the values of the hydrodynimic and thermo-
dynamic veriables at the C-J point. The isentrope of the reaction
products also can be chtained in either the pressure~volume or the
pressure-particie velocity plane. As input data the calowlation
requires, for the explosive, its elemental compositicn, heat of forme-
ticn, density, and molecular weight; and for the explosion products,
their elemental compositicns, heats of formation, covolumes, and cubie
fits of their ldeel gas free eneriies, enthalpies, and entropy values
as a function of temperature, The thermodynamic data used was taken
from references 1% and 30, The covolumes used are given in Table I,
The constants used in the X-W equation of state are © = 40O, alpha =
005, beta = 0009’ and K = lLl.85.

The C=-J stats was computed by an iteration procedure which
was terminsted when the convergence error in temperature wes less than
+10°C, The corresponding convergence errors in F and D are not the
same for all systems, but are of the order of 45 kilobars and +25
meters/sacond, respectively.

EXFERIMENTAL FERFORMANCE MEASUREMENTS

The methods used at Los Alamos to measure the C-J pressure
and detonation valoelty of an explosive have been deseribed previ-
ously In the open literature and are adequately referenced in Table II.
The hrightness measursments of W. Cs Davis of this lLaboratory will be
publiahed some time in the fubture. The temperatures reported are
those o & black body of equivalent photographic brightress, probably
vith relative accuracy of 50°K, since each shot has a nitromethane
internal standerd, and absolute accuracy of about 200°K. The relaw-
tionship between these numbers and the actual detcnation temperature
is not knowne Since the agreement between Devis's temperatures and
those of other investigators for void-free systems is rather good, we
shall assume, &8s previocus investigetors have, that the temperatures
we are measuring are the C-J temperatures,

The estimated errors given in Table II for some cf the
pressure and velcelty measurements are consideravly larger than nor-
melly assoclated with the techniques used, The accuracy of the
results suffered primarlly as & result of the necessity to design the
shot setup in such e way as t0 use a minimm amount of material and
the necessity of prepering and leoading the hazardous mixtures by
remote control.

CHNO Systems
Cowan and Fickett's version of the Kistlakowsky-Wilson
equation of state wes calibrated for RIX, Cyclotel, Composition B, and

T¥Ts They obtained their poorest agreement for TiT,.
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Teble I
Covolumds Used in BXW Calcuwlations
Specie Covolume Specie Covolume
B0, 730 c 180
EEO, 1270 B0, 17k0
BO 610 NO 386
B, 67k N 148
B 215 BN 619
BH 533 N‘H3 L76
EFy 800 CH), 528
BF 685 A1,0, 1350
F 108 AL,0, 1800
I'y 387 41,0 1300
B 389 410 1160
co, é70 AlH gu8
co 3% Al 350
R0 360 cF, 1330
o): 413 CFy 1330
B, 180 CF, 1330
0, 350 CEF, 1920
° 120 CEF, 1330
it 760 CE,F 1920
My 380 CF,0 1330

3
CoVolume = 10.46 vy where V, has the dimensions A%,

i
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Systems 6, 7, 8, and 9 show the effect of changes in oxygen
balance, The C-J pregssures and velocities of the CO2 balanced system
compared to the CO balanced system is disappointing “if oune considers
the heats of explosion and simple gamma law predictlions. If one
assumes that the detonation veloeity increases with demsity at about
3,000 meters/second/gram/cc, then the veloecity difference between the
CO and the CO, balanced systems may be attridbuted entirely to the
difference in density. The temperature increases as the amount of CO
increasgses until an excesg of oxygen is present and then the tempera-
ture decreases. The observed C-J performance mey be explained by the
lower particle density at the C-J state for systems producing CO
ingstead of CC. The extra enorgy preseat in such a sygtem is pri%e.rily .
thermsl energy rather than intermolecidar potential snergy. Thus the
temperature would be expected to increase as the amount of Co2 formed
was increased and the pressure and veloeity remain relatively

unchanged.

BCHICF Systems
Systems 19, 20, and 21 are hamogenedus systems which pro-

duce B,0, and BF. as detonatlon products, Although the heats of
explosfor are aldost twice that of comvenmtional CENG explosives, the
observed CaJ pressures and velocities are not as high as those of the
better CHNO explosives &t the same densities. A possible explanation
for the poor C-J pressures and velocities of the boron explosives
relative 1o the CHNO explosives can be proposed on the basis of these
calculations, Beesuse the product molecules B O3 and EF, are complex,
the particle density at the C«J polnt is lower™ “than fog‘ systems con- 5
taining the product molscules CC, CO,, H.C, and N,s» Thus the energy |
. is partitlicned unfavorably with the Tntefmole potential energy

low and the thermal energy highe At CuJ densities the intermolecular
potential energy ig the primary pressure-determining peart of the
energy; thus the C-J pressures of the boron explesives are low and
the C~J temperatures are high., We have no reason to doubt that the
heats of explosion of these mixtures are high, and the possitility
remains that they would perform well in applicaticns which rely lmpor-
tantly on the equilibrium expansion of the detoration prciucts,

CHNQAl Systems

Systems 17 and 18 are nonhomogeneous systems, but the C-J
pressures and velocities may bte explained by assuming that the HE/AL
behaves as 1f 1t is a hamogeneous explosive and the product molecule
A.‘Léo is formed as an equilibrium C-J product. Agaln the computed
an rinmental C=-J pressures and velocitles asre lower than one might
expect from heat of explosion considerations because of the low parti-
cle density of the dstonation products. One expects that the C-J
Lemperature would be high and that HE/AL systems would perforn well in
applications which rely on the equilibrium expansion of the devonation
products,

CH:iOF Systems
Systems 1k, 15, end 16 show the computed and experimental
C=J pressures and velocitles of systems containing fluorine,
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Although the most desirable CHNOF system would have the flucrine
attached to the molecule by rmeans nf en N«F bond rather than a C-F
bond, the C=J pressures and velocities of the available systems are
instructive, The calculated C=-J pressures and velocities of the
CHNOF systems are very senaitive to the HF, carbon, CF) equilibrium.
If one does not consider the CF, CHF and COF specles, IXW caloula-
tions predict pressures and velocities that are higher than experi-
merntally observed. If one includes CF), the calculated pressures and
velocities are somewhat lower than a@érmentally cbservad, The
covolures of the CF, CHF, and COF specles were increased by & factor -
of 1.6 =0 as to cause & slight shift in the HF, carbon, CF) cquilib-
rium and better sgresment betwcen experimental and ealeuwlated C-J
pressures and veloeities, This empirical observation may be of scme
value to anyocne wishing to use the BEKW technique for predicting +the
possible C-J performance of scme other CHIOF explosive,

CENOF explosives eppear to form products that are energy-
releasing specles such as HF and CF). CFA is less desirable than HF
because of its large molecular welgit and hence deterious effect on
the particle density, resulting in the energy teing partitioned so as |
to give higher temperatures and lower pressures. |

AGRERMENT EFRTWEEN EXPERIMENTAL AND CAICULATED FPERFCURMANCE FPARAMETERS

For the systems reported tbe EKW technique predicts the
C=J pressure and tempersture to within 20% ard the detomation velocity
to within 10% of the obsexved values. The agreement is generally
poorer at lower densitlies. One cannot expect the EXW technigue to
predict the C-J performance of systems that may deviate from equilib-
rivm. The EKW technique feils for nonhomogenecus systems loaded with
large amounts of inert metals and for systems that depend primarily
upon the precipitation of a sclid as the energy releasing mechanism,

COLCIUSIONS

The C-J performance of an explosive 13 apparently a very
sensitive function of the C~J particle density. Thus, if one desires
an explosive with a high C-J pressure and velocliy, he should try to
naximize the number of molecules of detonation gas rproducts per gram
of explosive as well as the density and the speeific energy.
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EMERGY RELEASE FROM CHEMICAL SYSTEMS

John W, Kury, Gus D. Dorough, Retert E, Sharples
Lawvirence Radiation Leberetory
Livermore, Californis

I, INTRODUCTION

T™e '"energy release" of a detonating high explosive has
been defined in a number of ways. Many of the definitions, however,
are not useful for the genersl understandirg and prediction cf
explosive performance, Energy release as defined by such traditional
tests as the Trauzl block test or the sand test falls %E this
category. Even the widely usged furndamental definitlon ) which
axpresses erergy release in terms ¢of the irnternal energy change
(AE) of the reaction,

products in equilibrium
> at the Chapman-Jouguet
point,

High explosive

is not completely applicarle, This is beceuse the definition can
take nc cognizance of compesiticnal changes (and thus energy changes)
which can occur in the pcst Chepman~Jouguet (C-J) states,

The defirnitiorn of energy relesse which we find most useful*
for performance predicticns 1s in terms of an adlebat relating
~ressure (P) to the volume (V) ¢f tke detoration products. The
energy release 1s *hexn explicitly defined as the [Pdv or the areas
under the arrlicable perticon of the PV curve, It 18 not necessary
thet & sirgle adlebat reprenert the post C-J behavior of a given
explosive., 'his will depend orn the kizetics of the chemiecal
regotions coeurrirg after tis C-J stats, £ there ere no composi-
tional changes, or 1f the charges ccoour In <izmess shorier than g few

*This delirniticn is neot general for every application, for it
excludes energy “ransfer by mechenlgme cther than PV work (heat
conduction, este,)
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tenths of & psec, then Tor all practicael purposes there 1s btut one

adiabat., If, however, compositional changes teke place more slowly, ,
a family of adiabsts results with time as a parameter, In this case |
the energy release will not be single~-valued, but will exhibit &

range of values dependent upon the time of expansion of the detonation
producis,

Where experimentel informaticn is insufficient to define
the adiabat, or family of adiabats, represertative of the energy
release of & system, 1t mey still be possible to defire minimum and
- maximum limits of the energy release, The true esnergy release 1s
then known t0 be bracketed, at least, between these two extremes,

An approximation of the minimmm energy release can be
obtained in the following way. First a value for v is calculated®
from the Chapman-Jouguet pressure (Ppry), the detonat}on veloeity (D),
the loading densityﬁég), and the ausumption that PV' = a constant is
descriptive of the bshavior of the detcnmaticn products., This y#* waich
ve ghall term the Chepman-Joumiet germa (CJG), then defines an adiabat
which can be integrated for energy release over the appropriate
pressure-volume change, The integration cannct realisiically be
taken to pressures tbelow about a kilchar becauss the valus of GJG ia
invariably too high in the low pressure range (thus predicting too
low an erergy)., The main JustiPication that the CJG adiabat
represents a minimum in energy release is that experimentally
measured adi. ats (which have been cbtained from impedence matching
experiments(2/with a tims scale of a few tenths of a microsecond)
have given values of y equal to or slightly lsss than OJG., BSuch
expariments allov ninimum tims for energy release due to post C=J
compositional changes,

The maximum energy release can be chtailned from a simple
thermo-chemical calculation (see Section II). To express this
maximum energy in the form cof an adiabat, we calculate* an average v
from the energy, Pgr, f,, and PV = constant. We call this T &
maximin energy gamma (MEG), The MEG, like the CJG, is also invariebly
too high in the lower pressure ranges. Belng an average, however, it
m:st be low in the high pressure ranges and will therefore tend to
predict too high an energy release,

In the remainder of this paper we will discuss the calw
culated maximum and minimum limits of energy release for a variety
of systems (Secticn II), and describe scme metheds useful for
measuring energy release (8ection III),

#See Appendix I for appropriate eguations,

#4We use v in this apar to mear the slope of an adlabat for the
detonation produects in the ln P-1n V plare,
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IT. CALCULAFED MINIMJM AND MAXIMIM ADIABATS
FCR SQME IEW SYZTEMS

One of the objectlves of explosives research 1s tec find
new materiald which are bpetter sources of cheamical energy than those
currently aveileble, Since most explosive systems can be considered
gimply in terms of lnternal oxidatior-reductlon reactions, the search
for new materials is reduced in part to a search for new oxidizing
and reducing elementel combinsticns. That the search cannot he con=
fined to just such groupings, nowever, 1s 1lllustrated by system E
described below, This system, contalnirg only the elements boron,
nitrogern and hydrogen, is develd of any oxidizing groups.

In Teble I we have listed exemples* ¢f the most promising
chemical explesive syntems currently krown, tcgether with thelr
thermnchemical properties and probaeble maximum densities, RDX, cne
of the better crganic explosives, is also iuncluded in the table as a
convenient reference material, System A is representative of what
might be neerly the ultimate In organic explosives, The density and
composition chosen are based on known materials (a COp~balanced
mixture of bis-trinitroethylnitramine (BTNEN) and diacetylena).
System B is representative of what one might expect from organic
explosives containing the NFy grouping in place of the traditional
nitro group, Systems C and D are horon analogs of the carbon systems
A and B, The corpositions chosen for C and D are not pure nitro and
diflucroanino boranes, however, because some carbon would likely he a
necessgary component of such materials., BSystem E is the unusual
formulation without oxidizirg groups. It relles upon the formation
of boren rnitride for energy release, and hydrogen ges &s the madium
for PV work. Because of the large hydrogen content of Bystem E, the
maximim estimated density 13 low, The finsl system tebulated, F, is
an extreme example of what might be pessivle in aluminized systems,
The couposition and density are hased on a BINER-AL mixture,

We should restate that synthetic chemistry carnct provide
these compositions et the present time; the syatems cited are merely
best estimates of what could prcbably be achleved in the synthetic
line, In terms of maxirmm possible specific energy, all the systems
in the table are sugperior te RDX. Whether such systems, if
gynthesized, would indeed deliver tiese energles is of course not
known @& priori. However, by the caleulatlon of GJG and MEG
adisbats; we can bracket the energy release, This hag been done; the
date is collected in Teble II.

As discussed before, the zalculation of MEG requires a
xnowledge of the Chepmar-Jouguet pressure; for CJG the detoration
veloeity must also be krown (see Appendix I), Since none cf these
values have beer measured, ws have relied on BKW (3) calculational

*These examples may a2s8¢ be taXen as representative of promising
lithium, beryllium, and megrnesium containing systems.
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results¥* for these two quantities, Thaet this Is appropriate is based
on the fact that for & variety of explosives (including boror ones,
see Section III) where measurements are available, the BXW celoula-
tions have agreed well with experiment(3).

By combining the dats in Table II with hydrodynamic
calculations, we can assay the possible performance ¢f these explosive
systems in various short-time applications. As an example, we have
dore this for the case of metal plate acceleration, using the cal-
culational code KO** (based on the methods of vun Neumann and
Richtmeyer (4)) and a simple geometry of the type discussed in
Section III, W2 f£ind the results shown in Table III, We see that

Table III
Metal Velocity Metal Velocity
Calculated Using CJG Celeculated Using MEG
System (Relative to RDXJ*** (Relative to RDX P
A 1.17 1,25
B 1.10 1.23
ol 0.54 1,10
D c.98 1,20
E 0.95 1,10
F 0.98 1,32

if the GJG defines the behavior of the detonaticrn products, none cf
the boron or eluminum syntems are superlos t¢ RDX, If, however, the
MEG defires the behavior of the detonation products, all of the
systems are superlor to RDX. These calculations thus provide a goed
ingfcation of the possible performance range of the systems of

Tekle I in metal acceleration applicatiocas (fragmentation, shaped
charge effects, nuclear weapons, etc.).

For long-time applications (air blast and underwater
effects, etc.) the total energy relesze i: the determining factor.
The numdbers given in Taeble I represent the maximum values of this
energy, These values do nct differ appreclably from those of
rumerous aluminized orgenic explosives that have been in military
use for some time, We therefore cannot expect the systems of Table I
to offer mich improvemsnt in "lorg-time" spplications,

*¥These results were xindly surplied by Mr, Charles Meder of the
Ics Alamos Scientific Laboratcry.
*¥Reference 4 1s the basis of an IZM TO4 code (KO) used in gll
the celeulations reported 1z this parer,
*%Talueg in table egquel velogsity caioculated for the sgystem
divided by veloclty caleuwlated for RDX,
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IZ1, EXFERIMENTAL EVALUATICT OF

One rew algh erergy system that hes been invesilgated
experimentally iz & hormcgensous solutlon of ethylidecaborare in
tetrenitromethane (ZT)., "his is an example of Systexr C although
its density (1.4C g/e2) is lower than *he protable maximur density
of such a system, The elesmentary cumnosition cf this soclution is
31005, 5ngHl5O~9 (at & zole ratio of cthyldecetborane to tetra-
nitrdmethane 8£71:13,75). ET iz en extremely sensitive mixture.

