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"Even 1f one hardly knows more about the

subject than at the start, at least one
has gained somethling by having lost the
1llusion of knowledge in many areas."
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Jean Rostand

PREFACE

The study of detonation waves has been the object, for
twenty years or so, of numerous theoretical as well as experi-
mental investigations.

.0f all the as yet unsettled problems in this vast field,
we have examlned the initiation of detonation by shock wave in
a s0lid granular explosive. Whereas at the time when this
study was begun the behavior of homogeneous explosives was
quite well explained, there had been only a few experimental
studles dealling with the behavior of granular explosives. 1In
order to express these results -- which are sharply different
from those furnished by the homogenenus explosives -- theoret-
lcally, we have worked out a mathematical scheme of the mechan-
lem of initiation of the detonation by shock wave. '

I would like, on the occasion of editing this work, tn
pay homage to the memory of Professor Ribaud, who died last
autumn, and to thank Professor Rocard for agreeing to devote
his attention to this quite special problem of fluid mechanics,
despite his numerous responsibilities. I also thank M. Robert,
Directnr of the Atomic Energy Commiseion, for authorizing me
to carry out this work in his laboratories, as well as M. Bar-
guillet, Director of the Research Center at Vajours, for all
the facilities which he has placed at my disposal.

I want to express my profound gratitude to M. Berger,
Chief Explosives Englneer, for his enlightened comments, his

constructive criticism and the equipment which he was so kind
to make avallable to me.

Finally, I must express my thanks to M. Vidart and Mme
Prrnuteau for the programming and treatment of the mathematical
scheme oun the computer, and to M. Lezaud and his team for their

constant devotinn during the preparation and execution of the
experiments.



INTRODUCTION

Historically, 1t seems that the initiation nf detnnation
by impact 1in an explosive was dlscovered accidentally. It was
probably the accidents which were unexplainable at that time
that drew the attention of researchers tn this phenomenon.

At the present time the procedure is quite frequently
employed by laboratories speciallzing in the study of oxplnsives,
and alsn of certaln detonators where the effect of impact 1s
added to the thermal and shnck phenomena. To this end, the
impact 18 brought abcut by a metallic plate generally prnjected
by means of a sheet of explosilve.

Though frequently used, the phenomenon l1tself has been
studlied only to a limited extent. Cne has been crntent with
verifying that 1t was indeed the impact which brings about
the detonatlion, and with roughly determining the characteris-
tics to be used: the velnclty thresnold for a glven projectile
and explosive. Nevertheless 1t should be pointed out that these
studles had an essentlally practlcal nbjective == testing of
safety -- and were not nriented toward basic research.

It was only in 1961 (Whitbread, Brown#*) that certaln
parameters specific to thls type nf inltiation of detonation
were stated precisely.

*#35, M. Brown, E. G. Whitbread. Les Ondes de Détrnatinn
(Detrnation Waves), 1962, Publicatinns of the CNRS (Centre
National de Recherche Scientifique; latinnal Center for Scien-
tific Research), No 109,




While the problem of detonation produced by impact has
received only limited experimental treatment, we havz numerous
results relating to a very similar phenomenon, tha. of delona-~
tion produced by shock (with barrier). In both cases 1t ie
the induced shock wave which leads to the detonation of the
explosive.

These two studies have many points in common with the
ohenomenon of transition from deflagratlion to detonation.

During detonation produced by impact, the physical
phenomena involved seem to differ according to the intensity
of this impact. In the case of a very weak induced shock,
e.g. that generated by impact in sensitivity tests of explosives
(fall of a mass weighing a few kilos from a helght of approx-
imately one meter), the detonatinn seems to be of thermal
origin. In particulazr, the "hot spots" hypothesis seems t»>
have received a clear experimental confirmation by the wo < of
Bowden and his collaborators. Likewlse, when the detonatlon
is brought about by heat or by light, the explosive 1ls subjlected
to a physical-chemical evolution in which the thermal phenomena
seem to play a large role.

This 1s not the case when a shock wave is generated.
Taken as a whole, the phenomenon is so fast (8 fow microseconds)
that in order to explain the behavior of the explosive, one
must call upon considerations other than those of thermal con-
duction and convection.

In the present study we shall deal only with the behaviur
of e§plosives subjected to high-intensity shocks (several kilo-
bars).

To bring about such shocks, various devices may be
employed. The most common shock generators are the exploslves
themaelves. However, in that case, the shock is a reactive one
and in order to transform 1t into inert shock, it 1s necessary
to proceed through the intermediary of a barrler. Thls pro-
cedure has been tried out in numerous laboratorles. It has
made 1t possible to obtain wvaluable data regarding this
phenomenon of detonation initiation, but has the serious defect
that 1t lntroduces a pressure signal into the explosive which
i1s not too well known. Hence the interpretation of the results
1s a difficult undertaking.

The other method of initiatlon by shock wave 1s the
impact of a projectile launched at a high speed, the explosive




serving as target. Thils procedure presents the advantage of
assuring a shock of constant characterlstlcs during a certain
period of time. However, few experlimental results have been
published.

The explosives subjected to shock do not behave in an
identical manner. The homogeneous explosives (liqulds, single
crystals) exhibit a perind of "incubation" prior to the initi-
ation of the detonation, while the heterogenenus explosives
(granular solids) do not exhibit such a perlod. The detalled
examination of these differences 1s completed by a study of
the various physical mechanisms which must be called upon to
explain the initiation of the detonatinn; this forms the nbject
of Chapter 2.

The next chapter 1s devoted to the experimental apparatus
used by us, both for the reallzation of a correct lmpact of
known characteristics, and for the study of the shock-
detonation transition in the :xplosive serving as target.

These devices have the peculiarity of assuring an almost
one-dimensional phenomenon in the entlre zone of measurement.
This makes it possible to obtain results that may ce directly
compared with those furnished by calculation.

Next, the theoretical aspect of the problem 1s approached
Strictly speak’ng, 1f we want tn take lnto account that the
explnsive 18 not a homogeneous body but 1s made up of essentiall
epherical granules in contact wlth each other, then the hydro-
dynamic phenomenon alone 1s nonstatlionary tridimenslional.
Morenver, the medlum 1s reactive. Hence 1t 1s necessary to
makxe use nf chemical kinetlics and the varlous equations of
state nf the constituent substances (snlids) or of those formed
in the course of the reaction (generally gases).

Hence a simplifying scheme 18 necessary. Its only pur-
pnse 1s tn account fully for the nverall phenomennn.

while tne presently avallable schemes do glve & gnnd
explanati~n of the behavinr of homogenenus explosivee, they do
nnt make 1t rrasible to explain the characteristic behavior of
granular explnsives. In our oplinion thls seems to be due to
two reasnne: first, the solid and gaseous phases cannnt be at
the same temperature for the same pressure; and second, the
Arrhenius-tyre law of chemical kinetics 1s much tno violent to
initiate the reaction. A mathematlcal model which takes into



account these two remarks == differentiation of the temperatures
of the solid and gaseous phases during the reaction; a law of
chemical kinetics that is more progreessive than Arrhenius'
exponential law -~ was constructed. it furnishes a rather
satisfactory agreement with the varlous known experimental
results,



Chapter 1
STUDY OF THE SHOCK WAVE RESIONSIBLE FOR THE INITIATION
OF DETONATION

1.1. RECAPITULATION OF THE HYDRODYNAMIC EQUATIONS OF SHOCK.
APPLICATION TO SOLIDS.

Let us consider a fluid initially in state (0O) traversed
by a shock wave of absolute velocity U, downstream of which the
state of the fluld 1s denoted by (1).

In a one~dimensional flow, the equation of the conser-
vation of mass 1ls written as

pfU - u) = AU - uy)
The momentum theory furnishes the equation

B-P * AU -u)(y -u)

and the conservatlon of energy:

Py U, - Py, * pU - “J[El - E ¢+ %(u} - uD]

In the following applicatlions, p, 1s negligible compared
with p, and u, may be taken as zero.

After rearrangement, the above system of equations may
be written in the following form which can be used more

directly: v . )
P U= pyfU - u

pep Uun

E, - E, '%pl(%.'-i—)



For a varlable shock intensity, we obtain in the p, v
plane (v = l) the dynamic adiabatic, and in the p, u plane the

shock rolar of the body, while the equations of state and of
internal energy furnish the two complementary equations neces-
sary for the complete determination of the various varlables of
the shock as a function of one of them chosen as parameter.
The equation of state of a 80lld may be written as:
prp,+g(T-T)

In this way the equation of isothermal compressibility
is stated in a clear manner.

More precisely, we have chosen for all subsequent cal-
culations the term py glven by the equation of Pack, Evani and

James [14]:
wee@? [o ol @3]

and taken the coefficient g = (QE) as constant.
aT’y
With this equatinn of state, an isentropic defined by

dE +pdv =0
with
aE = c, a7 + (T3 . p) &

where ¢, ie assumed to be constant, lcads to
P"P.-l'l‘.+l'l‘,ozp[?‘-(v,-v)]
with subscript 1 indicating the pole of this 1lsentropic.

The temperature is given by

TeT up[-c!-(v, - v)]

and the velocity of sound, defined as fonllows:




a © e o]

d )1 atonst

o G%

is then given by the expression:

o . -%"4(-";':)* %[np B (l - (—;L.) f] [z + B (.%)}] - 2; 4-%.'—'1'; oxp[-c%(v, - v)]

(v) The equations of the shock furnlish the dynamlc adiabatic
piv):

ztigl--"!‘.(v-v,)o‘,:: p; dv

-%l-. v, - v

83}~

This has, for pole, the point p = 0, v = v, of Clapeyron':
dlagram.

The veloclty of propagatinn of the shock, U, and the
material veloclty, u, are then given by

v PR — u--.z—
D)

The temperature 1s immedlately deduced from p, by means of the
equation

1--1'.4»2.:;21

In the subsequent numerical applications, we have used,
for the sake of simplifyling the calculations, linear relation-
ships between the various parameters.

In particular, we know ([3], p 261) that there exists,
in a very good approximation and in a relatively large zone, a
linear relationship between the velocity of the shock (U) and
the material velocity (u): U = A + Bu.

A second approximation was employed for determining the
velocity of sound as a function of the ratio p/bo,

as .l-pi'b [N
.



This last law, which is the linearization of the pre-
ceding theoretical results, has been experimentally proved in
a quite satisfactory manner (2].

These two simplifications have permitted us to reduce
‘considerably the time of calculatlion and to preserve the pos-
aibllity of varying the different parameters while insuring a
satisfactory accuracy.

1.2. PRESENTATION OF [HE DIFFERENT MODES OF INITIATION OF THE
SHOCK

The procedure most commonly used for obtalning shocks
of high intensity employs an explosive. This explosive induces
in a barrier an inert shock which 1s subsequently transmitted
to tre recelving explosive. Two procedures of initiation may
be consldered: frontal shock and lateral shock.

srojectile

] barridre
@ “ civle @
Génédrateur -3 l
sxplosif réceptenr I I réceptove
s | d
Choc Fzg)nul Choc Latéral Impact

(1) Generating explosive; (2) Receptor; (3) Frontal
shock; (4) Barrier; (5) Lateral shock; (6) Gener-
ator; (7) Target.

For obvious reasons of convenlience of interpretation,
only the frontal shock 1s employed in these studles. So.e tests
have, indeed, been carried out by lateral shock [6], but to our
knowledge no theoretical study has been subsequently undertaken
of the two-dimensional nonstationary character of the nhenomennn
(three variables: two of space and one of time). By contrast,
the frontal shock may be one-dimensinnal nonstationary (only
two varlables: one of space, the other of time) if one adheres
to certaln experimental cnnditions. FHence its physical inter-
pretation and its being put into an equation form are & priori
easler.

Another procedure for the initiation of shock consists
in the 1mpact of a projectile on a target. Thils method has
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made it posslble to bring about the most intense shocks up to
now (up to 10 megabars) (1) [(13]. If certain experimental pre-
cautioneg similar to those employed in the case of frontal shock
are taken, 1t can lead to a one-dimensional nonstationary
phenomenon.

1.3. DETERMINATION OF THE PARAMETERS OF THE SHOCK INDUCED IN
AN INERT RECEPTOR

After recalling the methnds used in this determination
when the tested body is an 1nert solid, we shall dlscuss the
valldity of these procedures when the receptor 1s an explosive
subetance.

1.3.1. Experimental Methnds

The intensity of the shock induced in the receptor 1s
determined by the equality of the pressures (p) and of the
material velocities (u) on bnth sides of the interface (barrier-
receptor in the case of frontal shock; projJectile-target in the
case of impact). Hence it 1s advantageous to employ the (p, u)
plane for graphical representation. In this plane the shock
polar p(u) of the barrier (or the projectile) 1s assumed known.
Furthermore, 1t may be determined previously by means of analo-
gous experiments, provided that the receptor 1s made of the
same material as the barrier (or the projectile)

Experimentally it 1s sufficlent to determine two param-
eters of the shock. The hydrodynamic equations permlt calcu-
lating the other varlables. The speed of propagation of the
shock 1s determined by measuring the time elapsed during the
pagsage of the shock between twno pnints situated at a known
distance from each nther. The other parameter measured 1ls the
free surface velocity us[ (velncity acquired by the maes after

expansion to atmospheric pressure). The latter, in a ggnd
appro§1mation, is equal to twlice the material veloclty (3,
p 263].

Varinus methnds are employed fnr carrylng out these
measurements:

The optical methnd of chambers filled with argnn (or
xennn) |3, p 267] employs the intense luminosity of this gas
under impact. By means of the slit camera the instant of
closure of these chambers 1s recnorded.

The method of electrlic probes 1s besed nn the short cir-
cult which may be obtalned by the movement nf the mater’al as

10




goon as the shock passes. The moment of closing of thls ecir-
cuit breaker placed into an electronic circuilt is registered by
means of a. oscllloscope.

The wire- (or luminous slits) method consists in measur-
ing the rate of displacement of a reflecting surface by means
of the apparent rate of dispiacement of the image of a fixed
wire (or a luminous slit) {5] [15].

@

polaire de choc de la barridre

détente @
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1'interface)

3

~
\J
~

¥
'
t
!
[}
‘
L

1
1

cas do 1o détonte @

(1) Shock; (2) Shock poler of the barrier; (3) Expansion;
(4) Initial conditions (before arrival at the interface);
(5) case of shock; (6) Case of expansion.
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1.3.2. Case of the Frontal GhLock

The measurement of the free surface velnclity of the
barrier makes 1t pnesible tn place, in plane (p, u), the repre-
sentative pouint (p,, u,) on the shock polar of this body, while

the measurement of the shnck veloncity U in the receptor medium
permits drawing the stralght line having the slope Pn U (where

(o 18 the initial epecific mass nf the receptor). Devpending

on the pnsitinn of this stralght line with respect to pnint
(p1, u1), a shock or a beam nof expansion waves rises in the

barrier, whille a shock 1lg propagated in the receptnr.

This methnd, known as the "graphic" method, has been
used for determining the dynamlc adlabatic of the majority of
commnn metals.

It should be ncted that, strictly speaking, the point
reprosentative of the shock (p2, u2)C which rises in the barrier

1s situated on the curve symmetrical with respect to stralght
lire u = uy of the shock polar having py, u, for pole, and nnt

on the symmetric of the shock polar having p = 0, u = 0 for
pole. The case 1s the same when we gn from (pjy, uI) to (po,
u2)d via an expansion; strictly speaking, the latter 1s isen-

trovlc. However, in the case nf snlids 1t may be estimated
that these curves coincide 1in a large pressure range.

1.3.3. Case of Impact

The measurements carrled out are: the impact velncity
of the prnjectile and the shock velnclty in the receptnr.

The conditlions of equal pressure and mass velocity at
the interface are given, in plane (p, u), by the intersectinn
of the shock polar of the prnjectile and the stralight line
having the slope p, U (U = the shnck velocity in the receptor

of initlal specific mass p,).

In contrast to the frontal shnckx method, the point
representative of the shock 1n the receptnr 1z siltuated
strictly on the curve which is symmetrical with respect to the
stralght line u = u1/2 of the shock ponlar of the projectile nf

prle p - 0, u = 0).,

12
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(1) Symmetric of the shock polar of the
projectile; (2) Impact velocity.

1.3.4. Shape of Pressure Silgnal Induced in the Receptor

The shock induced 1n the barrler, and consequsntly 1in
the receptor, is not strictly constant. In effect, in addition
tn the uncertalnty with respect tn the reaction zcae and the
shape nf the pressure signal 1n thls znne, the erpansion of
detonatinn prnducts constantly perturbs the induced shock.
Hence the 1lntensity, shape and decay in time of the pressure
silgnal induced in the receptor cannot at the prerent time be
determined accurately: they depend, for the same generating
explosive, on the nature and thickness of the barri-qr.

Hence this generator 1s nnt ton satisfactory since by
1te very design 1t makes one feel certain that it induces in
the receptor an essentlally varlable pressure slgnal; this
elgnal decays in space and time independently of any dissipat-
ing vhenomenon. Hence 1t 1s indispensable to calibrate the
generatnr by studylng the decay of the shock in space and time
as a function of the tarrier thickness; then it 1s possible to
determine the initlal iIntensity of the shnck for a given
barrier thickness, roughly estimate the shape of the pressure
signal and represent it, at a gliven instant, by an exponential
law ar by a linear law (signal of triangular shape).

In the case of impact the phenomenon 1s different. In
effect, the shocks induced 1n the projectile and in the target
are nf constant 1lntensity except for the effect of any dlssi-
patlion phenomena, as long as a free surface has not been
attalned by one of them. Hence, since the receptor may be
chosen to be nf a suffi~ient length to rule out this incon-
venience, 1t 1s the thickness of the projectile which determines

13
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the tlime during which the shnck induced in the explnsive
remains cnnstant.

Thlis nevertheless suppnses that at the moment of impact
the pressure is zero and the velncity 1s equal to a constant
at all ponints of the projectile.

‘“
LY
Interface
taterface ’
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s t t .
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du temps.

Cas du choc induit avec bnrnbro@

'
t. Interfgce
..’ .......... Interface

projectit Oxploﬂf@

}
\ !
| |
) |
1 ! :0— t<t
[]
cible : :
! !