Wnet follows 1n this eectlon 1s a discussion of the
experimentel work planned and completed for ET and simlilar explosives.
This discussion serves to describe the experimertis recessary to define
the energy release of new systems 1n gereral,

The detoratlon velocity end the Chapman-Jowguet pressure
have been measured for ET gt the Les Alares Scleatific Labo“gto*y )
Isentrope reasurements have a8lso been performed et Los Alamos for a
"Ei-gel" o teotranitrcmethane zystem almost identical In crmposition
to ET(3 5 ) This isentrope wes measured using an impedance matching
teﬂnnique( in walch the C-J products ere very rapldly expanded,

The results of the impedance eaperiments agree with the JG eguation
cf state. Table IV summrarizes the lLos Alamos experirmental data on ET

Table IV
Detonation PCJ

Densit Velccity Calc.,
Explcsive Qggfccs (zm/Msec) (kbars) IG
ET
(ethyldecaborane= 1.40 6.74 172 2.70
tetranitromethane)
Comp B 1.71 7.59 290 2.77
(64% RDX, 3% TOT)
PRX Shok
(94% EMX, 6% plastic 1,84 8.72 37 3.03
binder)

elorg with simi{ler values for PBX 9&Ok(5> and Compcsition B(6>. The
results of Impedarnce matching experiments agree with the CGJG equation
of state for these materiasls also,

Another type cof exyerigert which has been performed on ET
is the "small scale plate tess” 7 . This test employs a configuration
shown schemeticelly in Fig, I, t consists simply of a aeavily
confined column of HE, with a delonator and becoster at one end, and
a retel rlatzs at the otrer, The lergth of the column is such that
the results are penne..u cf the detonator system, The test iz rux
in a carefully St&f&&”u zed way with a constant voluze of test
explosive; *h= measurement conslsts of determining the final plate
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veloclty by optical techrnizues, The plate is under acceleration for
& tire period of 2 to 4 pMsec, Some final plate velocities obtained
in the small scele plete test are presented in Table V.
Table V
Caleculated Plate
Velocity Using
oLOL for Normal-
Experimental izatior and CGJG
Denslty Plate Velceity Eguation of State
Explosive (gm/fec) (rmn Msec ) (rm fusec)
ET 1.40 1.12 0.8¢9
Comp B 1.70 1.09 ' 1.10
LASL SkOh4 1.82 1.17 1.17

We nave conduscted one-dimensional hydrodynemic calculstions
(employing XO) on the small scale plate test configuration using the
GG equations of state, The calculated final plate velocities are
slsc presented in Table V (normalized to FBX S4LO4)*, The agreament
between the experimental and calculated normalized velcelty for
Comp B is very gocd., The discrepancy betwsen the calculated and
experimentel values for the boron explosive, however, suggests that
in the small scale plate test a higher energy release is cohtained
than the QJG eguation of state wuuld predict,

A way of recomciling this discrepancy is to assume thati
the energy release of the borom explosive, unlike that of Comp B and
PBX SLOL, is markedly time dependent, Experiments more readily
interpretable than the small scale plaie test, however, are required
to verlify this assumption. We have started such experiments, but
they are not complete &t the time of writing of this artlcle, We
report here only what these experiments are, and what information we
hope to gain from thenm,

The larzest of the experiments is known as the "flat-plate
test". Th? onfiguration employed 1s shown in Fig. 2. Pin
technijues 83 are used to meagure final pleate velocity. For large
gcele testing of highly sensitive, expensive systems, the flat plate
test has advantages over end-on tests in that lens and edge effects
may be elimineted withcut using large amounts of explcsive, The flet
plate test also tends to accentuate the Importance of the lower
vressure regicrs ¢f the adlisbet, The plate is under acceleration
for & loznger pericd (the range is some 2-20 ﬁsec) in this test com=
pared o the small scele plats test. Tc 1llustraie how sensltive

*The norraiized velozity = — x V Loy SXP
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final plate velocity should be to charges In the ezuation of stete of
the detoration preducts, hydrciyremic calculations have been made
uslnug the three differert types of flat plate configurations and the
CJG and MEG* equetlons of state for the ET system, The results are
pregented in Table VI,

Table VI
Finel Plate Velocity Final Plate Velocity
Calculated for ET Calculated for ET
Using GJG Eaquation Using MEG Equaticn
Flat Plate Test of State of State
Configuration (mr /psec) (mm fusec)
1 1.6 2.2
2 2.4 3.0
3 3-0 i 3.9

Ancther test which shows consilderable promise for exploring
tize=dependent adiabsets with small amounts of explosive is the
"eylinder test" depicted in Fig, 3, The XK0-calculated final wall
velocities for ET in two configurations of the cylinder test are
presentaed in Table VII., Thegse values were again calculated using

Teble VII
Flnal Well Veloclty Calcu-  Fingl Wall Velocity Cal-
lated for ET Using &JG culated for ET Using
Cylinder Bquation of State MEG Equat on of State
Configuretion _  (mm/psoc) o fuiGaee)
1 3.2 A L 3
2 ‘ 2.5 . 3-)']'

voth the GJG and MEG eguations of state

An entilrely different type of energy measurement is offered
by the calorimeter, This test measgures directly the total energy
charge involved in the overall reaction:

high explosive=—> C-J produets —3 products fourd in bhomb
(at 2980K ard 1 ainm) (at 298K and zeveral atm)

Ore dces not necessarily cbitaln & unique esrergy release by this
rethed sirnce charge dlameter and extent 0f confinement influence
the composition of the finel products., The mexizmum possible energy

*The value of v calculated frox the maximir thermochemical AR
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release, therefore, has t¢ be determined by messuring the heat of
detonation as a function of charge diemeter and extragpolating to
infinite diameter, i

A small=scale detonation zelorimeter has beer constructed
a8t IRL, and a larger one is in the plannirg stage. The heate of
detonaticn, & ottasined for several reference explosives (both con-
fined and unconfined) using the smell calorimeter are presented in
Table VIII, (The Q's given are for water ligquid.)

Table VIII
Confired Unconfined
Weight of Heat of Weight of Eeat of )
Charge Detonaticn Charge Datonation
Explogive () (kcal/g) () (keal/g)
0.982 1.467
PETN 4,551 1.473 2.893 1.508
Deasity = 1,73 g/ec  4.598 1.497 4,638 1,50
C Avg. L9 Avg. 1.49
FBX Lok ' 1.800 1.295
Density = 1,80 g/ee  3.601 1,388 3,597 1.280
- Avg. 1.39 Avg., 1.29
Composition B 4,032 1,213 1.764 0.97%
Density = 1.65 g/ec  4.OWS Ll.2e5 4,038 0.%8
Avg, l.22 Ava. 0 Q7
0.870 0.903
0.871 0,928
Tetryl 4,372 1,139 2,603 0.916
Density = 1,69 g/ec  k.376 1.141 2.608 0.917 .
Avg. 1.1k 4,340 ¢.5c8
L.356 .919 .
4,357 0.951
4,33 .911
L.374 20.924
Avg., 0.82
Tre fect that the heal of detcnatior of PEIN 1s the same
confined end unconfined, even in *the small diasreter used, suggests
that 1.49 kcal/sm is 145 maxinznim pessible ernergy release, T™ea values
CONF IDENTIAL
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for the other explosives, however, show & marked dependence of energy
release orn confinement,

The various experimenis described above rur the gamut of
time dependence for emergy release., To illustrate this, we have
plotted in Fig, 4 the aversge internal energy of the detonation
products of ET versus time, The values for the flat plate and
cylinder tests are calculated from KO using the GJG equation of
atate; the values for the impedance matching and calorimetry experi-
ments ere estimated., We plan to use thils entire set of tests to
explore the system*, ByCon.xE18N20040. This systerm is a homogeneous
mixture of tetranitromethare, tetralin, and e derivative of deca-
borane. The borcn content can be varied from x = 0 to x = 10 without
changing the density or heat of formation of the mixture, The
calculated maximum energy release, hcwever, changes from 1.6 to 2.4
kecal/gm as x goes from O to 10, We fully expect that these new
results will establish clearly whether the discrepancy noted for ET
in the small-gcale plate teat 1s ar artifact of the test, or a real
indication that a family of time deperdent adisbats must be used to
represent the performance of boron conteining exrlosives,

*Leveloped for the Lawrence Radlation Leboratory by Reaction
Motors, Inz, LRL Purchase Order No, 3187.C8.
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APPENDIX I

Belations among the Detonation Parameters of a y-law High Explosive.

We first list the well !wmown conservation equations
associated with the passage of an inert, one-dimensional shock
through & fluid ceonfined in a rigid-walled cylinder, The subscripts
o0 and 1 denote, respectively, the states before and after the passage
of the shock, The polytropic equation of stute, the C=J hypothesis,
and the definition of the sound aspeed are alsc gilven for reference,

Mess conservation: [ j&(r»ul)

Momerntum conservation: Pl = f% D\l

Erergy conservatilon: e ~e, = 1/e Pl(l/fc - l/f&)
Chapran~Jouguet Bypothesis! ey = D—ul

Definition of sound speed: P - (dP/Qf)s

Polytropic equation of stater P/(r-1)f = e

It should be noted that the comservation egquations given
here assume the unshocked mediunm to be at regt, i,e., u, = 0, and to
have F_= q. If now state ¢ describes a region of undisSturbed high
explcsgve, and state 1 is associated wlth the C-J state, 1.e., we
assume & negligidle reactign zone thicknsess, ihen the followlng”
relations can be derived(S) for the quantity 7!

2
Y o= A0 /Poy -}

b
Y = chuo + 1

CORFIDENTTAL
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AVLENDUM

ADDITIONAL EXPERIMENTAL RESULTS AVAILABLE
AT THE TIME PAPER WAS PRESZNTED

Preliminary results for the systems B..C,. H1gFpnQun and
CpoB18N20040 (Table 1) have beer obtained from %he Tollowing
experiments:

1) Measurement of detonation veleocity and
Chapmar-Jouguet pressure., (Table 2)

2) Measurement of a8 point or the isenitrcre
of tLe detonaticn preducts, (Teblie 3)
3) Small scale plate test, (Teble 4)
L) Cylinder ané flat plate hydrodymemic
performance tests, (Tables 5 and €)
5) Heat of detcnation., [Tatle 7,
CONFIDENTTIAL




Kury et al,

UNCLASSIFIED

Oidl STouw T

ene 90" 0~ et | O80T, 0lg - SUEAWOIY TN (uozod) |
~BI13], sa{om ¢ 4 L
TETeI39, €9T0W G°T . <
LT 00°C It 00T H0% - owspgowoxyry | (PTIPA0)
BRI, soToWw § $°TS &L
(WB/TO3N) | (umrrms

20/ swd

O oy ooy ( \ ,—d.umwv ( P \ ) BIIWLIOL uoT3 Feodmoy) aaTsotdxy
PREINOTE) 262 e

T 9TUsL

UJCLASSIFIED

98



Rury et al,

UNOLASSIFIED
Table 2,

= —— [

Density | Yoo D
Ixplosive| fmn/oo) | (koars) | (mm/usec)

PBX ghOk*|  1.83 %0 8,80

Comp B* 171 290 .

(287) (8.10)

Orgaric 157 215 7.39
(220) (7.31)

Boron 1.47 215 7.00
(203) (6.85)

*LASL experimental values.
()LASL caleulated values using ERW codes,

Table 3.
Isentrope P-U Foints

[ —

Explosive| (cm/Esec) | (vars)
Organic 0.75 1000

Boron Q.75 é70

— o~

N =

URCLASSIFYED
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Teble kL,
Small Scale Flate Tegt Results
Final
Explosive Density Plate Velocity
| s /ca) {mm usec)
Qrganic 1.47 1.16
Boron .47 1.16
* Comp B 1.72 1,08
PBX 340k 1.83 1,18
Table 5,
Flat Plete Test Results
. '
r | 1 ,';er‘—',mnv\‘--l‘::
axpiosive | Density Yeloclity
(gms /ec) (mmfusec)
Crganic 1.47 1,58
Boron 1.47 1.62
Comp B 1.72 1.76
FBX 9404 1.83 1.9
e
URCLASSIFIED
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Teble 6,

Cylinder Test Results

Explosive I(Jensi'by) @eiocggy
gns /ec (mgec)
Organic 1.47 1.43
Boren 1.47 1.46
Comp B l.72 1,55
PBX 9404 1.83 1.70

= —— S —————— 1=

Table 7.

Bxperimental Heat of’ Detonation

. % figﬁfiqu:ﬁ—f==
_lgswe Denzit (keal /em) | (koal ec) |
e
Organic 1.47 1.56 2,285
f=ap4¥}4] , Lok ' 2-31 3114'0
Comp B 1.72 1.22 2.10
PBX ook 1.83 1.39 2.54
gy i‘
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The above experimental dete combined with hydrodynamic
calculations lead to the following conclusions:

1) Boron-oxygen explosives perform about as predicted by
the CJG equation of state, not the MEG equation of
gtate.

2) fhere is no evidence for time dependent adimbats in
the borcn explosive.

3) The small scale plate test does not order explosives in
the same manner as larger more significant hAydrodynamic
testa. *
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THE DETONATION PROPERTIES OF DATB
(1, 3-DIAMINO, 2, 4, 6-TRINITROBENZENE)

N. L. Coleburn, B, E, Drimmer, T, P. Liddiard, Jr.
U, S. Naval Ordnance Laboratory
Silver Sprirns, Maryland

ABSTRACT: The detonation parameters of the rela-
tively new heat-resistant, shock-insensitive explosive
DATB have been meagured. At the normal, pressed-loaded
density (1.80 g/em>), the detonation velocity is 7600
m/sec, and the Chapman-J pressure 1s 257 kb, Thg
detonation velocitX (m/sec) varies with density (g/cm>)
according to D = 2480 + 2852{0. The energy of detonmation
18 847 cal/g, The fallure dlameter was found to be
0.53 em, When mechanical shocks are slowly applied, as in
the impact-hammer machine, DATB is less sensitive than
TNT, but when the shock i3 more rapldly applied, as in
the NOL wedge test, the explosive behaves more like
Composition B. Addition of 5% plastic binder desensitizes
DATB to rapldly-applied shocks, causing it to fail to
bulld up to detonation in the wedge test even though the
pressure withln the explosive may be as high as 82 kb,

Introduction

The speeds of modern aircraft, and especlally those
of unmanned missiles, have produced many difficult prob-
lems in ordnance design. The ability of the explosive
component to tolerate severe thermal cycles experienced
during the mission of such ordnance is an important
parameter in these designs. A promising, new, shock-
insensitive exglosive, 1, 3-diamino, 2, 4, 6-trinitro-
benzene (DATB)ls 2, has superior therwal svadility under
these conditions. DATB is a gellow solid having a
crystal density of 1.837 g/em”; 1t melts at 286°C, and
decomposes at a negligible rate at 204°C, while at 260°¢
its decomposition rate is only about 1% (by weight) per
hour. It does not initiate at the maximum height of the
NOL impact machine (320 cm), in sensitivity testing,
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showing that it 18 much less sensitive to such slowly-
applied mechanical shocks than even TNT (200 cm). The
detonation parameters of DATB and its sensitivity to
rapldly-applied shocks are reported herein,

Detonation Velocity of DATB and DATB-Plastic-
Bonded Compositlions

Detonation velocities as a functlion of charge
density were measured for pure DATB and DATB/EPON 1001*
(95/5) with a rotating-mirror smear camera. The veloc=-
ities obtalned from the photographic measurements (when
the charge density was a maximum? checked to within
10 m/sec when camera and electronic nin probes were
employed simultaneously. Simple pelleting techniques
produced 5,0=cm dlameter pellets for these tests, with
densities ranging from 1.4 to_ 1.8 g/em3, To obtain charges
with densities below 1.4 g/em3, the powder (average
particle size 4 to 5 microns) was loaded in 15-gram
increments into 5.l1l-cm internal diameter, 0,l15-cm thick
aluminum or glass tubes and pressed (in the aluminum
tubes only) at pressures up to 8,000-10,000 psi, When
confined by the aluminum the detonatlon wave was observed
through a series of small, evenly spaced holes drilled
through the metal casing. Each test charge was initlated
by an explosive train conslsting of a U. S. Engineer's
Special Detonator, a 5,1-cm dlameter plane-wave generator
(Baratol-Composition B), and a 5.1-cm diameter, 5.1l-cm
long tetryl pellet,

The detonation velocities are listed in Table I and
plotted 12 Figure 1. At densities normally obtalnable,
1,80 g/em> (98.0% of crystal density), the detonation
velocity of pure DATB 1is 7600 m/sec. The detonation
velocity varles linearly with the charge density according
to the equation

D = 2480 + 2852p (% 25) m/sec. (1)

The diameter effect was studled by detonating a
pyramidal charge of three cylindrical pellets, 2.54=-,
1,22- and 0.64-cm diameter, stacked in order of de=-
creasing diameter. On top of the 0.64-cm dlameter pellet
was placed a 1425-cm long truncated conical section
tapering from O,6l4-cm diameter at its base to 0.32-cm
diameter at the top, Detonation of the pyramidal charge
resulted in a normal velocity wlth detonatlion failure

* Epoxy Resin; Shell Epon 1001; (Shell Chemical Company,
Emeryville, California.)
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TABLE I
DETONATION VELOCITY CF DATRB
Detonation
Charge [Diameter |[Langth Densit
0o . (om) (om) Confinement (g/bm3 v?éﬁgég
1* Conical™* 5& None 1.816 Lk
64 0 n 1,816 7620
1,27 2 44 . 1,815 7620
2. 7.861" " 1,808 7620
2 5.47 13.40 Glass O 01 5050
B E.#g 15,31 Lugite 1.427 6600
.L'b 1505 " 103 5 5}470
5 L.4y 15.2 Aluminum 1,381 6470
6 L,4L 15,27 " 1.285 slgo
g 4. 44 15.27 " 1.20 880
5.08 15.80 None 1.78 7870
S 5,08 20,47 " 1.793 7580

Charge 1l was the pyramid charge in four sections.

* Diameter uniformly decreased from 0.64 to 0.32 over
1.25 cm-length.

*#* Failuve dlameter = 0,53 em.
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ococurring at a charge diameter of 0,53 cm, i.e. within the
tapered reglon,

Results obtained with DATB/EPON 1001 (95/5), Table II
and Figure 1, show that at a given charge density this
plastic-bonded explosive detonates about 150 m/sec slower
than does pure DATB., A tapered section was not used in
the DATB/EPON 1001 (95/5) pyramidal charge, Therefore the
tailure dismeter of this ocomposition was not ascertained,
However, 1ts abllity to propagate stable detonatlion up to
the end of a 2,54=cm long cylindrieal pellet 0,64 om in
diameter demonstrated that its fallure dlameter is near to
that of pure DATE,

The Chapman=-Jouguet Pressure of DATB

Using a method reported by W. C. Holton3, we have
measured the Chapman=Jouguet pressure of DATB, This
methed involves the measurement of the veloclity of the
shock wave transmitted into water from the end of a plane=-
wave=inlitiated charge; then, employlng an equation of
state of water to obtain the pressure at the water-
explosive interface, the Chapman=Jouguet presswre is
inferred, 1In the experimental arrangement, a charge
15,2-0m long by 5.l-cm diameter, initiated by a Baratol=-
Composition B planc-wave generator, was lumersed in
distilled water to a depth of 6.4 om, The bottom end of
the charge was positioned parallel to, and 1.3 cm above,
the optlcal axis of the smear camera, The shook wave
within the water, '"back-lighted" by collimated lizht from
ail CAPLUULIE WLI'®, proguced a time=resolved shadowgraph.
From measurements of this photographic trace the deto-
nation pressure of the explosive 18 calgulated using the
water=shotok wave data of Rice and Walsh®, Their data are
represented by the following equation:

U - 1,483 = 25,306 log,, (1 + u/5,190) (2)

where U is the shock velocity and u is the particle velo=-
city of the water in m/see¢, Thus a measurement of U at
the explosive~water Iinterface produces & corresponding
value of u, The pressure, P, In the water at this inter=-
face is then obtalned from the famliliar hydrodynamic
equation

P o= Tu/Vg (3)

where V., 48 the specific volume of material in the un=
shocked state, The Chapman-Jouguet pressure of the
explosive, Ppy, 1s related to the pressure, PHgQ s of
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TABLE II
DETONATION VELOCITY OF DATB/EPON 1001 (95,'5)
, etonation
Charge | Diameter Length Densit veloolt
no. (om) (om) (g/em3 (m/seq
1* 0,638 2.545 1.776 7350
0.953 2.242 1.785 7350
10267 20 3 ll756 = -
1,267 2,629 1,761 7280
2,537 2.573 1.752 7400
: O
3 2.527 15.67 108 480
* Charge 1 was & pyramid charge in six sections.
CONFIDENTIAL
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the wateg at the explosive=water interface by a simple
equation~:

Byy = Fedf8 o * (@ Dlg
| 2( £ Uyyo (4)

where ({Q D)y 18 the product of the initial density and
detoanation veloeity of the explosive.

Three DATB ¢narges were fired, each at an initial
density of 1,790 £ 0,001 g/em3, yielding the following
mean values:

Therefore, the Chapman=Jouguet pregsure of DATB 156257 kb,
This 18 some 36% greater than that of TNT (189 kb)® and
only 12% less than that of Composition B (250 kb) 7,

The energy of detonaticn can be estimated from the
?saumpgégu thagoon~detcgagécn th: % ggu ;g the-;xplgzéga
orms an n order, For
this rescsbls 15(8)’ 2(s)

0585}?506 ——lp

2.5 Hgo(s) + 3.5 co( + 2.5 Na(g) + 2,5 c<°) (5)

8)
Tha measured heat of formation of DATB is 2§5.23 k cal/hﬂaq
Using available heat-of-formation data for the deocomw
position products, the heat of detonation is caloulated

to be 875 cal/g.

The heat of detonation alsc ¢an ba gsalculated from
the hydrodynamic properties determined above. The

ralation . D2
CJ'V%T—"IM

i{s readily derived from the Chapman-Jouguet oconditlon,

(6)
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')P) - - Fog (7)
v 8 :o - ;CJ

(the term P, has been negleoted here since PCJ» Py), the
hydredynamic relation,

2
and the definition of Kk, the isentropic exponent,

K :-(FLI&L%}) (9)
31n V)

Thus equation (6) ylelds a value of k from the experiman-
tally determined values of D and Pny. The energy of
detonation, @, is then calculated gy the equation

" D=
2 2(k% - 1) (10)

as shown by Jaooba9 and Pricelo. From thege relations k

for DATB is 3,02, and Q is 847 cal/g, checking %o within
some 3%, the energy calculated from thermal data., For
convenience these results are assembled in Table III,
where they are compared to correspending values for TNT,

Sengltivity tc Rapidly~-Applied Shoeks

Evaluation atnAlse s==- -, cu on pure DATB,
—auny mEUN 10011i95/5), and DATB/BRL 2741%* %95/5) using the
NOL wedge test*®, In this test, Figure 2, the explosive,
formed into a 25~degree wedge with a maximum thickness of
1.27 om, ls subjected to a plane shoek wave delivered by
an explosively-driven brass plate, Plates of 1.27-,
2.34=-, and 3,8l-cm thlcknesses are used 1n order to vary
the shock pressure transmiited into the explosive. The
shock wave within the metal 1s formed by the detonation
of & 1.,27=0m thick Composition B slab, 12,7 om sguare,
inisiated by a 10,8-cm diameter plane=-wave generator,

The shock veloclity within the unreacted explosive,as a
function of explosive thickness,and the bulld=up to +the
steady detonation rate, are inferred from an analysis of
the smear-camera photograph of the shock arrival at the
free surface of the wedge (Figure 3,central regicn)

?éhenolic resin (Bakelite Corporation, New York City,
New York,)
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TABLE III

PROPERTIES OF DATB COMPARED TO TNT

Proparty DATB TNT
Experimental Density (g/om3) 1.800 1.637
Detonation Velocity (m/sec) 7600 6940
42 %é:_:‘%i. 2852 3225
Failure Diameter (om) .53 1.3(14)
Detonation Fressure (kb) 257 189(6)
Detonation Energy (¢al/g) 847 636
504 Impaot Initiation Height (om) 320 200
Isentrople Exponent, k 3.02 3.17
Flate-Push Value, (ft/sec) 3130 2930
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LUCITE

ALUMINIZED
MYLAR
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H.E. WEDGE

Fig. 2 - Side view of NOL
wedge-test arrangement
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Reflected-light technlque 1s used to record the shock ar-
rival and to measure the shock-wave parameters of the brass
plate, .

The results obtalned for the bulld-up-to-detonatlion
tests on DATB using the three brass thicknesses are shown
in Figures 4-6, where they are compared to those obtained
for Composition B. The outstanding feature of these
curves is the fact that the instantaneous shock velocity
within the explosive rises 10-20% above the normal deto-
natlon velocity before settling down to that wvalue., An
example of this velocity "overshoot" can be seen in the
smear-camera photograph for Shot 1 (Figure 3). In this
respect DATB behaves llke other pressed explosives. No
cast explosive has exhibited such an "ovigshoot“, while
pressed explosives characteristically do~<. Another
feature shown in Figures 4-6 is that the build-up-to-
detonation of DATB under thils rapld shock-loading 1s not
significantly different (oi?er than the "overshoot") from
that of cast Composition B++, Thus the senslitivity of
DATB to mechanlcal shocks 1is strongly dependent on the rate
of shock-loading; when applied slowly, as in the impacte
hammer machine, DATB is very insensitive (the 50% initiatinm
point exceeds 320 cm, whili for TNT it is 200 ¢m and for
Composition B it 1s 60 cm)13, When the shock is applied
rapldly, as in the wedge test, the sensitivity of DATB 1s
comparable to that of cast Composition B (TNT fails
completely to E&ild-up to normal detonatlion velocity in
the wedge testtl,)

The NOL wedge test was designed to permit for each
shot a determination of one point on the Hugoniot curve
for the unreacted explosive. Analysis of the upper
region of Figure 3 ylelds the free-surface veloclty and
the shock veloclty of the brass at its free surface, and
thus, by equation (3), the pressure in the brass at the
brass, explosive-wedge interface (assuming that the
particle veloclty of the brass is one half its free-
surface velocity). An equation analogous to equation (4)
then produces the pressure wlthln the unreacted explosive
at the same interface. If its compression, V/V, (where
Vo and V are respectively, the specific volume of the
explosive before and after being shocked), 1s determined
for the same state, then the point on the Hugonlot curve
will have been determined. The compression 1s calculated
from the contlnulity equation for the explosive

_Y = U= u
v, o (11)

using equation (3) to obtaln the particle velocity, u,
of the unreacted explosive, In this manner three poilnts

CONFIDENTIAL
114



NS \NTANEOUS SHOCK VELOCITY (MM/MICROSEC)

Coleburn, Drimmer, Liddiard

CONFIDENTIAL
" 3
,I
I |
| |
1!
10 o
—~PRESSED COMP B
: ' (p * 1848 G/CM3) O swoT No.
1 O 8HOT NO. 2
]
o TT
[ 1
I
|
} (]
: é Non™m -0 O
{ D
' -
? I
o/
.‘ puin— ,.’
/ _CAST COMP B
/L’/ (pe 1,710 a/CMB)
8
) 1 l
) 2 4 s ] 0 2 |4
WEDQE THICKNESS (MM)
Fig. 4 - Instantaneous shock velecities in DATE foz 1.27-cm
thick brass compared with comp B
CONFIDENTIAL

115




T I

[ERERE]

CONFIDENTIAL

Coleburn, Drimmer, Liddiard

PRESSED COMP B

/(p'-‘ 1548 G/CM3)
/

0O sHOT NO. 3
QO SHOT NO. &

o ]
[
g 9 )
s 1Y \%
3 Iy
] Iy
] P
. i\ 0
e 8t
ot , -
g | \\-—— 1*-_—__—._—_- - Q
-d | — ===
g c
x| |
g L1
] N I
o | |
2 | CAST COMP B
w I } tpe1.710 a/cMd)
= [
f . f
- !

i /

I

' /

) y,
—"""'/
4
0 2 4 8 8 10 2 4

WEOGE THICKNESS (MM}

Fig. 5 - Instantaneous shock velocities in DATB for 2.54-cm
thick brass compared with comp B

116

CONFIDENTIAL




IN \.TANTANEOUS SHOCK VELOCITY { MM/MICROSEC)

Coleburn, Drimmer, Liddlard

CONFIDENTIAL
i
|\l
10 ™\
PRESSE
\ /(p=|.54
9 v
\ Q SHOT NO. B8
\ 0O 8sHOT NO.6
e ‘\ — e GEn Mg Gom W s — —— - —
oS-
7
: /
|/ ACAST COMP B
/ (p21.716/6MT)
6 —u>
l *
8 1
] /
,./r ’
P e ot e oy —’
4
0 2 4 6 8 10 2

THICKNESS OF EXPLOSIVE WEDGE (MM)

Fig. 6 - Instantaneous shock velocities in DATB for 3,8l-cm
thick brass compared to comp B

117

CONFIDENTIAL




e

INSTANTANEOUS SHOCK VELOCITY (MM/MICROSEC)

Coleburn, Drimmer, Liddiard
CONFIDENTIAL

o
i
u|

0 2 4 e 8 10 12 14
THICKNESS QOF EXPLOSIVE WEDGE (MM)

Fig. 7 - Instantaneous shock velocities in DATE/BRL
2741 (95/5), for 1.27-cm tkick brass

CONFIDENTIAL

118




Coleburn, Drimmer, Liddlard
CONFIDENTIAL

on the Hugonlot curve for the unreacted explosive have
been determined for pressures of approximately 75, 85, and
100 kb, The exact values, as well as the other parameters
derived from the wedge test are tabulated in Table IV,

A few explanatory remarks on the data in Table IV
are appropriate, The final, or steady value of the
instantaneous velocity, D, should be iuentlical with the
normal detonation velocity. The observed deviations from
thls value are merely the result of the difficulties of
making a precislon velocity measurement by this method.
The smallest tilt, or non-planarity of the wave as it
emerges from the exploslve wedge would alter the value
of D, Thus the measurement of D, while not good enough
for a determination of a precision detonation veloelty,
serves as’a useful measure of the normal, plane=wave
propagation assumption of the wedge test.

The fact that the shock within the explosive wedge
does not move always at its normal detonation velocit
means that the shock (or detonation) wave is "delayed
reaching a gilven depth in the explosive. The "delay
time" is defined as the difference in time of arrival of
the wave within the explosive between its actual time of
arrival and the time it would have arrived had 1t moved
always at Llts steady detonation velocity:

X in

Delay time = (time-of-arrival) - (time~of-arrival)
"observed" "steady shock" (12)

(Of course, these times of arrival are calculated for
some polnt beyond that where the steady velocity has been
attained). The fact that velocity "overshoots" ocecur,
produces the possibility that negative"delays" could be
obtained, i.e., the shoeck could arrive even before it
would have, had it travelled at 1ts steady velocity at
all times. Thus Shot 1 (with a 1.27-cm thick brass plate)
exhibit a delay time of only 0.07 microsec as contrasted
with 0.20-0.,30 microsec for the other five shots,

Wedge tests also were run for plastic bonded DATB
BRL 2741 595/5; and DATB/EPON 1001 ?95/5). With DATB
BRL 2741 (95/5) the standard 25-degree wedge failed to
build-up to detonation when a 2,54-cm thick brass plate
was used, even though the pressure developed within the
explosive was 82 kb, Build-up to detonation was obtalned
with DATB/EPON 1001 (95/5) in the 2,54-cm thick brass
plate wedge test,
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Plate-Push Tests

The NOL plate-push test measures the ability of a
5.4=cm dliameter by 6.3-cm long cylinder of explosive to
project a 5.4-cm diameter steel disec (200 g) from a small,
expendable 1.25=om thick steel mortar, The velocity im-
parted to the disec, in ft/sec, is the "plate=-push” value
of the explosive, Pure DATB gives a value of 3130 ft/sec
and 18 thus jintcimediate to TNT (2930) and Composition B

(3320).

Conclusions

1, At normal densities (1.28-1.80 g/om3) the detona-
tion velocity of DATB is about 7600 m/sec, or mcre exactly,
its veloclty is represented by

D = 2480 + 28520 (m/sse).

At a denslty equal to the orystal density of TNT

(1,654 g/om3), charges of DATB have a detonation velocity
of 7200 m/sec, or 200 m/sec greater than that of TNT of
the same density.

2, The sensitivity of DATB to rapidly-spplied,
large=amplitude shocks (as in the wedge test) is compar-
able to that of cast Composition B, This c¢ontrasts
strongly to lts behavior under slowly-applied, low=
amplitude shocks (a3 in the drop=hammer impact test),
where it is much less sensitive than even TNT.

3. ‘Lne shock sensitivity of DATB is markedly reduced
aven for rapidly~applied, large~ampllitude shoocks by the
addition of only 5% of certain plastic¢ binders.