2 X
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(1) Generating explosive; (2) Barrier; (3) Receptor; (4) Prng-
ress dlagram; (5) Case of shnck induced with barrier; (6) Decay;
(7) Form of pressure signal in barrier in the course of time;
(8) Target explnsive; (9) Form of tressure signal in target in
the course of time; (10) Case nf impact.
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Hence this mode of shock generation presents two 1im-
portant advantages compared with frontal shock: the shock
induced in the receptor is initially uniform, and the time
during which this signal 1s permanent depends on the thicknesas
of the projectille.

1.3.5. Generators of Shock by Impact

Now we are in a position to dlscuss the cholce of the
various experimental devices for realizing the lmpact.

The simplest solutlon consists in emnloying a cannon
vhose projectile exhibits a plane face in the front so as to
achieve a correct impact on a sifficlently large surface area.
The phenomenon brought about “n the target 1is thus one-
dimensional if care is taken that the expansions origirating
from the edges of the generator or the receptor do not inter-
vene in the zone where the measurements are carried out.

Nevertheless the classic projectiles have a rather
complicated shape and it is difficult to define their "useful"
thickness. On the other hand, their use does not permit the
variation of this thickness in a simple manner. The use of
guide shoes conslderably complicates the mounting and makes 1t
necessary that one make sure that they do not modify the
phenomenon after impact. This method has been successfully
used by Brown and Whitbread, enabling them to obtalin the only
results specific to this mode of generation of detonation
published to date, even though the one~dimenslional character
of the phenomenon was probably not respected (4].

It nevertheless seems preferable to look for a method
of projection which would make it possible to choose from
among & large variety of projectiles, impact velocities (these
two parameters determining the intensity of the induced shock)
and projectile thicknesses (which defines the duration of
application of the shock).

The procedure known as the "plate 1lifting" meets these
requirements rather well. It consists of laterally projecting
a thin metallic plate (a few millimeters thick) by means of an
explnsive whose detonation is initiated in such a way that it
prnpagates parallel to the plane of the plate. It is noted
e¥xperimentally that the latter, after a zmme of acceleration,
becomes essentlally plane and assumes a position which makes a
constant angle ¢ with its original direction. Moreover, this
devlice makes 1t possible to select for the projectile the
three fundamental parameters which determine the shock induced

15



in the tarwvet. 1Iu view of the diversitiy nf possibilitles which
it nffers, we have preferred this device to all others.

Another method of pronjectinn nf the plate is the frontal
method, and the veloclties reallzed in this manner are greater
than thnse furnished by the lateral method. In addition to
presenting the same advantaces as the opreceding methnd, 1t
makes 1t possible to explore a higher veloclity range. Ve shall
see that this advantage 1s hard tn maxe use of 1n thls study,
eince thnen the steady state nf detnnation 1s attained teo fast
in the target.

@ plagque
sétal) ique
rooxﬂoo”(g
—»
? esxplosif
plaque abtallique
¢ relevée
Méthode latérale (S) Méthode frontale
(reldvement de plague) @

(1) Explnsive; (2) Lifted metal plate; (4) Lateral
methnd (lifting of plate); (4) Frontal method;
(5) Metal plate.

It gshould be nnted, hnowever, that*t the stregss undergone
by the metal durlng 1ts beling set 1n mntlon, especlally in the
device for the 1lifting of the plate, may influence its subse-
quent behavior by allowing the survival, within the metal, of
pressuv-e and velnclty gradlents. However after a trajectnry of
a few centimeters in the case of a rlate having a thickness of
the nrder of one mm or a few mm, it can be assumed vhat these
gradlents are too small to be able tn mndify the behavior nf
the plate upnn 1mpact. The thenreticil study of the following
chapter will make 1t posslible tn affirm this hypnthesls in a
more concrete manner.

1.4, APPLICATICN TO THE CASE WHERE THE RECEPTOR IS AN EXPLOSIVE

The preceding study on the determlinatinn of the param-
eters of tne shock induced in a receptnr lapllies two hypntheses:

~- The media in contact with each nther are homogeneous;




-- No process other than that of hydrodynamics perturbs
the phenomenon.

Let us now see hnw valid these hypntheses are 1in the
case where the receptor is an exploslve.

1.4.'. Are the Media in Contact Homngeneous?

This hypothesis 19 not verified when the receptor 1s a
snlid body constlituted of grains of variable size and of differ-
ent chemical composition having a greater or lesser number of
gaseous inclusions, depending nn the density of the charge.

The behavior of such a mixture under shnck cannot be calculated
thenretically. Hence 1t 1s questinnable whether the hydrn-
dynamlc equatlons nf shock are applicable.

Then the prnblem arlsees as to whether 1t 1s legitimate
tn speax, 1n the case of this mixture of substances, of a
dynamlc adlabatic when the experimentally determined values
(shnck velocity, free surface velocity, and even charge density)
are but averages of the values of each of the constituents.
We know, for example, that when the charge density 1s low, the
dynamlc adlabatic which 1s determined experimentally is prac-
tically that of the gas contained in the explnsive.

Recent studies on porous substances _10][11] have
revealed notable deviatinns of behavinr from that of homogeneous

snllids.

This heterogeneous character of the receptor confers nn
the front of the wave which propagates in the receptor a
ginusnid form 1n perpetual evolution. Its propagation 1s no
longer one-dimensional and related phennmena (for example wave
conversgence) may become dominant during the initiation of the
det~nation.

1.4.2. Is the Pheanmenon Snlely a Hydrodynamic Cne?

Here we have to do with a bndy which, under the effect
of the shock, is capable of "reacting." As a result a chemical
phennmenon 1s superposed on the hydrndynamlc puenomenon., Now,
the laws of chemlcal kinetics are not known sufficlently well
under these special conditlions to permit us to estimate the
time after which the behavior of the explosive can no longer
be consldered governed by the laws of hydrodynamics alone.

\ve shall see that in the case of homogeneous explosives
there exists an "incubation" time, a time during which the
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chemlical reaction seems negliglible; consequently 1t seems
reasonable in this case to treat the explosive as an inert
substance during this perind; it may be considered that the
measurements carried out in this way depend solely on hydro-
dynamic phenomena.

However, in the case nf heterngenenus exploslves the
prncess seems tn be sharply different. The reactlon is initi-
ated almost immedlately ~= which we shall see later on, ==
hence the chemical phenomennn can nn longer be neglected.
Nevertheless the values obtained for very weak shocks are
generally considered valid. Still, nne 1s never sure if the
shock has heen an inert nne, and the result which has been ob-
tailned solely on the basls of hvdrodynamics should be accepted
with the greatest caution.

1.4.3. Shock Characteristics of the Explnsive

For reasons indicated above, the shock characteristics
of solid granular explosives have been studlied only to a
limited extent. llevertheless, for certaln speclal explnsives,
the methnds used for the determination of the dynamlc adlabatic
of solid inert substances -- summarlzed above =-- have been
used by some researchers 8] (9] (12] {16].

Another methnd, based on the loss of transparence of
plexiglas (or glass) when subjected tn a shock also permits,
after previous calibration under pressure, the measurement of
the shock velocity in an exploslve sample of known thlckness
placed between two blocks of this substance [7].

To be exact, these various methnds do not lend them-
gselves tn a measurement nf velnclty but tn a measurement of
time. In order that the averare velnclty Inferred from them
represent the vhysical phenomenon, 1t 1s necessary that the
propagation of the shock be crnstant during the measurement.
Now we knnw that 1t 1s nnthing nf the kxind, but it is impnssible
to verify directly by these techniques if the shnck 1s reactlive
(acceleratinn) or inert (cdecay).

Hence a mnre dellicate methnnd 1s preferable. Wwe shall
see later on how 1t 1s pnssible tn nbtaln a continuous dlagram
nf the conurse of the shock in the exploslve., Nevertheless the

btalnment of such a dlagram does nnt make 1t possible tn draw
any conclusl~ns except in the case where the recorded curve

1s nearly linear. 1In the other case we can silmply say that
the equatlons of hydrod namics do nnt suffice for explaining
the behavior of the exploslve.
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Chapter 2
STUDY OF THE INITIATION OF DETONATION BY SHOCK WAVE

The preceding study of shock generators has shown us
that the difference between the device with barrier and the
impact devlce consists essentlally in the form of the pressure
signal induced in the receptor. Hence we have the right to
think that the process which leads to detnnation 1s the same
in both cases. Vhile a large number of researchers have used
the barrier arrancement, few publicatinns are avallable which
mentinn the results obtalned by impact. Hence the results
mentioned below have, for the mnst part, been obtained by means
of experiments with barrier.

2.1, EXPERIMENTAL METHODS USED FOR THE STUDY OF THE GENERATION
OF THE DETONATION VAVE IN THE EXPLOSIVE

The technlques emplnved for the determination of the
equations of state of the #nlids (dynamic method), summarized
abnve, have been the first ones to be emplnyed by the
researchers; they have, nevertheless, been soon dethroned by
methods which are better adapted to the nnnstatlonary phenomenon
to be studied.

In order to try to determine the behavior of the expln-
slve, the moat direct procedure cnnslats 1in the continunus
recording of the progress of the front of the shonck wave by
means of a slit camera.

Let us recall briefly the operation of this type of
camera in the version which we have employed (rotating mirror -
Brixner variant).

The image of the phenomenon tn be studied 1s formed, by
means of an 2bjJective, on a 8llt pleced in the focus of a
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second objective. The parallel beam 1issuing from the latter 1s
reflected on a rotating mirror. A third objective forms the
image of the slit on a photographic plate arranged in such a
way that on this plate space and time correspond to two per-

pendicular dlrections.

0

plaque photographique

mirolr objet

h— —

S1it camera (rotating mirror).

(1) Rotating mirror; (2) Photographic plate;
(3) slit; (4) Object.

Experlimentally, nne nperates as follows: When the
initially transparent substance (the case of certain explosive
liquids) becomes opaque as a result of shock, the progressive
darkening of a light beam furnished by an argon flash piaced
in the camera axis is registered as a function of time (record-
ing by shadow) (8, 17, 31]. This method assumes that the
darkening immedlately follows the shnck front, which cannot
always be the casc. It nevertheless makes 1t possible to
isnlate the phenomenon from the edge effects, 1f the latter
do not mask the phenomenon alnng the axis of the assembly.

When this procedure cannot be used, and if the phennmenon
is luminous (the case of a detonation wave), its evolution is
chronolngically recorded along a side parallel to the axls of
the cartridge. However, the one~-dimensinnal character is no
longer respected, and it 1s no longer possible to neglect the
edge effects. In effect, the compatibllity of pressure and
deflection on the faces of the cartridge with the contacting
medium involves a lateral expansion of the medium which has
undergone shock. This perturbs the thermndynamic conditions
behind the shock front which becomes curved at the vicinity of
the interface. Then the phenomenon is two-dimensional [7, 12,

13, 14, 15, 17, 19, 27, 30].

To remedy thlis disadvantage, another methnd 1s usec. The
receptnr 1s cut in the shape of a wedge and the progress of the
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shock 1s recorded by means of the abrupt variation which 1t
brings about in the reflection nf a light beam of a Jjudlciously
placed argnn flash (the reflecting power of the surface of the
wedge 1s generally obtalined by means of a metallic tinsel a

few tens of microns thick).

flash & argon @

— @

0]

“"g“gi:g Z
ayan -
oou‘is ay choc ,/ front de choc@
A
P

T explosif inerte ®

(1) Explnsive which has been subjected tn shnck;
(2) Argon flash; (3) Fresnel lens; (4) To slit
camera; (5) Shnck front; (6) Inert explnsive.

The last method presents, in additlion tn the advantage
of furnishing a contlnuous recnrding nf the phenomennn, that
nf not requiring that the latter be luminnus. Thils 1s, no
doubt, the most preclse prncedure at the present time, despite
the fact that one-dimensional character of the phenomenon ;s
not strictly assured (see Chapter 3, paragraph 3.2.1, and (9,
20, and 29).

A varlant consists in placing a grid or wires between
the flash and the wedge. The grid and 1ts image by the tinsel
are simultanenusly recnrded; thils image 1s dlisplaced 1in the
cnurse nf time as a functlion of the advance of the shock front.
This method 1s hardly satisfactory since, 1n additlion to the
fact that it records the evolution of the phenomenon at a
finite number nf pnints, these polnts are nnot flilxed on the
receptor.

Annther methnd 1s that of electric prnbes. It 1s less
accurate than the preceding one slnce 1t permlits the recording
nf the passage nof the shock only at a finite aumber of pnints;
morenver, 1t requires an electrnnic setup with highly com-
parable circults sn as to prevent the intrnduction of disper-
sion in the recording (&, 9, 17].
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(1) To oscilloscope; (2) Metal brobe; (3) Schematic draw-
ing of the principle; (4) Schematic drawing of the assembly
in the receptor explosive; (5) Shock front; (6) Varlation
nf the front of the electronic signal.

Its operating principle is slightly different from that
called upon when it is used with metais. In the latter case
the probe serves simply as a circult breaker, where the dis-
placement of the metal closes a discharge circuit. In the
study of the 1inlitiation of detonatlion the operation 1s based
nn the variation of electric resistance of the medium subjected
to shnck. This variatinn 1s not yet completely explalned. It
may be sald that 1t depends rnughly on the state nf advance
nf the reaction. Its start is linked to the passage of the
shock front, and its varliation in the course of time 18 a
function of the conductance of the medium whicli surrounds the
twn electrodes after the passage nf the shock. Even though
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the results obtained in this way cannot at the present time be
explolted quantitatively, they are the only ones avallable
after the rassage of the shock.

- In view of the impossibility of interpreting the whole
recorded slgnal, the use of thls method reduces, for the most
part, to the determination solely of the moment of passage of
the shock front. 1Its preclsion is quite low: iIn effect, aince
the recorded signal depends on the state of advance of the
reaction, 1ts front gradually stralghtens out in the course of
time (case of hetercgenenus explnsives). Hence the recordinngs
are not directly comparable and for thls reason the exact
moment of the passage of the shonck front cannot be determined
with precision. On the nther hand, the introduction of elec-
trodes may perturb the phenomenon and lead to erroneous results,

2.2. DIFFERENCES OF BEHAVIOR BETVWEEN THE TWwO TYPES OF EXPLOSIVES
(HOMOGENEOUS AND HETEROGENEOUS) DURING THE INITIATION OF
DETONATION BY SHOCK WAVE

The varlous experiments carried out for the study of the
initiation of detonation have revealed differences of behaviour
according to the explosive under consideration. These differ-
ences were found to be considerable, and have led to the clas-
sificatinn of the explnslves into two categorles:

-- Homogeneous explosives (single crystals, liquids);
-~ Heterogeneous explosives (granular solids).

Let us see how each of these behaves.
2.2.1. Dlagram of the Progress of the Shock Front

The study of the detonatlon by shock wave of so0lid or
nonsnlld heterngeneous explnsives by one of the above methods
‘7, 9, 11, 12, 13, 15, 17, 19, 22, 27, 29, 30] yielded the
following result:

First the shock front exhiblts a progressive acceleration,
then in a short but measurable time it attains a value close to
the velocity of stable detonatinn (see, however, Jacobs and Seay
for snme excertions obtained when the density of the charge
apprnaches that of the crystal (21, 28]).

This result 1s clearly different from that obtained with

the homogeneous explosives (single crystals, liquida). 1In
effect, iIn the case of the .atter it 1s found that the shock
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first propagates at an essentially constant velocity up to the
moment when the veloclity suddenly becomes greater than the
velocity of stable detonation, after which 1t gradually returns
to the latter velocity [8, 201.

g
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(1) Compression waves; (2) Granular explosive
(heterogeneous}; (3) Shock; (4) Homngeneous
explosive.

The interpretation which may be given to these two
recordings is as follows:

Since in the homogeneous explosive the velocity of shock
propagation is constant (nr slightly decreasing «- the accuracy
of measurement is low) during the first part of the phenomenon,
the reaction ‘oes not intervene to a notable extent; during
this period the exploslive behaves as an inert substance. Then,
abruptly, the reaction 1s initlated at the interface -- the
region which was the first to wicdergo the shock. This reaction
immedlately leads to detonation. The latter 1s then propegated
in the compressed explosive. 1Its veloclity 1s greater than the
normal detonation veloclty of the explnslve. It overtakes the
shock wave and, for some time, imposes a superdetonation nn
the nonshocked explosive. The final evolution leads to the
steady state of detonation (8, 10].

By contrast, in the case of the hetemgeneous exploeive,
the reaction 1s triggered immediately and 1t progressively
accelerates the shock front. It then follows that at no time
can the explosive be considered as inert. At a glven moment a
rapld velocity Eump leads to the steady state which is attained
asymptotically [9].
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It 18 nevertheleses possible, for each of the two types
of explosive, to determine a time which we shall call "induc-
tion period" after which the steady state of detonatlon 1is
established. This parameter will be rather poorly defined in
the twn cases, since it 1s found that it 13 not obtalned after
an abrupt discontinuity but attalned gradually by a decelera-
tion of the shock front in the hnmonezeneous case, and by an
acceleration of the shnck front in the heterogeneous case.

Even tacugh 1ts abgolute measurement is not accurate,
1t 18 nevertheless poeslible to study its relative variation asg
a function of the initial c¢onditlons.

2.2.2. Threshold of Initlation nf the Detnnation

If the shock 1s too weak the signal obviously decays
without causing detonatinn. EHence it is only above a certain
threshold value that the chemlical process which leads to
detonation 1s initiated. This threshold 1s very different
according to the exmnlngive belng tested. Whereas a few kilo-
bars suffice to detonate the heterogenenus explosives, a large
slgnal 1s necessary for brineging about the detonatlion of homn-
geneous algnals (85 kb for nitromethane, 112 kb for a pentrite
crystai) (20, 29].

2.2.3. Initial Point of the Start of Detcnation

In the case of granular heterogeneous explosives, the
experliments have been carrlied onut on cartridges of rather
small dimensinns. In thls case the "edge effects" intervene
and the phenomenon no longer exhiblts the one-dimensional
characteristic.

These experiments have nevertheless permitted to demnn=-
strate the fact that the detnnation dones nnt take place

-~ In time: immediately after the shock;

-~ In space: at the interface.