4, 1In the wedge test (and presumably for mechanical
impacts of a simlilar nature) the velocity of the shock
wave passing through DATB starts at 4500-5000 m/sec and
accelerates to a value exceeding the normal detonation
veloclty before finally settling back to normal detonation
veloeity. In this regard , DATE behaves simllarly to
other pressed explosives, which alsc exhibit this veloclty
"overshoot",

5, The small failure diameter of DATB, 0,53 cm,
appears surprising at first glance. Its very large
impact=hammer 50% height would lead one to expect & much
larger falilure dlameter, say igmething comparable to the
l1.3=-cm diameter found for TNT+®, However, our wedge tests
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indicate that for high pressure, rapidly-appllied shocks
(such as it might also receive from its own detonation)
the sensitivity of DATB is cOmparable to that of
Composition B, The small fallure diameter lends further
gsupport to conclusion 2 above, singe the_ fallure dlameter
of Composition B is approximately O,4 .cmio,

6. Using water as a callbrated manomster, the
measured Chapman=-Jouguet pressure of DATE was found to be
257 kb, thus exceeding that of TNT by about 40F (conaider
éng i%o? explosive at its normally=-obtainable charge

ensivy,).

7. Using thls pressure value, the isentropic exporeant
of product gases from DATB at the detonation front is
caloulated to be 3.02,

8. With this value of k, the energy of dotonailon of
DATE 1s caloulated from equation (10) to be 847 eal/g, or
some 3% less than the value of 875 cal/g obtained from
~1ts measured heat of formatien,

9. The plate-pusnh value for DATB is 3130 ft/sec,
about €% higher than that of TNT,
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NON-STEADY DETONATION - A REVIEW OF PAST WORK

Sigmund J. Jacobs
U. S. Naval Ordvnance Laboratory
White Oak, Silver Spring, Maryland

Introduction

When this paper was invited for presentation at
the Third Detonation Symposium (ONR, NOL) the above title
was given as the subject. It was pointed out that the
ground to be covered should include effect of chemical
reaction rates on detonation, i.e., transitlion from defla-
gration to detondtion, growth of detonmation from an
initiating shock, factors affecting the fallure of deto-
nation, and fallure diameters. This fairly well covers
the scope of the present review. One might argue that the
effect of scaling on the rate of detonation in charges of
constant cross-section should also be included since here,
too, there is an effect of reaction rate on the hydro-
dynamics of the flow. Detonations under these circum-
stances can be considered as steady despite the fact that
the reactions are perturbed by the lateral rarefaction.
The so-called "diameter effect" will therefore be briefly
conslidered. It 1s apparent to most of us that the area of
non-steady detonations is of utmost importance, From a
practical point of view it 18 here that the problems of
safety on the one extreme and reliabllity on the other
must be attacked. From the scientific point of view it is
an area of challenging problems., At one time not too long
ago the "Theory of Detonation" was the theory of steady
flows. Today we recognize that this is only a special case
of a much broader problem, namely, to develop: "The Theory
of Non-steady Flows with Exothérmal Reactions". Before
this theory can be spelled out unamhisuougly we must
define the lmportant variables and determine their prop-
erties, Some of the variables are apparent, some are
still to be found. Much of the early work largely con-
cerned with shock initiation suffered from lack of
understanding of the amplitude, position and time
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variations in the initiating shock, There was further
lack of even qualitative understanding of the role played
by rarefaction waves, Though the situation is somewhat
better today there 1s still a temdency in some of the
work going on to ignore the importamce of these factors,
The search for other variables of importance is meanwhile
going on, We seem to have a need to go beyond the simple
conoepts of gralin burning theory versus homogeneous
reaction theory., The mechaniam for the chemical reaction
under shock seems now to require greater sophistication,
A promising ares of study seems t0 be emerging from the
disciplines of solid state physlies and chemistry., Mean-
while new effects are being discovered, and these must

be fitted into the piloture. The papers of Winning(l) and
Gibson, et al(2) should prova to furuish interesting food
for thought. Recently it was discovered at UCLRL that a
s0lid expleosives could ba made inmensitive to detonation
by preshocking the explosive, A detcnation was found to
fail if it entered a region in whioch a weak shock had
already passed, The observation is very reminiscent of
what has been called "dead pressing”. (This experiment
will be illustrated later.,) The results of this new work
may be of great value ip filling out the ploture on the
shoek lnitiation in finite cylinders. Electrical effeata
(conduetion and charge formation) have beasn found in
dielectrics including explosives subjected to shosk, The
consequences of these effects need to be plased in proper
perspective. The author has taken advantage of this
opportunity to colleet a bibliography of the papers which
he has found useful in the field of non-mtesedy dstonatione=’

Early Work

It has long been known that detonaticm sould be
initiated by the effect of a detonation from a donor
charge separated from the test chargs by an air gap or an
inert gap. Most detonators, for example, are cased in
metal sheathee, yet they can cause detonation in many
explosives, As far back asz 1931 a bulletin of the Bureau
of Mines(3) described a gap test (air) for the determi-
nation of the sensitivity of an explosive to detonation by
"influence"., This test is undoubtedly much older than the
bulletin date, Other early gap tests have been cited by
Eyring, et al(4), without source reference. Prior to 1044
the interest in non-steady effects was largely tied to
practical problems, There was work on minimum booster
requirements and work on fallure diameter. A few smear
camera observations were made on fading of detonation.

I have some old slides by Messerly and MacDougall who
worked at the Bureau of Mines (Bruceton) on an OSRD
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contract showing fading, low rate detonation*and the
effect of inert gaps on the propagation of detonation,

It was about the end of 1944 before any seriocus
attempt was made to study iniltiation of solids and liquids
by shocks, A project of the Naticnal Regearch Couneil
{Canada) to study initiation by shooks wes undertaken at
this time by Herzberg of the University of Saskatehewn,
Using both still photography (time dverage observaticu:
and smear photography Herzberg and Walwsr(5, 6) boongat
to light a number of interesting observatiouns. Using
"point" initiation, the point beling a detomator or a o
der of comparable diameter (~V1/4 inch). They unambigi
ously showed the existence of the hook in smear camera
records when a large oylindrical charge was initiated at
one end on its axis, When the detonateor was moved to the
edge of the charge a "dark gone"” was apparent, They found
that cardbcard sheets placed between the detonator and the
test charge caused the point of detonation emergence in a
receptor charge to move away from the point of initiation.
They found the critical gap at which no detonation would
propagate was quite sharp, like *1 oard in 20 (see
Eyring(4), p. 139). The observation of the nook led
Herzberg to the hypothesis that a displaced center of
initiation existed, that the shock from the detonator
caused a "low order" detcnation to propagate into the
accentor and that this low order suddenly Jjumped to high
order, In the last of his papers(6) it was said that this
was & new kind of low-order detonaticn. One sees here a

groping for words to desoribe a phenomena and a cholge of
words which really had never been defincd, that ia3, "leow
oruer aetonatvion, when Herzberg first presented a dis-
cussion of hls early work at a meeting at MeGill Univer-
sity (Toronto) late in 1944 1t excited considerable
interest and stimulated Elizabeth Boggs(?) of the Explo-
sives Research lLaboratory, ERL (Bruceton) into considering
a number of new experiments to establish the facts of the
"hook effect"., She first set down a number of working
hypotheses, These centered on two basic conflicting
arguments: &) the displaced center argument of Herzberg,
and b) & propagation theory of her own., The latter may

be paraphrased as follows: "a) The wave may propagate from
the 'point' of initiation with a non=spherical front
arising from variation in velocity with direction, and

b) The wave veloelity, in addition, may be a function of
distance from the initlating point". The experiments

e §
| I
.,-
1

* Ag far back as 1928 records of this type had been
obtained. E, Jones(24) reported such records and, inci-
dentally, the curved front in normal detomatlion at that
date.
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showed clear evidence that the wave in TNT was not propa-
gating as a true spherical front and that the wave also
varied In veloelty with distance and direction. The
discussion of Boggs anticipated many lezter explanations.
It 1s striking that neither worker ever mentioned rare-
faction wave or shock wave in connection with their
experiments, It seems that at that date waves with
reaction were Just called detonations., If the 1deas of
"shoclts with reaction” and "rarefactions with reaction”
are introduced and applied to the interpretation of the
experiments discussed by them the results become quite
clearly explained. The works of Herzberg and of Boggs
are worthy references. They contain much of value despite
their age. Ground covered by Herzterg has included:

a) "Hook" observations, b) Dark zone, ¢) Preferential
detonation in an axial direction ("channel" detonation),
d) Gap test, e) Non-uniform spreading of detonation in
l1iquids, f) Re-initliation after fading in thin layers of
explosive detonated at a center. Boggs has described:
a) Acceleration from shock to detonation, b) Effect of
off-axis propagation, c¢) Detonation around a corner or
around an arc.

During the war Jones(8) added some approximations to
the ideas of Prandtl-Meyer flow (see ref. 9) behind a
detonation wave to estimate the perturbation of lateral
rarefaction on the detonation velocity in cylinders (the
diameter effect). Eyring(10, 11, 4) used theoretical
arguments to show that the detonation in c¢ylinders would
have a curved front due to lateral expansion and then
developed an alternate perturbation theory on diameter
effect, In addition the group under Eyring at Princetomn
undertook to explain many of the non-steady effects imn
detonation by use of approximate theory. Many of these
approximations can now be improved upon but they still are
useful in giving a mathematical "feel" for the problems,.
The papers remain an interesting and useful source of
ldeas. Another source of theoretical concepts is the work
of Finklestein and Gamow(1l2). A number of additional
references pertinent to the early work on non-steady deto-
nation is to be found in a recent survey paper by the
author(13).

Poat World War II Research

The perlod 1945-1950 saw limited activity in non-
steady detonations., Eyster, Smith and %“alton(14)
developed a gap test in which wax was used as the inert
barrier. They reported 50% gaps for a number of explo-
sives. They explored the effect of gap material and
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donor charge height as well, The result of the work gave
us relztive values fer minimum shock strength needed to
‘nitiate explosives of various composition, density and
zrate,

Bowden stimulated consliderable thought on explo=
sive initiation by his papers of this period. The weork
{3 summed up in Bowden and Yoffe(1l5). Of particular
interest is the experimental work concerning deflagration
to detonation transition. Deflagration was initiated by
mild impact or by spark discharge., Along simlilar lines
Roth(16) described a number of experiments on daflagration
to detonation at the First ONR Symposium on Detenation,
The nun=steady aspects of detonation were touached on in
several other papers of that symposium, The following
should be mentioned: a) Initliation of detonation in PETN
by an exploding wire (Dewey); b) Small scale gap test,
Anomalies in the Detonation of Hydrazine Mononitrate

Priceg; cg Comments on Chemical Aspects of Detonation
Lewls); d) Non-stationary Detonation Waver in Gases
Kistiakowsky); e) Some comments on the reaction zone in
detonation of finite charges (Jacobs); £) An introduction
to the Goranson experiment on detonation pressure and
shock Hugoniots for solids (Ablard); g) Boundary Effects
on Detonation Velocity {(Parlin and Eyring).

An important result concerning the shock to deto-
nation transition was found by Mooradian and Gordon(17)
in & study on gases., They observed that both the shoegk
front veloclity and peak pressure increased in the reactive
gas after entry of 2 shock leadinsg 1o MoRT rmmea #n onm
‘oversnoot”; 1,e., & value in excess of that for a steady
detonation. They remarked:

"There can be little doubt that the pressure rise
behind the shock front 1s due to combustion of
the gases {n this reglon., Flames situated some
distance behind a shock front have often been
observed photogrephically., The gas, compressed
and heated in the shock front, begins to react
slowly, and the reaction accelerates from self-
heating. Accompanylng the rise in pressure due
to the c¢ombustion, there will be & flow of gas
out of the burning region, This gas flow will
serve to reinforce the shoek wave, which, fthus
intensified, will initiate & still more rapid
combusticn in the fresh gas. Thus the effect can
be rapldly accumulative, until at some point,
presumably when the shock wave is sufficlently
strong, the phenomenon tekes on the characteristics
of a detonation, In this "bulld-up" period, Just
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prior to detonation, pressures considerably
higher than the stable detonation pressure
sometimes appear,=--", ’

This observation and interpretation for gaseous initiation
appears applicable to the shock initiation of solids and
11quids as well. (See comments by the writer(18). Many
other workers have independently arrived at the same cone
clusion.)

In the course of studies on the shock initiation of
nitromethane at Los Alamos an interesting experiment was
devised by T. P. Cotter(19) to observe the time of initial
shock entry inte a bath of the explosive, the luminosity
developed by reaction as a funetion of time and the shock
pressure responsible for the initiation. The transparent
liquid was shocked by an obligue shoek through a barrier
containing a mirrored surface, The experiment was arranged
8o that light from a region already reacting reflected off
the mirror into a smear camera, The time of shock entry
was clearly obtalned in thils way by light cut-off., Later
the camera sees light due to reaction. Varying the barrier
thickness permitted observations on "induction time" vs,
shock amplitude, The use of velocity synchronization of
the phase velocity across the boundary to the smear camera
velocity sharpened up the details comnsiderably. Shock
strengths were determined in separate experiments by using
reflected light intensity at the shock front to determine
the index of refraction of the shocked explosive, Index
changes were related by the Lorenz law to the density in
the shocked liquid., Control experiments with Lucite
showed the index of refraction measurements to glve den=
s8ities 1in agreement with those found by more conventional
methods. In nitromethane mixtures the records showed a
dark zone, an abrupt change to a zone of moderate light
lntensity followed by a second abrupt change to a high
luminosity which gradually decayed to a steady value., In
interpreting the records Cotter made no distinction as to
where the luminosity was arising in relation to distance
from the boundary. He interpreted the brightest flash as
indicating quite nearly the time to complete reaction.

The earlier intensity increase was hypothesized to be due
to partial reaction., Times from shock entry to either
light change are proportional to each other so that
selecting either as an induction time would cause no great
error in interpreting the records in terms of an Arrhenius
equation for chemical reaction. Chaiken(20) has raised

a question as to the interpretation of the observed time
of peak luminosity. He has suggested (and there 1s good
argument to follow his suggestion) that the peak luminos-
ity arises from a detonaticn in pre-shocked explosive
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overtaking the shock front., The decay to normal luminosity
is then easlily explalned as the decay of an overdriver
detonaticn, The first luminosity to appear has been sug-
gested by Chalken to be light from a detonation originating
at the 1interface with the shock degrading mirror, A paper
by Chalken(21) at the 3rd Detonation Symposium indicates
that he will discuss this point in greater detail.,)

A question raised by this interpretation is "why should

the luminosity of a shock in a precompressed region be less
than that in an uncompressed region?" One answer suggested
is that the temperature of this detonation 1is, in fact,
lower than that of a normal detonaticn, This could be the
case if the internal energy in a highly compressed medium
1s very large. Many workers on equation of state believe
this 1s so, The paper by Cotter makes interesting reading.
It contalins many novel 1deas and techniques for the study
of detonation phenomena,

Smear camera records of the initiation of an explo-
sive (Pentolite) by an alr shock from a donor charge were
discussed by Sultanoff and Bailley(32) in a BRL Report.

It was shown that the steady detonation trace in the
acceptor (seen on the charge surface) when extrapolated
back to the air-acceptor boundary always indicated a time
later than the time of arrival of the air shock at the
boundary. Through this observation the expression
"delay-time" seems to have been coined, Delay times were
reported for several alr gap distances. A later paper from
BRL by McVey and Boyle(33) extends the work on "sympathetic
detonation” to Composition B, The Sultanoff paper contains
a few flash radiographs of the initiatlion of the acceptor,
It is unfortunate that the reproductions are rather poor
because the technique should be of great value in answering
some key questions concerning the flows oceurring behind
the initial shoiy.