It should be mentinned that this result does not contra-
dict that mentioned above for the same explogsives. 1In effect,
whlle the chemlcal reactions indeed take place at the inter-
face, the shock becomes gradually '"more and more reactive" but
nevertheless 1t cannot be sald tnhat detonatlon has occurred.

Thege results were firgt published by Hertzberg and
Walker {19] -- initlation of detonation by ieans of a
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detonatnr -- and have since been verified by numerous authors,
using different methods:

-=- The 1lntegral-image camera (106 images per second)
clearly shows that the initially luminecus point in the receptnr
18 situaved at a certain distance from the interface;

~= The 8lit camera, durlng a chronological study of the
luminnsity of the edge of the cartridge, registers this lag in
time and space in a quantitative manner;

== The method of probes reveals a progressive conduc-
tivity of the nedlunm after the passage of the shock, 1n direct
proportinn to the distance from the interface [9, 17, 27].

Beginning at this flrst point of initlation, a detonation
wave 1s propagated in the inert explosive. Annther detonation
wave 1ssuing from the same point may rise toward the interface
i1f the already shocxsed explosive has reacted only to a slight
extent. This phenomenon, called "retonation," has been ob-
serveu experimentally (11, 12, 13, 17, 27]. Its interpretation
has generally been that it is a consequence of the exvanslon
effects due to the edges of the cartridge, since the one-
dimensionel character of the phennmenon was no longer assured.

By contrast, in the case of homogenenus explosives, the
phntos taken by means of the integral-image camera (8] show
that a clearly detached shock precedes the detonation. The
slit camera (8, 31) permits the recording of a rather low
luminosity =~ assoclated with the detonatinn wave in the com=-
pressed explnsive =- prior to the much mnre intense luminosity
of the state of superdetonation in the nonshocked explosive.
Finally, measurements by electric probes (8, 31] show that
after a certain "incubation' period the reaction ls abruptly
initiated at the interface.

These varlous experiments do not furnish a direct meas~
urement of the first point of the initlation of the detonation,
but they constitute excellent indirect proofs with which to
confirm the idea that the detonation is initiated

-- In the case of heterngenenus explosives: within the
explosive;

-- In the case of homogenenus explosives: at the inter-
face.
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2.2.4. Influence of the Intensity of the Pressure Slgnal

In proportion to the increase of the intenslty of the
pressure signal, the steady state of detonation sets in sooner
in time and closer tn the interface in space. However these
variations are notably different for the two types of explosive.

While in the case of the heterogeneosus exploslves there
is a progressive variation as a function of the intensity of
this signal, this 1s not the case for the homozenenus explnsives
vhere, once the threshold has been reached, thz varlation is
abrupt. In the case of nitromethane, for example (8], when the
shock changes from 86 kb to 89 kb (a 3.37 increase), the "induc-
tion" time 1s decreased by 265.
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(1) Distance in mm; (2) Pressure in Kkb;
(3) Extracted from ([39].

This comparison leads one tn think that 1in
the case of the homogenenus explosives there existe a "threshold
state" below w~nich the process leading to detonation 1s not
initiated. However once this threshnld has been exceeded the
phenomencn is very abruvt. In the case of the hetercgeneous
explnsives, on the other hand, the duratlnn of the transitory
state varles continunusly, and assures a more gradual construc-
tion of the detonatlon wave.

2.2.5., Effect nf the Initial Temperature

The initlal temperature also intervenes in a clear
manner in the differentiatimn nf these two types of explnsive.
In the case of the homrgenenus explosive, a temperature in-

crease of 300X dividee by 3 the time necessary for the estab-
lishment of the steady state of detonation (8] while in the
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case of the heterogenenus explosive, the influence is much
less, and undetectable for such a small temperature variation

L9l.
2.3. MECHANISMS OF THE INITIATION OF DETONATION

Various mechanisms have been proposed to explain the
physlcal-chemical phenomena which take place prior to the
establishment of the steady state of detonation. Few of
these mechanlisms hLave recelved any exverimental support in
view of the microscopic scale on which these mechanisms take
place, and also because of the fact that at the present time
it 18 only possible to study experimentally tre macroscopic
aspect of this problen.

2.3.1, The Hot Spnts

A frequently proposed mechaniem (cf. Bowden and co-
workers) 1s the creation, within the explosive, of hot spots
by adlabatic compression of the occluded gases.

Although this hypothesis has recelved satisfactory
experimental suppcrt in the case of shocks ¢f low intensity,
this 1s nnt so in the case which i1s of interest to us. It
permits the qualitative explanation of certain well-known
facts. For example we know that the lower the charge density
of a granular explosive, the easler 1t i1s to initiate the
detonation. Llkewlse the fine-graln charges are more sensitive
tn shock, and thls diffcrence of behavior as a function of
grain silze gradually becnmes attenuated as one appronaches the
density of the crystal. Hence the predominant role seems to

be played by the occluded gases.

If the phenomennn 1s a thermal nne, then the kind of
gas 1s an important factor. In effect, depending on the value
of the ratlo of specific heats of this gas, the temperaturs
at the end of the compresslion may vary considerably for a
shock of the same intensity.

Experiments carried out with argon (Y = 1.67), methane
= - . Ps Vs
vy = 1.31) the case of a perfect gas leads to T, = T, ﬁ#fﬂ
and Y-!_.940 for<y = 1.67 while 1t 1s 0.246 when 7= 1.31 ==
Y

have shown that while the discounted variation indeed takes
place in the anticipsted direction, it is very far from the
calculated value. Noreonver, by replacing the gas bubbles with
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balls made of different materials -- particularly tungsten ==
the obtained delays are of the same order of magnitude. The
situation is the same when a high vacuum is created [9, 29].

Hence these various experiments make us belleve that
the influence of the hot spots cannnt be considered as a funda-
mental mechanlism, since the inlitiation of the detonatinn prace
tically does not involve the temperature after the passage of
the shock wave.

Nevertheless, both in the case of the homngeneous
explosives and that of heterogeneous explosives it 1s well
nbserved that the detonation starts out from these points.

This cause and effect relationship has been demnnetrated
in several ways:

In the case of the homngenenus explnslives, the intro-
ductinn of fiue gas bubbles at the interface, nr the scratching
of grooves on the barrier (8, 31], has shown that the reactinn
starts from these bubbles or grooves, provided that, in the
case of the bubbles, thelr dlameter 13 nnt less than a certain
minimum value {approx. 0.7 mm for nitromethane).

In the case of the heterosenenus explosives, realization
nf these fine grooves on the surface of the explosive sublected
to the shock wave considerably decreases the delay which pre-
cedes tgi establishment of the stable detnnatinn regime [9;

31, o 56].

Mader has proposed that the experimental results nbtalned
wilth homogeneous explnsives be interpreted by taking into ac-
count the hydrodvnamle character of the phenomenon %"hydro-
dynamic hot spoc") L2€].

Basing himself on the thenretical results of Evans,
Harlow and Melxner [16]) who have calculated that the inter-
action of a shock with a bubble created within the verturbed
medium a hot spot which pnssesses essentlally the same volume
as the bubble, he confirmed thenretically the dimensional
effect obtalned experimentally.

The "hydrodynamic hot spnt" has a temperature (case nf
the "temperature hnt spot") and a pressure (case of the "pres-
gure hot spnt') which are abnve thnse nf the environment.

The law of chemical kinetics emplnyed is Arrhenius' law. It
can be seen then that, depending on the dlameter of the sphere
constituting the hot spot, the reactinn may or may not have
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the time to be initlated before the expansion waves propagating
toward the center of the hot pnint had sufficiently decreased

the latter's temperature.

The transposition of this study to the heterngenenus
medium can only be suggested at the present time. But 1t is
hard to see how we will be able tn explain, by means of a model
which impnses a minimum dimension of the hnt spot, why the fine-
grained exploslives have the highest sensitlvity. The minimum
intensity of the shnztk necessary to initiate the detonation
13 much lower (a few kilobars instead of 80-100%b), hence the
temperature of the hot spot 1is much lower, and hence Arrhenius'
law calls for more time to bring abnut the initiation, whereas
it is found experimentally that there 1s no delay due to "incu-
bation" in the case of these explosives, in contrast with the E
homngenenus explnaives.

On the nther hand, since Arrhenius' law entalls an abrupt
release of detonatlon, the gradual acceleration of the reactive
shock front of the granular explosive seems difficult to explain.

2.3.2. Other Mechanlsms

By contrast, the above-mentlioned experiments support the
fact that i1f a discontinulty exlsts within the explosive, the
detonation 18 initiated from that point. Thils discontinulty
may be present in various forms: gas bubbles, forelgn bodles,
grooves, etc. The phyesical fact which may be assnciated with
1t 1s the perturbation which 1t entalls with respect to the
shock front. The latter 1s no longer plane. Varlous mechaniems
have been proposed on the basis of this remark: the formation
nf these sinusold shock waves may lead to the pulverilzation of
the grains of explosive. Thls is so since, i1f they are con-
vergent, they produce local overpressures and bring about
hollnw-charge effects; 1f they are divergent, they pronduce in
the grains tensinns which may lead to mechanical ruptures
favored by the crystal defects (scaling) or chemical ruptures
due tn the changes in the molecular bonds (3, 4, 5, 7, 28]. An
increase in temperature may alsn produce bursting of the grailn
as a result of expansion.

All tris leads -- as suggested by Andreev [2] == to the
“nrmation of a fine suepension whose pressure is abruptly in-
creased by the explosion, and this pressure increase assures
the gradual generation of the stable detonatinn regime. How=-
ever, the assumption that this mist acts by impect or by fric-
tion on the following gralns does not represent a supplementary
explanation but takes up on the microscopic scale the mechanisms —
which have been refuted mazroscopically.
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2.4, SPECIFIC RESULTS OBTAINED BY IMPACT

The only known results are thnse of Prown and Whitbread
(6]. Although they are nnot one-dimensional, they nevertheless
permit the estimation of the influence of the special parameters
linked to this mode of generatinn of the shock wave. The pres-
suie signal obtained by this procedure is, in effect, of a
rectangular shape, constant during a certain period of time and
then decreases rapidly (see Chapter nn the study of shock gen=-
erators). This particular form of the pressure signal has made
it possible to show that, in order to bring about the detona-
tion, 1ts intenslity and its time of application must be greater
than the miniaum values Pp a8nd T, (th beilng the minimum associ-

ated with py).

If the intensity i1s less than this minimum (pm), the

signal, regardless of its duration, cannnt assure the detona-
tion of the explnsive. On the ntrer hand, 1f the intensity is
greater than thls minimum, it 1s pnssible that the detonatinn
will be establlished, even 1f the time of application 18 less
than the minimun time T,.

2.5. ANOTHER MODE OF GENERATION OF DETONATION: THE TRANSITION:
DEFLAGRATION - DETONATION

The transition: deflagration - detonation, which to be
sure 1s slower than the transition: shock - detonation, is
nevertheless capable of furnlshing certain data with regard to
the mechanism leadlng to the initiatlon of detonation in the
explngive.

Vhereas the steady states of deflagration and detonation
are sufficiently well known, the passare from nne to the ather
i1s much less well known, despite numernus studies (18, 23, 24,
25, 32, 33].

It 1s nevertheless nbvious that the establishment of the
steady detonation state by thls process is necessarily accnm-
panied by the formatinn of a shock. Various authors (23, 25,
33] belleve that the fnrmatinn of this shock is the direct
cause leading to the detnnation. By means of this hypothesls,
the transitlon may be described as follaws: The rapnid increase
nf pressure behind the combustimn front prnduces compression
waves which are proparated 1n the non-burned explosive in
front of the flame. The combining of these elementary waves
produces a shock wave which initliates the detonation.



Experimental measurements made by Macek [24] show well
the exponential variation of the pressure at the shock front
with time during the transition: deflagration - detonation, and
the theoretical study carried out by Zovko and Macek (33] with
this hypothesis leads to a rather satlsfactory representation

nf the whole phenomenon.

The various studies which have been carried out tend to
prove that the pressure 1s indeed the predominant factor in the
establishment of the detonation. Thus the assumption that it
1s also the predominant factor in defining the reaction rate of
the explosive is not without foundation.
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Chapter 3
STUDY OF THE EXPERINMONTAL APPARATUS EMPLOYED

3.1. THE SHOCK GENERATOR
3.1.1. The Lifting of a Plate

The experimental procedure chosen for bringing about
the 1mpact is that of lateral projection, by the so-called
"plate lifting."

As we shall recall, 1t consists in projecting a metal
lining of low thickness by means of an explosive initiated 1n
such a manner that its detonatlion front 1s perpendicular to
the plate Experience shows that after a zone of accleration,
the plate becomes essentlally plane and assumes a direction
which makes a constant angle with that which it had originally
(9] (Plate I, Fig. 1).

The shock- and wave-reflectlon phennmena induced in the
lining by the detonatlion nf the explnsive are sufficlently
fast tn be able to neglect the znne of acceleration in first
approximation, and assume that the plate has been set into
motion instantaneously.

This may be represented schematically as follows:
During a unit time interval during whicn the detonation wave
has shifted from point M ¢to point M' (MM' = D, detonation
velncity of the explosive), the particles of the material
originally situated at M have reached P.

-y
The velncity vector V of the particle is defined by

.2 _ 9 -
8, 0 23 v 2Dlln%
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and the plate has an nverall moverent defined by the vector U

(3.6)'%-0 U+ Dsing
)
" "
P
P/2
—
v —
v
4

Hence the plate has an nverall displacement in the
direction of vector U (compnrnent of vectnr nnrmal tn the plane
nf the ralsed plate)*by gliding along the tangential component

of this same vector V.

To be sure, the friction phennmena studled by Bnwden
{2, 3] at lesser velocitles nevertheless show that the delaye
necergary fnr assuring the detnnatinn nf the explnsive are very
much greater than thnse which we wish tn study here. Hence 1t
seems that these delays, while not negligible in absolute
value -- the veloclty of lateral displacement 1is equal ton
2 D 8in2 @/2 -- do nnt have the time to perturb the principal
phennmenon linked to the nverall velocity U of the plate, and
we shall assume that it 1s thls value that representsg the
velnclty of impact of the plate projected on the target.

3.1.2. Prac.lcal Executinn
The experimental apparatus comprises three parts:

-« The primer which assures the detmnation of the
explosive;

~- The explosive in the form nf a thin rectangular
plate;

-= The metallic plate to be prnjected, in contact with
the explrsive.
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™n obtain a plane twn-dimensinnal phennmenon, it 1is
necessary to assure the simultanenus detonation of one of the
ends of the explosive plate. Since the latter is thin com-
pared tn its other two dimensione, the problem becomee that of
bringing absut the esimultaneous detonation along a stralght-
line portion. The primer 1s then constituted of a "linear
generator." The model retained, as described by Erkman [6],
is a surface constituted nf a portion nf a cone of revolution
and a plane.

Les Jongueurs A M. B.
(D 1 3 1 A
~/ sont toutes égales & AB

Schematic drawing of a linear generator.
(1) - Lengths A, ¥y, By are all equal to
A3.

Such "surtfaces" have been mnlded from explioalves
(average thickness 10 mm) and the simultaneousness of the
arrival of the detonatlon wave nn the exit surface was checked
by reans o{ a slit camera. The maximum error 1is equal to
4+ 0.07 psec.

The exploslve plate 1s sufficlently wide so that the
edges nf the lining, which are raised to a lesser extent than
the central part since they do not undergo the same thrust as
a result of the lateral expansions tn which the detonation
products are subjected, do not perturb the two-dimensional
character of the phenomenon. They are sufficlently long an
that the states of stable detonation and constant life are
established.

Through these precautions a "useful" zone, measuring
several centimeters on a side, could be obtalned. Tests for
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planeness and for simultaneity on impact -- have been carried
out in the two dimensions by means of the slit camera. Ihe
useful part 1s plane to within a» 0.05 usec, or for an impact
velocity of 1,000 m/sec, to within & 50 p. This 1s the mech-
anical preclision with which the thickness of the lining is
defined.

3.1.3. Experimental Measurement of the Impact Velocity of the
Projected Plate

The determinatlon of U = D sin ¢ depends on the exper-
mental measurement of the two quantities:

-~ D, the velocity of detonation nof the explosilve;
-- ¢, the angle of 1ift of the pronjected lining.

The velocity of detnnatinn of the exploslive was obtalned
by the classic mrethod consistinz in measurine the time elapsed
during the passage of the detrnatinn wave between two pnints
materlalized by probes. Their pnsitioning (4 0.5 mm fnr a base
n{ 100 mm) combined with the use of an electronic chronnmeter
having an accuracy of s 1/40 psec leads to a measurerent of the
veloclty of detonatinn having an accuracy of the order of 1}.

For the measurement nof angle ¢, its nrder of magnitude
may be obtalned in various ways:

-=- Photographically by means nf the inteyral-imare
camera (106 images/sec);

-=- By flash radingravhy (expnsure time acout 0.1 psec).

As a result of the inaccuracy rerarding the exact
pnsitlinn of tne lining on these recordinzs (clur due to the
non-negligible expnsure time and tn the rrain of the film), the
measurementa carried out do nnt permit an accuracy creater
than + 30' in the measurement nf angle F .

In order to nbtain a better result, the =1it camera
was used. The schematic drawing nf the asserbly 18 shrwn
belnw: _next page)

Angle a, whose magnitude 1s clnse to angle ¢, 18 ad-
Justed prisr tn the experiment by means of an autncnllimatnr
device for angle measurement. A series nf stancard wedfres
make 1t possivle to nobtain a precision of the nrcder of one
minute. However, such a preclsion is an illuenry one, since
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despilte the fact that the shnck-generating assembly is rigid,
the metal lining to be projected dnes not have a planeness
which 18 sufficiently stable mechanically to guarantee thils
precisinn. However an accuracy tn within a few minutes mev be
considered reasonable.

®
plaque d'explosif

revé tesent @

dispositif civle 3

e

Tdiroctioo d'observation @

Schematlc drawing of the assembly for the
measurement of ¢.

(1) - plate of explosive; (2) - lining;

(3) - target device; (4) direction of ob-

servation.

The projJected plate strikes a target which 1lights up
under the impact. This luminnsity is nbtained by an argon
chamber. The slit camera reglsters thl: phenomenon chrono-
lngically.