At the 27th International Congress of Industrial
Chemistry (Brussels, 1954) two papers of interest were
presented, Shamgar(22) describes a gap test similar to
that of Eyster. To show the precision of the cut-off gap,
data was presented on the percentages of detonations vs.
gap height using 20 trials at each of seven gap heights,
The data shows a normal distribution in the frequency of
detonations for both TNT and Pentolite, The standard
deviation of the 50% polnt is about 1% of the critical
gap. Winning and Sterling(23) presented some interesting
Argon flash-bomb photographs on the initiation of Pentolite
cylinders by spherical shocks in water from the detonation
of a Pentolite sphere initiated at its center, Features
of the shocks and product of detonation are clearly seen
for various stages of the initiation process.
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It was about the time of the Second ONR Symposium
on Detonation (February 1955) that we began to see an
upsurge of interest in the study of non-steady detonatlons.
By this time a "feel” had been acquired for hydrodynamical
problems associated with detonation through the work of
Gorenson, Walsh, Schall, and Pack to mention a few of many
contributors. (See reference 13 for bibliography). The
idea of reaction in shocks and rarefaction waves was
beginning to replacz the ambiguous concept of low order
detonation. At the Second ONR Symposium on Detonation
a paper glven by Kirkwood and Wood(25) described the
structure of steady state plane detonation waves with
finite reaction rates in formal mathematical terms,

A second paper on diameter effect(26) was discussed by
these authors with equal formalism, A particularly later-
esting report on non-steady effects in the detonation of
liquids and single crystals was presented by Campbell,
Malin and Holland(27). They described fallure waves in
nitromethane, showed the effect of thin folls in sustaining
detonation, 1llustrated a fallure in detonation in nitro-
methane on emerging into a large container after propa-
gating in a tube and described the first wedge experiment
to observe the transient wave propagation when a single
crystal of PETN was shocked by a plane shock wave, This
latter experiment showed initially a shock in the crystal
(1t was called low=order detonation) followed by an overw
shoot in veloecity which subsequently dropped back to normal
detonatlion velocity. The result is strikingly similar to
that described by Mooradian and Gordon for gases. An
amplification of the single erystal experiment appears in
reference 28, Some very precise measurements on the

effect of particle size and diameter on detonation velocity
were presented by Malin, Campbell and Mautz(29). New
experimental evidence on the low velocity detonations in
liguids and loose solids was presented by Gurton(30).
Dewey(31) reported on the results of projectile impact in
initiating detonation. The most significant conclusion

in this paper was that when blunt nosed cylinders were fired
at the explosive the veloelty of impact to cause detonation
was independent of the projectile length but dependent on
its diameter, The shortest projectile used was 1/2" long.
Diameters were 0.3 and 0,5". Work by Whitbread and his
assoclates to be described later confirmed this result

and added significantly to its interpretation.

A classified meeting concerned with detonation
wave shaping held at the Jet Propulsion Laboratory in
June 1956 brought out several unclassified papers on shock
initiation and ¢ 1lively discussion on the subject.
Majowicz(34) described an experiment in which pellets of
explosive were initiated by am oblique shock, The
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"delay-time" was correlated with the surface velocilty
induced in an aluminum gap when the exploslve pellet was
not present. Sultanoff%35) showed both smear and framing
camera records of the 1initlation of an acceptor through
air and steel for both end shocks from a donor and oblique
shocks 1in a sandwich arrangement, The latter showed the
arrival of the shock in the acceptor quite clearly by a
surface effect and showed break-out of detonation to occur
at a polnt removed from the Iinterface as is customarily
observed for axlally symmetric donor-gap=-acceptor arrange-
ments., Cosner and Sewell(36) presented smear camera
results on the inltlation of c¢ylindrical Composition B
charges by ecylindrical donors through blockd of steel of
varyling thickness, The charges were 2-1/8 inch diameter,
3 inches long and the barrier plates were 7" diameter, It
was found that break-out of detonation in the acceptor
occurred as far as 68 mm (over 2-1/2 inches) from the
acceptor-barrier interface, An unusual result was that
within experimental error the break-out distance for
varylng barrier plate thickness was linear with time
reckoned from the time of entry into the acceptor in the
range of 15 to 68 mm from the interface, The apparent
velocity of the primary wave deduced from the slope of

the break~out distance-time curve was given as 2,54
mm/k(sec, a value very nearly that of an acoustic wave,
l.e., a wave of low pressure amplitude which could be
either an elastic or a plastic wave, The results of
Cosner and Sewell have been verified by other workers

(41, 42, 45). An impromptu discussion of the shock to
detonation transition was presented by the writer at this
meeting(18). The problem was primarily discussed in one-
dimensional hydrodynamic terms because under these con-
ditions the description of the flow and compression effects
1s considerably simplified. In essence it was postulated
that the temperature rise accompanying compression due to
the shock entering an explosive 1initiated a reaction first
at the boundary to the barrier and later behind the shock
as it progressed. When significant reaction is complete
at the boundary it will result in additional temperature
rise and a pressure increase. The temperature rise
accelerates the reaction; the pressure increase propagates
as a wave to accelerate the shock in a manner as previously
quoted from Mooradian and Gordon. Eventually the reaction
1s so fast that at some point in the medium a true deto-
nation is formed. It may develop as a continuous acceler-
ation of the shock front or it may develop behind the
primary shock and overtake the latter. In the event that
a high pressure wave develops behind the primary shock it
18 probable that the wave front will temporarily exper-
ience an "overshoot" in veloeity, 1.e., an overdriven
detonation is formed. This overdriven wave will then
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decay to a normal detonation for lack of support. It was
pointed out that in the initlatlon of cylinders one must
add the efféct of rarefactlon waves due to lateral expan-
sion. Transition to detonation appears to be a competition
between acceleration effects on the shock wave due to
reaction and decelerating effectas due to rarefaction. The
same thesis had been volced, though in less detall, 1in the
Cosner-Sewell paper. It has apparently been accepted, in
principle, by most workers in the field. In extending

this theory to apply to finlte charges only rarefaction
effects have seemed to be required as a dominant variable,
A few workers, notably the explosives group at Utah Univer-
sity, have held to the theory that long range heat transfer
is a dominant factor in the growth of detonation from a
shock, The papers of this group first considered heat
transfer through the barrier plate as a necessary condition
for detonation. As a consequence their papers have
repeatedly referred to the barrier as a "shock pass heat
filter". Later the 1dea of a heat pulse from the donor
seems to have beenh dropped in favor of a heat pulse from
the early reaction at the boundary. To account for a
strong thermal pulse observatlous which indicate that
strong shocks cause the explosive medium to become an
electrical conductor (formation of a metallic state) are
used, In applying these arguments the "heat pulse" seems
to have been given properties not described by the usual
heat conduction equations, Recent theoretical work being
reported by Enig based on the Navier-Stokes equation
(equations of motion with heat transfer and viscosity
included) lead us tc¢ bollieve that even abnormally large
heat transfer coefficlents cannot cause the thermal term
in the equations to take precedence over the momentum

terms in determining the transient flow or the reaction.
Heat transfer is a contributing factor whenever a

surface burning reaction is present. It has been found

to have some small effect in rounding off the shock fronts
but this appears to be extremely short range in the
mathematical analysis.

The reactions taking place behind a shock wave
can be considered as deflagrations if one chooses.
Courant and Friedrichs (reference 9, p. 208) have dis-
cussed deflagrations in this sense, They go even further
to show a Chapman-Jouguet detonation as a combination of
a shock and a Chapman-Jouguet deflagration. We could
therefore call a shock initiation event zs a transition
from non-CJ,to CJ deflagration behind a shock. When the
workers studying potential runaway of the burning in
s80l1id propellants coined the amusing letters DDT they
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lmplied a definition which referred to transition from
flame inltiated burning to detonation., Since DDT has
now been given more than one meaning it seems necessary
that the specific meaning be more precisely spelled out.

In May of, 1957 the Royal Soclety (London) sponsored
a "Discussion on “the Initiation and Growth of Explosion in
Solids" under the leadership of Dr. F. P, Bowden(37).
Seven papers were presented on the growth of explosion.
Yofre(38? confined his remarks largely to growth of explo-
slon from small centers in primary materiala., He pointed
out the importance of break-up of crystals in reaction of
sollds., Thls may be a worthy clue to follow in regard to
some of the yet unexplained details in the initiation of
cylindrical acceptors by relatively weak sheclka, Andreev
(39) also pursued the thesis of break-up in the initiation
of solids, suggesting that fast reaction rates develop due
to a suspension of s0lid explosive in the gaseous products.
His arguments concerning charges of low bulk density
require no mechanism for break-up since the porosity is
already present., In thls case the discussion resembles
that of Klstokowsky(58). He suggests that liquids camn
form droplets near a shock front due to instability and
turbulent effects. The remarks made seem well worth
considering in regard to both shock to detonation transition
and Iln regard to the runaway deflagration of explosives
and propellants,

Various aspects of the donor-gap-acceptor experi-
ment were discussed in the 5 remaining papers. Cachia
and Whitbread(40) discussed details of a small scale gap
test. They indicate how the shock pressure decays with
distance in a brass cylinder shocked by a donor charge
and show examples of shock velocity acceleration and decay
in acceptor charges. Their theory of the mechanism of
shock initiation parall:ls the picture previously dis-
cussed, Eichelberger and Sultanoff(41) describe gap tests
with smear and framing cameras and point out that initi-
ation by lmpact from a high speed projectile produces the
same transition history as does the shock from an inert
barrier. The discussion suppoirts the theory on initiation
already mentloned. Air shock pressures from donor charges
were given. They show an apparent order of magnitude
difference between amplitude of shocks through air and
shocks through solids in the initiation of an acceptor,
This apparent difference is likely to vanish when reflected
pressures and subsequent pressure bulld-up due to gas flow
from the donor is taken into consideration. Further
evidence confirming the findings of Cosner and Sewell are
to be found in the paper by Cook, Pack and Gey(42).
A later paper by _this group and L. N, Cosner(ﬂs) amplifies
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on the experimental work and discusses the "heat pulse”
hypothesis,

Marlow and Skidmore(43) used a pin probe method
to determine the shock front velocity in both gap material
and acceptor charge of a typlcal gap experiment. From
their measurements shock pressure in the gap material

steel or aluminum) was determined as a function of

initiation delay". Application of impedance conditiomns
between barrier and acceptor indicated that a 20 kilobar
peak pressure in the explosive (Composition B) was about
the lower limit for causing detonation in 2 inch diameter
charges., They inferred that both peak pressure and the
shape of the pressure decay behind the shock wave are
important in determining the transition to detonation.
The conditlons for build-up to detonation are interpreted
in terms of the model in which competition of rarefaction
waves and reaction effects determine whether the shock
will accelerate to a detonation. Winning(44) described
some new experimental work following the underwater shock
methods previously used by him(23). The experimental
arrangement using a spherical donor charge in a large water
bath 18 particularly attractive because the shock wave in
the water has spherical symmetry. Consequently the peak
pressure and the pressure-time relation behind the shock
can be defined with precision. Winning has used the
results published in Cole's "Underwater Explosions"
(Princeton Press, 1948) to define pressure in the water
with distance. Somewhat better results could be obtained
today by using the shock veloclty 1in the water and the
better Hugonlot equation of state for water which 1is now
avallable. The data indicate that shock pressure of the
order of 10 kllobars in the water will initlate detonation
in the 50/50 Pentolite charges investigated. A number of
experiments with modified boundaries near the acceptor
are described,

The gap experiments used by most investigators
yield useful results on relative shock sensitivity and
permit one to see qualitative features of the processes
taking place. They are difficult to interpret quantita-
tively in terms of pressure vs. time since the waves and
flows in both barrier and acceptor are influenced by both
lateral rarefactions and rarefactions in the direction of
the donor charge (the so-called Taylor wave). Though
more difficult to perform, experiments with large donor
charges which are plane wave initiated should be easler
to interpret since cne-dimensional hydrodynamic equations
should be very nearly applicable to their analysis. The
wedge experiment of references 27 and 28 and the large
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scale experiment of reference 19 suggested to Majowlcz and
Jacobs(46) a method for observing the shock to detonatlon
transition in essentlially a one-dimensional system., In
order to be able to work with weak shocks in the acceptor
and to apply the method to relatlvely opaque sollds a
wedge experiment was devised in which the arrival of a
shock on a 25° wedge of acceptor was signalled by the
interruption of light reflected from an exploding wire by
a metallized plastic fllm attached to the surface. The
shallow wedge angle of 25° makes it almost certain that
the surface blow-off after shock arrival on the thin side
of the wedge will not perturb subsequent shock and reaction
effects associated with the remainder of the shocked
explosive, Smear camera records were made of both the
boundary effect in the acceptor wedge and the motion of
the barrier plate through which the explosive was shocked.
This gives sufficlent data to determlne points on the
non-reaction Hugonliot for the explosive as well as to
determine the progress of the shock wave in its transition
to detonation., Much as predicted the transition in several
cast explosives appears as a continuous butild-up to deto-
nation velocity without overshoot, In some solids more
recently studied, e.g. TNT and Composition B at about

90% of theoretical density the transition involved an
overshoot to a velocity 1n excess of normal followed by a
decay to normal detonation velocity. This result is very
much like that described in reference 28 for a single
crystal of PETN. The Hugoniot data published in reference
46 was later found to be in error due to a drop-off in
free surface velocity of the barrier plate in the reglon
where the measurement was made. A second error was intro-
duced by using shock impedance relations to determine the
initial particle velocity and pressure in the acceptor
explosive, After correcting the data, using the measure-
ments of Drimmer for the free surface velocity of the
brass barrier and Walsh's data for the Hugonlot of brass
1t is found that the shock pressures for the HE previously
quoted should be reduced by approximately 20%. The com-
pressed density will also decrease. Details will be
reported in the unclassified write-up to be issued in the
not too distant future.

A classified conference on explosive sensitivity
held at NOL in 1957 resulted in several papers on shock
initiation. These may be found in Reference 47, One
report (Rice and Levine) will be singied out because it
describes a new approach to the study of the effect of
shocks on chemical decomposition. A perchlorate poly-
urethan propellant, 1" square cross-section, was subjected
to a modest shock from a 1-5/8" diameter plane wave
booster (baritol-pentolite) through 1 inch of steel,
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The shocked charge was recovered, sectlioned, and analyzed.
It was found that the amount of perchlorate in the samples
had decreased; the greatest decrease occurring at polnts
in the charge where the shock amplitude would have been
greatest., The shocks were much too weak to have resulted
in appreciable temperature rise on the average. One must
conclude that local regions had been subjected to suf-
ficiently high energy to cause decomposition. Hot spots
were postulated as being formed. One should not rest with
this conclusion. Local lnhomogenelties can cause shears
or fractures and these could be the means of hot spots for
motion.

The mechanism for builld up tn~ detonation from shock
has been cne of the problems undertaken by Aernutronics
under a Bureau of Ordnance Contract on the "Study of
Detonation Behavior of Solid Propellants”. Their first
and second Quarterly Reports(48) deseribe the computation
of shoek to detonation transition in a one dimensional
model based on the equations of motion without heat trans-
fer and viscosity terms and based on an Arrhenius equation
for chemical reaction. Although the number of points used
in a von Neumann Richtmyer approach to the numerical solu-
tion 1is small, the results show clearly the onset of
reaction at the point where the shock begins and a reactive
wave overtaking the primary relatively unreactive shock,
Two examples are shown in which the initlal pressure pulse
is cut off after a tilme, « They show a distinction
between fallure to detonate and build-up to detomnation.

The time difference is very small in the examples chosen
being 7 = 0,70 A4 sec as sufficient to establish a deto-
nation and " = 0,69 for failure to detonate. The work was
subsequently published by Hubbard and Johnson(49). Later
work under this contract(50) has included a) the varying of
the parameters; b) introduction of a model for decomposi~
tion combining homogeneous and surface burning reaction in
competition with each other; c¢) addition of dissipation

to simulate lateral expansion; and recently d) an attempt
to introduce heat transfer and viscosity terms in the
equation of motion, At this stage of the work it is quilte
evident that the build-up to detonation can be demonstrated
mathematically without recourse to the inclusion of heat
transfer or viscosity cffects.

Brown, Steel and Whitbread(51) reporting on the
impact of metal cylinders to initiate explosives showed
that the velocity for 50% probability of detonation was
independent of length until the length was in the vicinity
of 1/4 to 1/10 of the diameter. For 3 metals at a given
diameter it was shown a) that the time for sustaining the
shock to effect detonation in the explosives was independent
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of the metal used, and b) the amplitude of the shock in
the explosive was also independent of the metal used,

This result may be taken as experimental evidence of the
amplitude~time dependence for go-no go predicted by
numerical calculations as cited above, The critical
thickness in cylinder impact at a given velccity is indic-
ative of the condition that for long cylinders lateral
rarefaction in either the HE, or the metal, or both deter-
mine the effective duration of the pressure pulse. For
thin disks the thickness determines the pulse duration,
The critical cylinder height may be assumed as that at
which rarefactions from the rear are strongly adding to
the lateral rarefaction to quench reaction build-up. One
would expect for higher impact velocities in a given
diameter that the back rarefaction would become completely
controlling.