The treatment of these firings 1a carried nut 1in the
frllowingz manncr: Tre prelliminary recording nn film of twn
luninnus polints placed in the exact area where the target will
be nhlaced permits the measurement nf the magnification nf the
wnnle setup (k = x1/x), where Xy is the distance between the

twn lines :‘ecorded on the film, and x the distance between the
twn luminous pnints.

The measurement of the slope (tan I" ) of the signal
recnrded on the film (I 18 the angle between thls trace and
tre line perpendicular to the time axis) as well as the sweep-
ing veloclity (V) of the camera at the mrment of firing then
permit the determinatinn of ¢ by the equatinn

sin g
8y D
cos a + kvtgr‘ "

29 .
Y
i
1
-i
PR R R - . e A g e .v e i s ;‘t
: ¥
. '
. s T ¥

ettt




Tan I is positive if ¢ 1is smaller than oc, and negative in
the opposite case.

lunette sutocollimatrice

-I- revétenent O

J ,
cale édtalon ——— -

PP

Adjustment of angle .
(1) = autocollimator; (2) - etandard
wedge: (3) = lining; (4) - target.

——cidle @

The accuracy of the measurement of I" 1s not excellent,
since the signal rec.rded is not strictly linear (deviation
4 0.05 psec). Nevertheless it seems that the maximum error is
about 1/2 degree, which causes an error in the value of @ of
less than 5 minutes. Finally, the angle of 1ift of the plate

is determined tec within + 10°,
3.1.4, Theoretical Aspect of the Lateral Projectlcen

Richter . 6], has studied in 1945, by classical mechanics,
the movement of the metal lining subjected to the effect of the
explosive. He made certaln simplifyine assumptions regarding
the behavior of the products of detonatien and of the lining,
calling upon fluld mechanice (thenry of shnck wavee and method
of characteristics) only fer a qualitative explanation of the
phenomena. These assunrtions enabtled him to give this problem
simple and coxpletely integratle snlution.

Marenver, he macde an effort tn determine the effect nf

varinue factors nn the idealized solutinn. This has enabled
him te show that the comrpreseibllity of the metal, 1ts resistance
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to deformation and the pressure gradients appearing in its
interlor only change the ideallzed solution by a few percent.

After a brief recapitulation of Richter's theory adapted
to the two-dimensional case, we shall treat the same problem
by the method of characteristics.

== Richter's Method:

The metal plate 1s considered as being constituted of a
sequence of independent, juxtaposed material points. Since the
flow 18 steady, we look for the path of one of these pointe
with which mass fo £ 18 assoclated, which i1s the surface density

of the lining where o, is the density of the metal employed in
the form of a plate of thickness €.

In the reference system linked with the detonation front,
the acceleration of such a point M is given by the two equations:

w0 tangential acceleration (constant
v velocity)
%" "R normal acceleration

Hence this point hans a movement cefined by the sole
equatlion o ev,* P, -p, where p; represents, at thls point, the

pressure of the detonation products, and p, the pressure of the
medlum adjacent to the plate.

Q
-0 Produits de détonation
explesif
solide X

TS -

s=0

vy

(1) - detenation prnducts; (2) - solid
explosive.
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Since the flow ig assumed to be etéady, v 18 equal to
D (= ds/dt), s 1s the curvilinear abscissa of point M, measured
for example from the detonation front).

If & 18 the angle between the tangent to the path of
point M and the reference axis (separating the explosive and
the metal prior to detonation), R = ds/d® and the preceding
equation 1s transformed into

d8
o e D5t P P (1)

The assumptions made by Richter wlth regard to py and
po are as follows:

To determine pi(s), he assnciates two expansions: the
first produced by the 1lifting of the plate, the second due tn
the finlte thickness of the explnsive.

If the thilckness of the explneive 1s infinite, nnly the
first expansion exists. The latter may be estimated by means

of the p(®) curve derived from zusemann's epicyclnid by assuming

the existence of an 1sentrnpic expansinn at I which 1s con-
stant and equal to 3. Richter llkens this curve to a stralight
line whose initial conditions are as follows:

8 = e p, =0

9«0 —up «p (detonation pressure)

courbe de détente des |
produits de détonation

Courbe *coeur® du milieu @
connexe

< droits de RicaTER @
@
'

9

Pa

(1) - expansinn curve nf the detonation
products; (2) ~ '"heart-shaved" curve nf
adjacent medium; (3) - Richter's straight
line.
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The angle of the smokes ¢, 18 the angle of deviation of

the detnnation pronducts when the explosive detonates without
lining (&= 0). Ve obtaln,

whence

when the thickness of the explnsive is finite (= e),
there 13 added to this expansion the wave bundle centered on
the edge of the detonation front, on the slde opposite tn the
plate. Richter evaluates it for this two-dimensional case as

. .Zp where Als a parameter which depends solely on the

explnsive.

The combination of these twn expansions leads to

dpy. .

ds - & P ‘2)

flo
gle

The pressure ppy 1s furnished by the determination of the

supersonic flow of the medium adj)acent to the lining (in gen-
eral, air). It Ae of the order of a few huncred ke? only,
and cannot modify the behavinr of the lining. Hence it is
legitimate to neglect it.

Combination nf equations (1) and (2) leads, after inte-

gratinn, tn
8 ‘c—a'ez? {1 - e

where C 1s given by

A
pcDDe

When 8 approaches infinity, @ approaches ¢, the angle
nf 11ft of the metal plate.
p [

1 DA
-

el'-'
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The experimental results which we have obtalned by the
method presented in the preceding paragraph confirm this linear

law % o,f) in the range nf values of & and e employed
(Plate I, Fig. 2).
- Methnd of Characteristics

In order to ilmprove the thenretical determination of
the 11ft of the plate, 1t 1s necessary tn fnllow in a mnre
preclse manner the behavlor of the different medlia: detonatinn
products, lining.

In effect, Richter's theory leads tn satisfactory
results 1f the respective values of £ and e are sufficlently
small (a few millimeters for g, a few centimeters for e).
Nevertheless, it furnishes a dimensinnless result in ¢/e, but
1t 18 obvious that there exists a minimum value of e beynnd
which the explosive no lnngzer intervenes to ralse the metal
plate. Likewlse the value of the 1lifting angle nbtained for a
large € 18 not confirmed experimentallv. This has to do no
doubt with the assumptinns made with regard to both the laws
of expansinn of the detonation producte and the fact that it
1s only the density which intervenes in the characterization
of the materlal which constitutes the lining.

Tne theoretical study by means of the method of charac-
teristics itself requires that certaln assumptinns be made.

The most ilmportant of these assumptlions -- gince we use
the general hydrodynamic equations wlthout a conduction or
viscoslity term -- 1s that the metal 1eg a fluid which behaves
as such at the pressures under c¢nnsilderatinn. This 1s quite
Justified, as 1s shown by current studies nf its behavinr at
high pressure (1, 7). The plastic character 18 no longer
taken into consideratlion, but an analysis nf i1ts influence
(P. Béatrix, unpublished results] has revealed that this
characterlstic modified the behavinr nf the metal only to a
negligible extent.

Experimentally the explnesive and the metals are sur-
rounded, except under speclal conditions, by air at atmospheric
pressure. Wwe have already seen that the influence of the
latter 1s negligible. Theoretically we have not taken 1t into
consideration. Hence this aucunts tn cnnsidering that physi-
cally the experiment 1s carried nut in vacun,
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It 18 not our intention to present at thls point the
mathematical theory of characteristics (cf. (4] and [5] in this
connectinn), rather, we shall be content with pointing out the
varinus particular aspects of its use in the problem of the
l1fting of the plate.

The steady supersnnic twn-dimensional flows admit of
three families of characteristic lines, to wit:

->
-=- The flow lines xi;

-h
-~ The Mach lines which form with x, the angles

30-2arclln—.-:

v
-
4
-
n
-
u X
o] ¢

where a 1s the velocity of sound in the flow of velocity V.

In order to preserve a parallel with the perfect gases
by introducing a polytropic coefficlent nf expansion I such
that

o - ()

e B
dp’s r p

the thermodynamic relatlionship

d
Tds - dH - F

with H(p, o) (enthalpy), leads to

3 Lo
S I

p "9 Logp

If we apply this result tn the equation of state of a
gnlid nf the form
p'P‘*‘(T-TO)
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In the contacting media (explosive, detonation products,
metal), the flows cannot be treated separately since each of
them reacts with that adgacent to 1t in order to assure the
equality of pressures (p) and deflections (@) at all points
sltuatad on the interface. Hence it 1s prelerable tn choose
these two variables for the solution of the problem.

Then the relatlonships along the characterlstics are
expressed by (Ref. P. Carriédre, course of the CESM¥):

sin @ cos a 3p 32..
(+ a) B aq"an 0

sin acos a 3p 30,
(- o e 23 ‘3 °

3S

el

and the curvature of a flow line is glven by

k.i&_.zst(za 2p
Ax, 2Tp \9f 7 9y

The solution 18 carried out by succeeslive approximations.

We have assumed that the shock waves 1lntervening in the
calculations are plane, hence the Ilow downstream 1s lsentropic.
Moreover we have assumed that the compression waves which may
appear in the flow are sufiiclently weak so as not to lead to
shocks, and consequently, to entropy varlationes.