In the studies of detonation propagation and also
1n shock inltiation some unusual effects have been
reported. In_dlscussion of the card gap test using nitro-
methane as the acceptor, Van Dolah and his coworkers(52)
showed the 50% gap was increased when aluminum was sub-
stituted for steel as the confining tube. Both tubes were
of equal wall thickness, One might attribute this
reversal of expectatlon to a catalytic effect of the
aluminum. In another report by this group(53) on an
amine-nitric acid mixture, however, one finds that the gap
height 1s also increased when the wall thicknass of alu-
minum, steel and glass is decreased. This result suggests
that either a flow effect at the boundary between the
acceptor and the contalner or a rarefaction may be respon-
Slble for the apparent increase in sensitivity. Adams,
Holden and Whitbread(54) reporting on the shock initlation
of single crystals of RDX have shown a related anomaly.
They found 1lnstances in which the crystal was initiated at
the free boundary of the crystal. They suggest fracture
and spalling into air as a possible explaration of their
result. Winoing(55, 1) has found a case in which nitro-
glycerine was not initiated by the shock from a detonator
or through a gap buc in which subsequent initiation
occurred in a reglon where rarefactions from the lightly
confined boundaries was undoubtedly present. Similar
results were found by the Bureau of Mines group(2).

An opposite effect has been found by & number or
workers., Johansson, et ai(56) found that detonation in a
dynamite charge in a polyethylene tube of greater inner
dlameter than the charge diameter could be gquenched after
initlation. The effect was explained by noting that air
shecks could travel ahead of the detonation and precompress
the charge. This explanation, which appears to be correct,
indicates that for mild compressions the effect of change
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in density due to compression can more than offset the
adiabatic heating in determining whether a detonation will
propagate in a given diameter, More recently a simllar
but even more unexpected result was found by workers at
UCLRL (Weingart and Eby). A follow-up on the latter work
by Liddiard and Drimmer(57) has confirmed that detonation
in thin layers of duPont's EL-506 could be quenched when
the detonation encountered a region in which a shock of
about 10-20 kilobars peak amplitude was traveling. The
Livermore group has actually recovered part of the explo-
sive in these experiments. These results lend further
evidence to the interpretation that mild shock compression
in solids can reduce the sensitivity to subsequent shock
of high amplitude. Work on a liquid explosive has not
produced as clean-cut a result,

Detonations from Deflagating Explosives or Propellants

The use of large rocket motors comntalning solid
propellant charges has pointed up questions regarding
development of detonmation when the motor is ignited in 1its
normal mode of operation., Deflagration to detonation
transition (DDT) was coined by workers interested in this
problem a8 a covering description of the research effort.
The bulld-up to detonation from a shock has been envisioned
as the final step of a series of events in which deflagration
might accelerate to form shocks followed by the transition
to detonation. In view of this concept, gap tests were
first undertaken to establish the intrinsic detonability
of the materlals of interest. It was found that many
propellants could not be detonated even in very large scale
gap teats as long as they were tested in manufactured form.
This result seems to indicate that the explosion hazard
of large propellant grains falling in this category must be
investigated in experiments to determine conditions for
deflagration run-away far short of the actual detonations,

The literature on burning to detonation from fires
18 not very extensive at the present time., Kistiakowsky(58)
discussed the mechanism whereby a mildly initiated defla-
gration could accelerate to a detonation in porous beds of
explosive or propellant, Griffiths and 3recock(59) have
discussed experimental measurements and the theory of
burning to detonation. A study of deflagratior zccgleration
in cast solids has been in progress at the NOL. Macek and
his coworkers(60-63) have found that in heavily confined
steel tubes, cast Pentolite and DINA, relatively shock
sensitive explosives would not accelerate to a detomation
for a relatively long distance after ignitionm by a hot
wire., Their experiments and theory tend to confirm the
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belief that the problem can be separated into deflagration
and shock transition events, It may be pointed out that
gap tests, to be successful, must be conducted in diameters
greater than the ecritical failure diameter for the material
being tested., Failure dlameters for many propellants
appear to be 8¢ large that they have not been detonated
without introduction of gross porosity. The Ma¥ek experi-
ments showed 1/2" diameter DINA charges (failure diameter
r 1/4" unconfined) under heavy sonfinement to require
savaral insches of wave travel from the initiator before
detonation would develop. This result leads the writer

tc believe that the propallant problem is largely in an
area unexplored by the explosives workers, an area linked
to the effect of compressions on physical properties of

the propellant, Explosives workeras can undoubtedly oon=-
tribute to this area of study as much as they have in

more familiar territory.
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An Interpretive Summary

The Influence of reaction rate on the initiation
of detonation and on the rate of detonation seems to have
been recognized long before 1940. There was, however, a
vagueness 1in describing known experimental results. The
materials used in a detonator, for example, were classed
as primary explosives because they could be detonated when
stimulated by a mild thermal energy source such as a hot
wire or a spark. The classing of primary explosives as
more sensitive might alsoc be accepted as recognition that
their reactlon rates were higher. Initiation of detonation
by influence was experimentally known but the nature of
the 1unfluence does not appear to have been understood.
The effect of diameter and confinement on detonation rates
was also experimentally known, The existence of detonations
which propagated at low velocity had been established and
transition from low rate to high rate under certain con-
ditions was an experimental fact. During World War II
two theories of dlameter effect were born (H. Jones, H.
Eyring). Both recognized that a finite reaction zone
or reaction time must exist in the wave and that it was
the interplay between lateral expansion and this reaction
time which contributed to a slowing down of the detonation.
In the early 40's a number of people struggled with the
problem of how the reaction was initiated in a detonation
and how 1t proceeded. There was a strong feeling that
reactions in homogeneous materials like liquids could not
be completed in times of the right order of magnitude if
the reaction was 1initiated by adiabatic compression to
detonation preassures., This stumbling block was removed
to a great extent when von Neumann suggested that a steady
detonation first displays a shock compression at the front
and the shock pressure could exceed that of the reacted
medium. Meanwhlle an explanation for reaction in porous
80lids leaned 1n the direction of surface burning reactions
initiated at "hot spota". The latter idea was put into a
mathematical description by Eyring and his coworkers.
The case for cast solids remained as a problem area.
Closely linked to the diameter effect were the observations
that tapered charges exhibited abrupt failure to detonate
when the propagating wave passed from the large diameter
end toward the small. The effect has been treated by
Eyring as a perturbation of the diameter effect. The
abrupt fallure was not too satisfactorily explained until
much later,

The period 1944-45 saw the beginnings of fruitful
studies on the shock initiation of detonation. Herzberg

in Canada and Boggs in the United States investigated the
transition from shock to detonation and transition effects
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in propagating from small dlameter columns to large diam-
eter charges of the same composition and density. Both
types of experiment gave very simllar results in smear
camers observatlions even though it 1s now apparenv that
there were some fundamental differences in the boundary
conditions., In the experiments where cards were placed
between a detonator or a donor charge and the acceptor

one may expect that the inltial shock in the acceptor will
be weaker than that when the 1initiating column is of the
same composition as the acceptor. In both types of exper-
iment we now see that rarefaction waves wilill influence
shock velocity and reaction rates in some regions of the
acceptcr. The theories of Herzberg (displaced detonation
center) and Boggs (non-isotropic propagation) regarding
the observations are brought into line when their experi-
ments are examined in the light of hydrodynamic flows with
reaction in which shocks, rarefactions and reaction rates
are considered to mutually influence each other at the
same time, In cylindrically symmetric experiments it is
apparerit that the shock amplitude in the acceptor is a
function of the radius and of the time, being highest in
amplitude on the charge axls. When detonators, detonators
separated by cards, columns separated by cards or low
density donor charges are used the boundary conditions
invariably result in shocks weaker than detonations in the
acceptor, Under these conditions the reaction must be
initiated and then must catch up to the shock front in
order to have a detonation 1in the acceptor. Meanwhile
rarefactions follow the shock compression due to the out-
ward motion at several boundaries., The result seen at

the charge surface is invariably a hook or a dark zone in
the smear camera trace, When the donor column is the same
composition and denslty as the acceptor one might expect
the detonation to continue steadlily into the acceptor in a
cylindrical zone of dlameter equal to that of the donor
column, This detonation will cause a "bow wave" in the
external zone and detonatlon may be expected to spread
radially but show a delay relative to uniform spherical
detonation as it propagates due to transition effects
behind this weaker shock wave, Herzberg has records which
show just this. Even though the detonation never had to
develop from a weaker shock in the acceptor core the result
is a hook in the wave arrival as seen at the charge surface.
It is clear from Just the experimental examples of Herzberg
and of Boggs that one cannot treat all cases of transition
to detonation as manifestations of the same thing unless
that same thing includes the interplay between reactlions,
shock, and rarefactions. Likewlse one cannot treat all
reactions 1ln shocks as being alike. Some appear to follow
homogeneous reaction laws, others seem to require surface
burning, and undoubtedly many require consideration of the
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competition or cooperation of more than one mechanlsm 1n
the reaction model.

Except for a lull during the few years followlng
the war one finds the subject of shock initlation of
detonation as one of the dominant areas being investl-
gated 1in regard to non-steady propagation influenced by
reaction effects. The investigations are sheddlng light
on the problem, This preoccupation is quite logical,

In steady detonations the perturbations on the reaction
are relatively small, The steady-state conditions tend to
make people lose sight of the chemical reaction as some-
thing associated with a particular region in the charge.
We think of moving with the wave not the particle 1in
examining the results of our dlameter effect experilmeants,
In shock initiation we are more inclined to begin to look
at each region in a charge and ask ourselves "What 1is
happening to the material here and how does this compare
with what is happening elsewhere?" The recognition of
rarefactions as influences on reactions lead us naturally
to attempt to eliminate them or minimize their effect.

The ideal shock initiation experiment would be that in
which an explosive 18 subjected to a step-shock and then
studied to determine 1ts response hydrodynamically and
chemically to thls shock. We approach this ideal by going
to plane wave systems., The work in this direction has
demonstrated that it is possible to learn much about explo-
sives in this way. Equally important is the fact that
reducing experiments to one~dimensional geometry, even
though the shocks may be followed by rarefactions, leads
to results that can be analyzed or independently sub=
stantiated by numerical computations. In programming a
numerical calculation it is now poasible to throw in almost
any varlable for examination. All conservation laws are
rigorously adhered to and many models may be examined for
the reactions., If one wishes to establish the effect of
heat transfer and viscosity; this, too, can be done. In
the few instantes where these terms have been introduced
into computation their influence has been found to be
small even when coefflcients of viscosity and heat transfer
have been made unrealistically large. The computation
methods have directed our attention to the need for more
precise data in certaln areas., For example, we now find
need for the equation of state of unreacted explosive,

and thls equation must define the temperature to a reason-
able degree of precision. Even without the best available
input data we find computer runs confirming 1in a general
way both the experimental observations and our more recent
theoretical guesses based on hydrodynamic considerations
concerning the events taking place when an explosive 1is
shocked, By varyling the reaction parameters one can find
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either a smooth inerease in velocity to detonation velocity
or a detonation forming behind the shock leading to an
abrupt Jump in shock front veloclty followed by a decay to
the normal Chapman-Jouguet detonation veloclty.

Experiments which have approximated one-dimensional
flows have given us information on the shock Hugonlots for
explosives which have not yet reacted., This information
has been correlated to the subsequent transition event.

It is found that liquids free from bubbles appear to have
reaction rates due to adiabatic compression in agreement
with thermal decomposition rates for homogeneous fluids,
The same appears to be approached fairly well by single
crystals, Cast, pressed and loose solids seem to require
surface burning concepts to explain the relatively small
dependence of transition times on shock amplitude, These
materials also show dependence of transition time on
particle size (the RDX/TNT system is a good example). To
be sure some of the results have been anticipated from

0old data. Reduction of grain aize in TNT castings by
cream casting, for example, has long been a requirement
for assuring reliable propagation in charges of usual
ordnance application. The one~dimensional experiments may
be expected to gulde us in the better understanding of all
initiation problems in which the boundary conditions are
more complex, They can supply input data for 2-dimensional
non-steady state calculations. We already are able to
interpret much of the gap test results in terms of a
hydrodynamic model. A fuzzy area develops in gap experi-
ments when it 1s found that a wave can propagate almost
two diameters into a charge at nearly acoustic velocity
before a truly high pressure reaction takes place, This
can be explained by a slight advantage in the unbalance
between reaction effects and rarefaction in favor of the
reaction, This would imply that the wave slowly accel-
erates in rate until at some point reaction 1s rapid enough
to cause rapid speed up of the wave. Although this idea
seems to be a satisfactory explanation it would seem to
need further confirmation.

The rarefactions behind a shock in a cylinder of
explosive are worthy of further examination., Calculations
on a one-dimensiondl cylindrical rarefaction were used by
the writer to approximate the condition behind a shock.
The results show pressure dropping to zero in the axis
region while positive pressures exist farther out. One
might expect cavitation behind a shock under these con-
ditions and such cavitation has, in fact, been observed
by Vodar in plastic rods. The experiments of Gibson also
seem to show cavitation in a column of liquid explosive
in which a shock 1is moving down the axis. It seems
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reasonable that cavitation in solids and even liquids can
be considered as a fracture phenmomenon. Thils approach
could give sowe accounting for initliation of reaction 1in a
reglon of rarefaction thus giving a clue to the results of
Winning and of Glbson, The argument, 1f substantlated,
could possibly have bearing on the weak shock case for gap
experiments in solids.

The effect of acceptor confinement in the 50% gap
test for liquids has appeared to be anomalous to the
shock-reaction hypothesis 1in at least two liguids. 1In
searching for new varlables to examine for explaining the
results we find several to consider., First there is the
meeting of rarefactions at the axis. Second, we note that
shocks moving along boundaries between two media will
generally result in a flow discontinulty at the boundary.
The result can be a shear, or a bulld-up of a viscous or
turbulent boundary layer; any of which effects could be
the source of enough local energy concentration to start a
reactlon. In the case of thin walls there 1is a further
possiblility of fracture of the moving wall leading to a
localized flow of liqulid to create frictional heating.

In the case of some metals, as for example aluminum, the
metal could enter into reactlon with the explosive when
new surfaces are exposed as a consequence of plastic flow,
The experimental result found by UCLRL that weak shocks
can make an exploslve solld less sensitlve to detonation
appears to have some bearing on the gap experiment, One
can see the possibillity that immediately behind the shock
in those cases where thick barriers are used the exploslve
wlll not be capable of initliation by a second shock even
if it 18 relatively strong. The experiments of Cook, et al,
involving colliding shock might find a hydrodynamic expla=
nation in this experimental observation.

The disk impact experiments of Brown and Whitbread
have glven us useful information on the required pulse
duration to cause transition to detonation. In this regard
they give more pertinent information than the "delay time"
in establishing the induction time. The experiments sug-
gest that for thick disks 1t 1s the radial rarefaction in
the explosive which is responsible for quenching a reaction
Initiated by adlabatic compression., If we estimate the
sound speed in solid HE from the slope of the Hugoniot
p- @ curve at,about 50 kilobars we find = wzluz of about
5 to 6 mm/usec. This is about the velocity one might
expect in aluminum (the metal of highest wave velocity
used) at this pressure. The experiment suggests that
promising results could be obtained by the use of flying
sheets of metal of larger diameter in an experiment
employing wedges of explosive and smear camera observations.
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The study of detonation effects influenced by
chemical reaction rates is seen to be largely concentrated,
at the moment, in atudies of the initiation of detonation
by shocks. This approach appears to be paying off, leading
to the acqulislition of knowledge which can be applied to
the interpretation of results of other experimental ocon-
diticns in which reaction rates play a signifisant role,

We find experimental evidence which is forcing us to
include variables other than adlabatic compression and
rarefaction for explanation. The writer balieves the
variables to be examined are boundary flow discontinuities
and loocalized discontinulties which may be broadly stated
as being due to tae imparfections in the medium,
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THE SHOCK INITIATION OF DETONATION IN
LIQUID EXPLOSIVES

William A. Gey and Karl Kinaga
U. S. Naval Ordnance Test Station
China Lake, California

Shock Initiation. This study was undertaken in order to
obtain more experimental data on the transition from deflagration to
detonation in explosives which have been subjected to shock compression
from a detonating explcsive through an inert barrier. Transparent
liquid explosives were used in order to follow the reaction inside the
explosive, and a streak camera used to obtain high time-space resolu-
tion. The effectiveness of the method is illustrated by Fig. 1, which
is a streak camera picture of the initiation of detonation.

The initiation of detonation of liquid TNT, nitroglycerine
(NG), nitromethane (NM), ethyl nitrate (EN), and trimethylolethane
trinitrate (TMETN), was studied by this technique. The main feature
vhich appeared is that all these liquids are relatively insensitive to
compressional shocks, compared to solid explosives. This statement
must be qulaified, in that observations were made of detonation of
nitroglycerine through barriers of several centimeters of glass, but
the mechanism is fundamentally different from the initial shock
compression initiation, since detonation does not occur until the
explosivz has expanded. This second phenomenon may be more pertinent
to the transition to detonation in solid explosives when subjected to
weak shocks, and deserves more study.

Experimental Procedures. The initiations were photographed
with a ,010" slit Beckman-Whitley streak camera operated at 300 to
450 rps, corresponding to a writing speed of 1.9678 to 2.9516 mm/u
second. The mirror speed was checked on each firing with an electronic
chronograph counter. Eastman Kodak Royal X Pan film was used to obtain
the highest light collection possible. The donor charges were all
3.5 em. (d) Composition B, 10 to 12.5 cm. in length; the interruptors
6.5 - 8.0 cm. square glass plates; and the receptor explosive was
contained in L to 7.5 cm. diameter glass cylinders, with, in some
cases, mirrors mounted on top to view the charge axially on the same
film. Figure 1 shows a typical setup with nitroglycerine as the
receptor with a mirror on top. In most experiments a backlight
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consisting of a 3.7 cm. diameter Tetryl pellet in the end of a card-
board 15" tube was used to illuminate the shock transmission in the
glass and the events in the explosives.

The explosives used were TNT, Picatlnny Arsenal Grade 1;
Nitromethane, Eastman Kodak Yellow Label; Ethyl Nitrate, Eastman Kodak
White Label; and Nitroglycerine, extracte¢ from special dynamite with
acetone and precipitated and washed with water at the firing site.
Several analyses of the nitroglycerine sheowed 99+% purity in each case.

Temperatyres of the liquid TNT were measured with a thermo-
couple. Film data was measured with a travelling microscope to
determine , the time between entrance of the shock into the receptor

and the transition.

Results of Liquid TNT. The results of a series of shock tests
on liquid TNT at various temperatures are shown in Fig. 2 and Table 1.
The critical glass thickness for initiation of detonation appears to
increase only from 7 mm at 100°C to 9 mm at 170°C. The delay time to
transition, measured as the time from entrance to the shock in the
receptor to speedup of the shock front viewed in the mirror, cannot
simply be plotted vs. glass interruptor thickness because of the
influence of ambient temperature. A temperature effect of the shock
was calculated from the time delay by the equation

A +B (1)
RT,

1}

log:T

where .5-3-0—3
Ch RT
B = ___Hg -AS/R (2)
Qk A C
with A B = 3.4 keal/mole (3), Q = 2.23 keal/mole,

3.2 eu. (2)

C = 90 cal/mole/deg, AS*

h is the Planck constant, k the Boltzmann
constant, and plotted in Fig. 3.

The data are reasonably self-consistent with temperature
rise in the range of 400-500° for detonation.

Figure 4 shows a plot of measured initial shock velocity in
liquid TNT vs. glass interruptor thickness, the data iacluding shocks
which resulted in detonations as well as failures as indicated. The
coincidence of the initial velocities of the shocks in the experiments
which resulted in detonations and nor-detonations appear to support
the postulate that the initial compression wave 1is relatively
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unsupported by any energy supplied by reaction of explosive (4). There
is in the case of initiation of detonation therefore an induction

pericd before the reaction becomes rapid enough to contribute energy

to the wave, as outlined by Jacobs. The higher density in the compressed
explosive contributes to higher velocity but cannot explain wave
velocities above 15,000 m/sec., the appearance of which in detonation
wave pictures are probably phase phenocmena (5 and €).

Qther Liquid Explosives. The effect of shock on the other
liquid explosives all exhibit similar phenomena. Table 2 summarizes
the data and Fig. 5 presents the initial veloeity vs §; results of all
these oxplosives. Again it appears that the initial compressitn wave
is not supported by reaction. Figure € shows another initiation of
nitroglycerine in a 7.0 cm (d) eylinder, illustrating almost planar
initiating wave surface 1n the image observed by the mirror on top.

|
TABLE 1. Shock Velocity and Delay to Detonation in

Liquid Thu i

i

. Initial wave Delay ia“'b
Tegperature, 8y, © velonity, detenation, Result {
°c mm mm/usec psec |
100 h.oy i 0.5 go '
lOO ,u;Ol s 0-5 i g(\ | ‘ 1
108 10.46 P50 e no {
110 5.05 e 1.1 ge
110 5.1 i 0.5 go
112 7-11 XXX 280 g0
118 7.06 e ‘e g0
119 6.07 Lroo 0.8 g0
12C 4.83 X700 0. g0
122 8.40 4650 el 1o :
oo :\.‘b 4":0 L nr
24,5 7.7 4350 e no
127.6 5,92 o 1.4 go
128 7.80 4310 ves no
129 4,83 vees 0.5 Eo
139 8.05 4340 0.9 g0
159 12,44 $00 Voo no
160 9.1k 5300 0.8 go
160 12,20 3850 . no
162 10.44 3950 ‘ee no
164 8.69 k530 3.8 go
166.5 7.01 teee 0.5 g0
168 10.50 k150 coo no
18¢ 9.93 L350 ves no
184 10.97 4250 cea no
¢ Glase interruptor tnickness.
Measured as time frox shock entering receptor to wave
epeedup.
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S y. A study was made of the initiation of detonation
by shock in transparent liquid explosives in the region of critical
shock intensity. In most cases the velocity of the transmitted shock
in the liquid receptor, for cases whizh did or did not result in
detonation, was not appreciably different. Delay time to detonation
was used in the case of TNT, ° ‘th thermal decomposition data, to
calculate the temperature rise in the compresailon wave as 420 to 500°.

TAELE 2. Shoeck Velocity and Delay to Detonation
in Other Liquid Expleosives

Initial wave, Delay to
Explosive 81, velocity, detcnation, Result
o mm/usec , mn/usec
HM 6'18 LY I ] 006 80
NG i“-83 v : ‘7*77 005 o so
- )"'95 5800 009 gO
6.25 4500 1.8 g0
6060 %m LI ) no
8.86 L600 2.0 &°
&.89 LsLo oo no
1k,38 3140 . no
1903 39% _ ‘o it v ‘
m 3019 cs e 006 go
L,22 Ly70 . no
5.69 L8oo - no
5.69 Lg70 0.7 g0
T.72 L480 AN no
5.3 k550 veo no
EN 6.02 0.45 go
6.10 L I ) Ol6 go
6'12 LN K N ) Obh go
9.5 Lze0. 1.8 g0
+0.5%  T7.92 L640 3.0 go
quinone
UNCLASSIFIED

162



Gey & Kinaga

URCLASSIFIED

1.

2,

Ubbelohde, A. R., Phil. Trans A2kl (1948) 281.

REFERENCES

T. K. Collins and M. A. Cook, Tech, Report XLVIII, 15 Dec 1955
Inst. for Study of Rate Processes, U. Utah.

A. J. B. Robertscn, Trans Far. Soc. 44,977 (1948).
S. J. Jacobs, ARS Journal, Feb 1960.
¢, W. Mautz, N. Y. meeting of APS.

Cook,

Pack, Cosner, and Gey.

Jarn 1959.

J. Applo Physc 39, 1579 (1959)'

163

UNCLASSIFIED




CONFIDENTIAL

SENSITIVITY OF PROPELLANTS .

W. W. Brandon and K. F. Ockert 4
Rohn. & Haas Company
Redstone Arsenal Reseazch Division
Huntsville, Alabama

ABSTRACT - High explosives are capable of propagating
stable detonation at very small diameters (less than 1/4 inch). Solid
propellants containing reactive binders, such as pitrs compounds or
nitrate esters, require larger diameters (from 1/2 to 2 inches), de-
- pending upon & number of factors, and are generally less sensitive
to shock initiation than conventional explosives, as measured by the
card gap sensitivity test.

Aluminized ammonium perchlorate-centaining plastisol ni-
trocellulcse composite propellant exhibits regular differences in hoth
minimum diameter and card gap value between steel and cardboard
confinement., Initiation is easgier in the heavier confinement. These
differences vanish at charge diameters appreciably above minimum.
As has been shown with ammonium perchlcrate alone, perchlorate
particle alze in propellant affects minimum diameter in light confine-
ment but not gap sensitivity. Thus larger (65-micron) oxidizer par-
ticle size raises the minimum diameter without correspondingly re-
ducing detonation hazard. The omission of the oxidizer or substitu-
tion of potassium chloride has no effect on propecllant critical diameter
or card value in heavy confinement; in light confinement, the highest
gap value and smallest minirnum diameter are shown by the base
alone, without dispersed crystalline phase.

A liquid monopropellant, hydrazine saturated with dekazene,
has been found to have a minimum diameter and card gap value simi-
lar to those of petrin acrylate composite solid propellant.
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Introduction - Solid rocket propellants and many of their
constituents are explosivesa. As such they constitute hazards in syn-
thegis, manufacture, transportation and handling, and ultimate utili-
gation, In the course of an investigation by this Division into the nature
and definition of detonation sensitivity as applied to solid propellants,
it became useful to have a simple means of ranking the materials
under study. Such a means was the card gap test!. This test has been
successfully applied to the examination of the effect of oxidizer par-
ticle size, of charge confinement, and of temperature on shock sensi-
tivity of composite propellant; the effect of solids loading on apparent
sensitivity; and comparative minimum diameters and gap sensitivities
of a number of propellant types.

Effect of Acceptor Confinement - Degree of confinement has
a significant effect on the datonability of propeliazis. JOha=saz oI

Soinnogite fasmoigiion iibbw (i double-base powder, 32% triethyl-
ene glycol dinitrate, 1% resorcinol, 20% aluminum (Alcoa 140), 30%

ammonium perchlorate (35-micron weight median diameter, 95% be-

tween 4. 4 and 93 microns)) were cast in stesl water pipe and in card-
board cylinders, and minimum diameter and card gap values were de-
terinined.

Plots of card value aguinst charge size gave two straight
lines, intercepting the abscissa at the respective minimum diamaeters
(Figure 2)*. The limiting diameter indicated in the Figure is the
largest subcritical diameter experimentally tested, i, e., stable deto-
nation does not propayate at that diameter, The lirmiting diameter is
higher in cardboard than in steel but the slope of the line in the former
case is greater, so that at 2 inches, the two lines intersect. Above

' Owing to considerations of minimum or critical diameter, a certain
meaasure of flexibility in this test as regards charge size is necessary.
The distinctive features of the test referred to here are 1) the use
of a heavy booster of Composition C-4 explosive, 2) maintenance of
fixed scaling between donor and acceptor, regardless of charge size
(Figure 1), and 3) determination of gap sensitivity above the experi-
mentally established minimum diameter. (Cf. Ref. (1))

2 The reader unfamiliar with this form of presentation should bear in
mind that b >ster size is increased with acceptor size. Consequently
an increase in card value is to be expected., In these tests donor,
gap, and acceptor always lave diameters equal to each other. Donor
length-to-diameter rat.c is maintained at 3 and that of the acceptor
is 4 or greater.
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this diameter the charges are effectively self-confined and no further
differences in card value are observed. (Data obtained at 3 inches,
since the Figure was drawn, indicate continued linear congruence.
Gap values were 202 and 192 in steel and cardboard, respectively.)

Effect of Oxidizer Particle Size - Of the different substances
examined in the earlier study (1), all but one exhibited the type of re-
lationship shown in Figure 2, viz., a linear function of positive slope
intercepting the abscissa at critical diameter. The exception was am-
monium perchlorate containing a small amount of fuel (0. 5% magnesium
stearate). Although the card values plotted in the usual straight-line
fashion, regardless of perchlorate particle size, the minimum diame-
ters varied wicfely with particle size in light confinement and were sig-
nificantly larger than the extrapolated intercept. An abrupt change was
observed ruch that the card values were not low near minimum diame-
ter.

The effect of oxidizer particle size has been confirmed in
propellant (Figure 3). Propellant formulation 116bn has the identical
chemical composition as that represented in Figure 2; the sole differ-
ence between the two is the substitution of 65-micron perchlorate (95%
between 6 and 130 microns). Card values of cardboard-confined charges
decrease linearly as diameter is reduced to 1. 6 inches; diminishing
the diameter by another quarter of an inch places it below critical.

(The graph implies that the change is discontinuous, owing to the fact
that quarter-inch increments are customary. Smaller increments
would show a rapid but continuous drop to the base line.)

Comparison of the data for the two propellants (Figure 4)
shows that changing the oxidizer particle size has little effect on gap
sensitivity in either light or heavy confinement, but makes its influ-
ence felt on critical diameter alone.

Sensitivity of Propellant Ingredients - The constituents of
plastisol-type propellants, with the exception of aluminum, have posi-
tive heats of explosion, i.e., evolve heat. This includes the double-
base powder, the plasticizer (triethylene glycol dinitrate), and ammo-
nium perchlorate. Each can be expected to contribute to the support
of stable detonation once initiated. In order to compare the ease of
initiation of each constituent minimum diameters and card gap values
were determined (Table I).

In steel confinement, the presence or absence of a dispersed
crystalline phase has no effect on either minimum diameter or card
value. Under conditions of light confinement, on the other hand, the
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homogeneous base has the smallest critical diameter and the highest
gap sensitivity at 2 inches. The inert-loaded propellant has a high
minimum diameter and relatively low card value, while the perchlo-
rate-containing formulation occupies intermediate positions. The in-
sensitivity of the plasticizer is emphasized by the fact that the gap
value in steel is less than that of the other constituents in cardboard.

The relationship among the three formulations is more readily
seen in Figure 5. It is interesting to note that the limiting diameter
of the base alone in light confinement appears exactly at the extrapo-
lated point for normal propellant and, in fact, coincides with that of
116bw, which contains the smaller-size oxidizer.

These results strongly suggest that initiation is effected
through the plasticized nitrocellulose continuous phase. Introduction
of a crystalline digpersed phase reduces the energy release per unit
cross-sectional area, either by simple dilution and/or by absorption
of energy in the dispersed phase. The intermediate values with the
live oxidizer indicate that energy absorption by the dispersed phase
is in some measure offset by energy released by decomposition of the
perchlorate. The invariance of the results determined in steel con-
trasted with the differences in cardboard serve to demonstrate the
delicacy of the balance between internal and external energy losses.

(The base formulation still contains aluminum, which com-
prises 20% of the finished propellant. Recently determined minimum
diameters of base from which this aluminum is absent have been sig-
nificantly greater than those shown in Table I: between 0. 82 and 1. 05
inches in steel and greater than 2. 07 inches in cardboard. These are
a half-inch more in heavy confinement and at least 3/4 inch more in
light confinement than corresponding values for aluminum-cnntaining
base. If minimum diameter be taken as an index of detonation sensi-
tivity, then aluminum would appear to increase the sensitivity of the
plasticized double-base powder matrix. The physical consolidation
of the charges was so poor and nonhomogeneous that further experi-
ments must be made.)

Effect of Charge Temperature on Apparent Sensitivity - The
card gap values of plastisol-type propellant change very slowly with
conditioning temperature. Over the range from -40° to +130°F, the
numbers increase linearly at 28 cards per 100 Fahrenheit degrees
(Figure 6). Since normal variation is ts cards, these results indi-
cate that card gap values are unaffected by temperature under normal

ambient conditions.
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Comparative Gap Sensitivities - Although screening of mate-
rials is not the primary object of this program, sufficient data have
accumulated to compare a number of substances as regards minimum
diameter and card gap value under various conditions of confinement
and size.

Desrite the exceptions noted above, the data (Table II) confirm
the general relationship between critical diameter and card gap value,
namely, the smaller the minimum diameter, the greater the sensitivity.
Thus Composition C-4 explosive (1.33 gm/cc)(91% RDX) has a very
small critical diameter and high card value. RDX-containing compo-
site propellant (petrin acrylate base) shows nearly the same proper-
ties, although the RDX concentration is down to 28%. The extruded
double-base (N-5), plastisol nitrocellulose composite (116bn), and
mixed-binder (plasticized nitrocellulose and polyurethane) composite
(BRL-1) propellants have similar card gap values. Saturated (35%)
solution of dekazene (1:1 adduct of hydrazine and decaborane) in hydra-
zine, a liquid monopropellant, ammonium perchlorate/petrin acrylate
composite propellant (without RDX), and TEGDN consistently show
decreasing gap sensitivily with increasing minimum diameter.

The characteristics of petrin acrylate propellant with and
without RDX are in marked contrast. Comparison of the two liquid
substances gives a striking example of the importance of a little lati-
tude in conducting card gap sensitivity tests. The dekarene/hydrazine
solution has a minimum diameter 3/4 inch in steel; that of TEGDN
lies above 1 inch. et at 2 inches the two have nearly the same card
value. Had this test been run at 1 inch according to the procedure
recommended by the Joint Army-Navy-Air Force Panel on Liquid Pro-
pellant Test Methods (2), a negative result would have been obtained
with TEGDN, implying it to be an insensitive material.

In general, we have found explosives and propellants to fall
into three loosely-defined categories. High explosives are character-
ized by very low minimum diameters. They appear indifferent to de-
gree of confinement, probably because the diameters at which card
gap values have been cetermined are still significantly larger than
critical diameter. Solid propellants containing reactive binders, such
as nitro compounds and nitrate esters, have minimum diameters which
vary with confinement and range from 1/2 to 2 inches. The liquid sub-
stances tested also fall in this range. Solid propellants having inert
binders of polyurethane, polysulfide, polybutadiene-acrylic acid co-
polymer, etc., have minimum diameters above 8 inches and they
cannot be ranked owing to limitations of test facilities. It should be
noted in conclusion that these generalities apply to normally consoli-
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dated propellant. Where mechanical defects or interconnected porosity
exist, trangition from deflagration to detonation takes place with all
types of solid prcpellants,
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SOME STUDIES ON THE SHOCK INITIATION OF EXPLOSIVES
by
E. N. Clark and F. R. Schwartz

Explosives Research Section
Picatinny Arsenal
Dover, New Jersey

Introduction

This work was supported by Ordnance Corps Project TB3-0134,
Figure 1 illustrates the experimental technique used in this study,
The donor explosive has a length to diameter ratio of approximately
3 to 1l and is coated with an aluminum silicofluoride paste to faci-
litate the observation of its detonation rate. The inert barrier
used was mild_steel "™boiler plate™ with both faces ground smooth and
parallel. The barrier was large enough that the detonation products
were delayed sufficiently long so that they did not interfere with
the observation of the phenomena occurring in the receptor explosive.

So as to observe the Mlow order™ phenomen? occurring, a reflec-
tive technique was used similar to that at NOL 1), A 0.0003" thick
strip of silver foil was cemented to the side and top of the donor
explosive. Light from an argon bomb is reflected from the foil into
the slit of the 194 Beckman and Whitley streak camera. Thus, any dis-
turbance of the foil will interrupt the beam of light and the
disturbance will be noted by the extinction of the light on the film,
The exit of the wave from the end of the acceptor is also observed
using the foil by means of a mivror placed at 45° to the horizontal.

Figure 2 is a good film record showing the propagation of the
low order wave, its transition to high order, the retonation wave,
which is obviously slower than the detonation wave, and the wave
shape coming out the rear of the receptor. Each shot was observed
with the Model 189 B&W framing camera normal to the direction of ob-
servation of the streak camera.

The explosive studied was Composition B machined f£rom billets
having a density of 1.70 grams/cc detonation rate of 7.88 mm/micro
second and a standard deviation of 0.23 mm/microsecond as determined
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Figure I - Charge Set Up

from streak camera records during these experiments. Since the foil
technique described permits observation only on the surface of the
charge, and in order to deduce what was going on inside the explosive
charge, it was necessary to vary the length of the acceptor and note
the time of arrival and the shape of the wave out the end of the ac~
ceptor as a function of length.

Experimental Results

Figure 3 shows a plot of the peripheral shock velocity in
Composition B as a function of thickness of steel for a donor geome-
try of 1 1/16" diameter x 3" long. Those points which have a standard
deviation as shown are an average of 8 or more shots. It will be
noted that there is a decided change in the slope of the curve for the
two points indicated by triangles. The magnitudzs of the pressure
rulse which corresponds to a given thickness of steel has not as yet
been measured. It is enticipated, however, that this increase in
velocity is greater than would be expected from the increase in

pressure represented by a decrease in thickness by 1/8"™ of steel.
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Figure 4 shows a plot of the arrival time of the wave out of the
acceptor as a function of acceptor length for various thicknesses of
steel plate using the aforementioned donor geometry. The acceptor
charges werz 1 1/16" in diameter. It will be noted that for the case
of the 5/8" steel all the arrival times plotted 2gainst acceptor length
fall on a straight line the slope of which is the velocity of the
shock wave along the axis of the acceptor. A least squares fit of the
data shows the velocity to be 3.078 mm/microseconi. The average of
the velocities observed along the edge of the explosive is 3.061 mm/
microsecond, with a standard deviation of 0.05 mm/microsecond. Thus,
there is no significant variation between velocities taken along the
axis of the charge and along its periphery. ‘The pertinent fact here
is that the thickness of the steel is such that the shock wave is
somewhat slower than any with which detonation has been observed to
date.
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In Figure 4 for the case of the 1/2" thick steel the plot is
somewhat more complicated. This is so because this particular con-
figuration sometimes transfers to high order detonation and sometimes
does not. Detonation was not observed in acceptors less than 0.6™
aid the few points below this value lie on a straight line. A con-
tinuation of this straight line can be seen to go through those points
up to about 1 1/4™ where no high order detonation was observed and
beyond which, the velocity of the axial shock appears to fall off.
The velocity of the axial shock for acceptors 1 1/4™ and less was de-
termi- 2d by the method of least squares to be 4.054 mm/microsecond.
The average peripheral velocity observed for these samples is 3.44
mm/micresecond with a standard deviation of 0.11 mm/microsecond.
Thus, in the instance of a stronger shock, there is a significant
difference between the axial velocity and the peripheral velocity.

Times of arrival less than 1 1/4"™ whici did not detonate were
also measured at a distance of 1/4 R, 1/2 R, 3/4 R and 1 R from the
axis of the charge for all acceptors. Velocities were determined for
each of these distances from the axis, Figure 5 shows the variation of
this velocity with the radius of the charge. Although the curve does
show a continual and significant change in velocity from the axis to
the edge of the charge, the actual shape of the curve may not vary
significantly from a straight lime relationship.

As can be seen from Figure 2, the shock wave in the donor travels
at a constant velocity until such time as a transition takes place to
high order detonation. However, the transition to detonation ap-
parently takes place at some point within the explosive since the
detonation wave shows a distinct curvature at the side of the explo-
sive. This curvature makes the measurement of the detonation rate in
the acceptor somewhat difficult and, therefore, is not being reported.
However, this rate can be deduced from time of arrival data.

Consider in Figure 4 those longer acceptors which transferred
over to detonation. Let us assume that the distance along the side
of the stick, at which the transition to high order is seen, repre-
sents the distance on the axis of the charge where the transition did
occur., Since we know the velocity of the shock at the center this
point determines the actual time at which detonation started. Thus,
with this distance and time, and the exit time from the end of the
stick, we may calculate a detonation velocity. This has been done for
all the charges that detonated in the 1/2™ steel series. All the
detonation rates observed were higher than the rate for the donor.
However, there is considerable scatter for most of the data, as they
represent the measurement of detonation rates over only a few tenths
of an inch. For the two instances where there is over ga inch ia
which to measure the detonation rate, the value obtained was 8.1 mm/
microsecond; which is not significantly different from the detonation
rate of the donor.
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For the series with the 3/8" steel plate, the point whera the
transition to detonation took place was less than 0.5" and the dete-
nation always took place so that the axial velocity of the shock wave
could not be determined. However, the low order wave was observed on
the side of the acceptor. 1Its velocity spread was somewhat greater
than in other inatances, possibly because of the shorter distance
over which it could be measured. A least squares fit of the points
with acceptors longer than 0.5" was made, and a value of 8.032 mm/
microsacend was obtained. This value again does not differ sgignifi-~
cantly from the detonaticn rate of the donor. Therefore, these few
meagurements are lasufficient to show any differencea in the detona-
tion rates of the donor and the acceptor.

Discussion

Possibly the easiest manner in which the sudden increass in
gshock velocity in Figure 3 can be explained is that this discontinu-
ity represents a sudden onset of chemical reaction or st least an
increase in chemical reactions which then supports tha xhoek wave.
This hypothesis is further supported by the fact that therz ig A con=
siderabie difference between the velocities on the axis and the ,cr-

iphery.

Thus, it appears tha: a necessary condition for a shock wave to
initiate detonation is that the zhock pressure should be sufficiently
high 80 as to initiate chemical zeaction #nd £0 support & shock on
the axis of the charge markedly faster than at i:s periphery. It is
not clear that thig is a sufficient condition since some charges of
this type did not detonate. However, the transition point was fquite
variable, and it might bs argued that these charges were not lomg
enocugh for the transition to take place., Also, there iz some indi-
cation that the shoch might be starting to slow down but, since this
represents the results of only two shots, it is not conclusive and
more f£irings are necessary to settle this point.

At this time, it 18 not clear as to what other conditions must
be satiafied for this reactive shock to transfer to high order. The
fact that the distance to the transition is quite variable, suggests
that the condition at least in part is statistical, possibly having
to do with the location of voide or other imperfectioms in the ex-
plosive. In order to determine i1f this is indeed the case, we are
presently studying the same phenomzpa in very good quality plastic

bonded explosives.

It seems obvious, however, from the fact that with thinner steel
plates the distance to transition decreases and the spread in this
distance algso decreases, that the condition is not completely statis-
tical. The fact that the velocity of the wave is greater in the
center of the stick than in the periphery leads to an instability,
which might explain what we have observed so far. The velocity
gradient resulte in a continually decreasing radius of curvaturz for
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this low order detonation, similar to what might be observed with a
convergent detonation wave. At some time, the decrease in the radius
of curvature would be expected to result in higher pressures in this
region, with a consequent increase in velocity resulting in a further
decrzise in radius of curvature. (lonsequently the transition from
‘this low order process should be expected to take place in a cata-
strophic manner,

Purther, this process has in it the elements of being affected
by statistical variations in the charge, as various small volds in the
explosive might be expected by a jetting procesa to form the small
radius of curvature somewhat earlier than in the normal process and,
thus, cause the transition to take place at an earlier stage.

Thus, the picture develops of a shotk pressure sufficiently high
to .nduce chemical reacticn to support the shoeck wave, The radial
pressure gradient induces & velocity gradient which, in turn, reduces
the radius of curvature which, when sufficiently small, tranufers
suddenly to high order detonation. For larger charges whers the pres-
sure gradient and comsequently the velocity gradient across the stick
is small, or in instances where the shock wave would have a uniform
impulse scross the acceptor, the transition to detonation shculd take
place further along. In similar work with charges 1 1/2™ in diamater
and guitable transfer plates, we find that the tranaition takes place
at 1,0" rather than 0.6™. As yat we have not performed the uniform
impulse experiment although this is planned for the near futurs. At
present, the experimental evidence is insufficisnt to prove this mech-
anism; however, it does seem to contain within it the elements to
explain some of the experimental results that have bean observad to
date.

Peferenceas

(1)Initiation to Detenation of High lxplosives by 8hocks =«
NAVORD Rpt #5710, Naval Ordnance Laboratory.
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THE INFLUENCE OF ENERGY OF DECOMPOSITION OF THE
TRANSITION FROM INITIATION TO DETONATION

2. V. Harvalik
U. S. Army Engineer Research axli Developmesut Laboratories
Fort Belvoir, Virginia

During the past two decades a consideravle amount of
research has been undertaken to determine the nature of initiation of
explosives and of the transition of initiation to detonation. The
first satisfactory theory of initiation was proposed by Bowden and
co-workers (1), who assumed that the presence of thermal hot spots
is responsible for the breaking of the bond. Many phenomena of ini-
tiation could be explained by the hot spot theory. To cite a few
examples: initiation by heat, by hot wires, by stab, percussion, and
by shock. However, as new experiments were invented and data gather-
ed, the hot spot theory was not considered satisfactory for explain-
ing certain phenomena associated with gap-type initiation and with
spontaneous detorations during crystal growth ol metastable materials
(2), (3), (4). In addition to these phenomena, multiple energy ex-
posures including phase transformaticn indicate that a purely thermal
model of initiation is not too satisfactory (5), (<), (7), (8}, (9),
(10), (11). This author (12) proposed a theory of initiation which
attempts to explain initiation processes in terms of rapidly changing
field gradients within the intra-atomic and intramolecular spaces of
a metastable compound. The rapid changes of the field gradients
which ultimately would lead to the severance of the chemical bonds
can be achieved by influx of various energy forms either singularly
or multiply applied. They have to be absorbed in the compound in
order to produce an intra-astomic or intramolecular disturbance. Ab-
scrption coeffigients of various metastable compounds for various
radiant and vibrational energies have been only sparsely determinzd
as well as the interaction cross sections for ionizing r~2iniiouus
and particles.

When multiple exposure is used in the study of initiation
of metastable materials usually one of the energy forms applied is
heat. The particular specimen material is heated to certain temnera-
tures and another energy form such as stab or light, for instance, is
applied to the material. The measurements revesl that as the tem-
perature of the specimen is increased the additional heterogeneous
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energy can be reduced to affect initiation. This is alsd> true for
radiant energy(UV) when used instead of heat as a pre-exposed energy
form (6), (7). Since the pre-exposed radiant energy magnitudes are
very small and do cause significant reduction oif “he amount of heter-
ogeneous energy to affect decomposition, it is considered that the
hot spot theory fails to explain this phenomenon (5).

Photolysis and thermolysis experimentc of metal azides
carried out by numerous investigators including those at the Basic
Research Group were able to point out that in the early stages of
initiation, color centers and excitons were formed and perhaps also
short lifetime free radicals of N, (13), (14). Thuz. even in exceed-
ingly pure compounds the stoichiometric equilibrium is disturbed due
to the appearance of nitrogen, colloidal metal, and compounds of
lower nitrogen content which in turn accelerate catalytically the
decomposition of the compound (15), (16). These "catalystr" seem to
be the sites of electronic disturbances thus modifying field gradient
distribution in the vicinity of undecomposed molecules and with fur-
ther influx of external energy more and more undecomposed material
will be affected.

In the process of breaking of the chemical bond, a signi-
ficant amount of energy is generated. Because of its spectral dis-
tribution, specific for a given compound, a large portion of this
energy will be absorbed in the undecomposed compound thus increasing
the field disturbances in front of the reaction zorne. When large
enough in magnitude, the bond will break thus ensuing an additional
production of energy, accelerating the decomposition to detonation

(7).

It is well known that detonating materials prcduce, besides
heat and shock, also radiant energies in the form of light as well as
microwaves and soft X-Rays (18),(19). It is also known that electric
charges are amply produced not only in the form of electrons but also
in the form of positively dnd negatively charged ions of various
velocities (20), (21). These energy forms are always observed simal-
taneously when a metastable compound detonates. The energy distribu-
tion and spectrum of individual energy forms vary from substance tc
substance ?§7). Preliminary investigations perforred by members of
the Basic Research Group and by its contractors indicate that not all
of the enerov ~f Aecomposition is heat (22), (23). Perhaps up to 30
percent and more could be assigned to radiant energy alone. The re~
mainder could be classified as heat and shock.

/
To attempt to understand the phenomena which lead from ini-
tiation to detonation one would have to acquire a thorough knowledge
of the phenomens asgsociated with initiation. If initiation is essen-
tially an electric phenomenon, namely, interaction of external elec-~
tromagnetic energies with the intra-atomic and intramolecular fields,
the generation of electric energy forms will result. However, es the
interaction progresses from the color center and exciton formation
into the free radical production and molecular fragmentation of rather
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unexpected combinations (24), heterogeneous energy forms are generated
by these processes. A transition from a prevalent electromagnetic
energy stage to a vibratory (thermal) stage will now be observed.

When the detonation stage is reached the production of thermal ener-
gies and shock waves prevails. However, it should be pointed out that
a still considerableé amount of other energy forms (electromagnetic)
will be present. These energy forms will penetrate into the not yet
decomposed portion of the detonating specimen thus conditioning it

for subsequent decomposition (17). The presence of electromagnetic
ener;y forms in the transition from initiation to detonation is prov-
ed by the influence of strong magnetic and electric fields on detonat-
ing metastable materials. An apparent decrease of sensitivity and a
reduction of detonation velocities was observed when detonating com-
pounds were exposed to these fields {21). This seemed to indicate
that certain electric component energ’ :s have to be available in the
transition period for appropriate acce.eration.

The disregard of the role of electric energy forms explains
the difficulty of establishing valid prediction of decomposition +em-
peratures of rmetastable materials. Many attempts have been made but
none of the predictions approached the observed temperature ranges
closely enough (21), (22), (23). It is realized that the problem of
establishing a satisfactory model of the transition from initiation
to detonation is a very complex one and, therefore, difficult to
establish. The inclusion of electric and magnetic phenomena into
this model will probably simplify the understanding of the phenomena
and ultimately enable one to predict the circumstances leading to
detonation of metastable substances.
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