The detonation front of the explosive i1s assumed to be
plane and perpendicular to the interfaces (explosive side).

#Regearch Center in Advanced Mechanics (Centre d'Etudes
Supérieures de lMécanique, rue P, Curie, Parisg).
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We neglect the reaction zone and assume that the conditions of
Chapman-Jouguet (C.J.) are realized immediately behind this
front which constitutes the sonic line of the flow of the detn-
nation products. In addition we assume that the latter behave
like a perfect gas having a polytropic coefficlient of 3,

Whilé the metal 18 compressed, the detonation products
expand until the equality of the pressures and deflections in
the two media in the vicinlty of the interface 1is assured.

To this end the metal is subjected to a plane shock wave,
making an angle 6 w th the original direction of the interface,
while a Mayer expansion, centered at the point of contact of
the detonation front and the interface, governs the flow of
the detonation products.

0

front de détonation
@ produl 40

explosif
solide

détente des produits @
dp détonation

courbe en "cosur® (7)
du nétal

»Q

v
@

)
]
]
i
choc dans le métal @

(1) - detonation front; (2) - s0lild explosive; (3) =
detonation products; (4) - Mayer expansion; (5) - shock
in the metal; (6) - expansion of the detonation prod-
ucts; (7) - "heart-shaped" curve of the metal.

-» -»
Let U and u be, respectively, the velocity of the shock
and of the material behind the shock {ront %p the zetal in a
reference system linked to the laboratory, the velozity of
the material in the reference system linked to the detonation

front:

\"1-54;
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The various relationships linking the flow parareters
are:

- Géometric relationships derived from the configuration
of the shock.

U= Dsino : LI D B
sing cos(o-g) cosn

U‘;u‘sin(f-(;)

==« Equatlons of the shock:

1
P*op, Uu plU = u) = U E-F +5p( - E)

(po 18 neglected compared with p).
-= Equation of state of the metal.

fif, p, T) = 0

These equations permit, in partlcular, to determine for
each value of p the corresponding value of <, when the velocity
of detonation D of the explosive 18 glven ("heart-shaped" curve
of the metal).

The intersectlion of the shnck curves of the metal and
the curves cf the expansion of the detonation products furnlshes
in plane (p, @) the values which determine the initial conditions
of flow in the metal after shnck.

It 1s to be noted that tensinns (negative pressures)
have appeared wlithin the metal in the course of the study. They
were treated simply by extending the calculations to valuee of

greater tlan p,. The calculatlons, whlch were carried out up

to -50 kb, did not reveal any ancmalles.

The numerical values employed durlng the study of the
lifting of copper plate of thickness & by a plate of explosive
of thickness e, such that ¢&/e = 0.148, are:

== Explosive: 6cj = 3 x 107 plezes; D = 8,100 m/sec

~- Metal (copper): fo = g8.,92 g/cm3.
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Coefficients of the P.E.J. equation of the metal:
= 381 x 105 plezes; B = 10.831 (nondimensional)
g = 6,809 plezes/OK; Cy = 373.3 kj/t

Initial conditions after shock in the metal:

2 x 107 plezes; ay = 4,785 m/sec

Ty = 403.50K; Op = 9.9457 g/cmd

o = 35°15' (angle between the shock and the metal/
explosive interface)
¢ = 2055' (angle of initial deflection)

V4 = 7,828.33 m/sec (velocity of the material in the
reference system linked to the
detonation front).

Py

i
"

The critical angle obtained in this way is in very good
agreemr2nt with the experiments (deviation of the order of the
experimental error): Plates 2 and 3.

2.2. THE TRANSITION: SHOCK - DETONATION
3.2.1. Valldity of the Experimental Method Employed

The exverimental study of the generation of detonation
by impact in a s0lid granular explosive has been carried out by
the wedge method, described in Chapter 2.

Thus, the one-dlimenslonal character of the phenomenon is
reallized within the block of explnsive whille 1t is probably not
reallzed in the vicinity of the free surface of the wedge where
the measurement 1s carried out. In effect, in thls reglion the
shock 1s not plane and 1ts form changes during the entire
transitory period which precedes the establishment of the
steady state of detonatlion, since the conditlons downstrean of
the shock front constantly change during this period. Hence
the experimental measurement 1s fundamentally distorted by
errors.

A theoretical study of this influence 1s imposslble at
the present time since the phenomenon 1s three-dimensilonal
(two-dimensional if the medium is homngeneous), unstationary
with chemilcal kinetics.
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e face d'1mpact )] ‘

@ coin d'explosif

\ carsctire @

- l sonodimensionne)

20ne perturbée ~——u .

)

respectéd

™~

(1) - 1mpact surface; (2) - explosilve wedge;
(3) - perturbed zone; (4) - one-dimensional
character respected.

Cespite this serinus defect, this method is the only
one, to our knowledge, which permits a continuous recording of
the varlatlion of the reactive shock in the explosive.

Although the results are different in absolute value
when the angle of the wedge 1s varled, it 18 nevertheless
feaslble that for the same angle they should be dlrectly
comparable.

A second difficulty 1s due tec the impact 1itself. Since
the experiments were carried out at atmospherlc pressure, some
air 1s captured between ine pronjectile and the target. The
influence of this gas 1s twofold:

-~ It acts 1llke a plston to sssure that the target 1is
gradually brought into motion: at the time of the impact, the
target no longer has zero velo: ity:

~= This alr has a hiegh tenperature as a result of the
nurerous reflections of the shnck between the target and the
projectlle. Consequently, before the presasure signal furnished
by the impact, the explosive 18 subjected to a hlgh-intenelty
tr.ermal signal.

The influence of the alr which acts like a plston con-
tributes cnly a slight advance into the determinatlon of the
initial moment nf entry nf the signal Into the target. This
error 1s ellcinaved once the shock due to the impact overcomes
the compressinn wavee 1induced by the compressed air,
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As for the thermal pulse, theoretical studies [ 10] thow
that 1t does not have the time to modify the behavior of the

explosive on account of the low therzal conductivity of this
substance.

3.2.2. Practical Arrangement
The experimental device compri_.es twn parts:

~= An argon chamber placed in the plane of impact of the
projectile;

-« An erplosive prism cut out of the mass, whose cross
section 1s an leosceles triangle. Two of its faces are convered
with mylar (10 p thick), whlch has been aluminized so as to

reflect the luminosity produced during the experiment by argon
flashes.

O oz 16°yS! olan d'impact
(110 x 50 me;

Surfaces recouvertes
de "mylar® aluminisé

)

face d'impact (3
I 3

flash & @

2 2

argon (4 vers ceméra
gon (4 e

(1) « impact plan; {(2) - surfaces covered with aluminized "my-
y

lar"; (3) - impact surface; (4) - argon flash: (%) -~ toward
camera.

5t

. . . - .
- -




This device, wnich permits the simultaneous examinatlon
of the shock on two faces of the explosive prism, makes 1t
possible to take into account, during the treatment of the
results, the slight obliqueness of the projectile with respect

to the impact plane.

The recording 1s made by means of a sllt camera.

The whole assembly of the projection device plus target
1s shown on Plate 4.

It 1s found experimentally that when the shock attalns
a point of the free surface of the explosive, the deflectlion of
the mylar stops abruptly the reflection of the luminoslty
originating from the argon flash. Thils i1s reflected, for the
whole of the target explored by the slit of the camera, by a
curve which is detached in black on a white background glven
before the passage of the reactive shock by the argon flash,
and after 1ts passage by the detonatlon products.

_luminosité due @

au flash A
() d iagramme de marche argon.

du choc réactif

Zone d’intense
C@ luminosité due aux_
produits de
détonation

(1) - progress diagram of the reactive shock;
(2) luminosity due to the argon flash; (3) -

zone of intense luminosity due to the detona-
tion procducts.

Such an assembly makes 1t necessary to place in the
lmage plane of the input cbjective of the s8lit camera not one
slit as in the usual case but two, the first for the argon
chamber and the second for the explosive prism.

Hence on the photographic plate, one obtalins:

(o2
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~-- The visualization of the planeness of the projectiile
on impact as well as the angle at which it strikes the target;

-~ The progress diagram of the gradually reactive shock
front, which 1s propagated on the two sides of the exploslve
prism;

-~ The magnification of the optical assembly, obtalned
by preliminary recording of two luminous points placed in the
impact plane of the projectlle.

finally, various marks placed on the argon chumber make
1t possible to determine the extremlities of the explosive prism
with precision.

3.2.3. Control of the Conditions of Impact on an Inert Target

To verlfy whether the experimental device is satisfac-
tory, we have carried out experiments in which the explosive
constituting the target was replaced by an inert substance --
copper or aluminum (AU4G).

When the projectile and the target are of the same sub-
stance, the determination of the conditions of shock 1e im-
medlate. In effect, the measurement of the impact velocity
(Vp) furnishes the velocity of the material u, u = vp/a, while

the pressure is obtained by means of p = Co U u, where U is the
shock veloclty determined experimentally.

These calculations are valid 1f the projectile and the:
target are under the same thermndynami~ conditions at the
moment of impact. The projection procedure used probably Zues
not ensure this possibility, and the projectile, even if it is
at zero pressure at the moment of impact, 1s probably not at
the same temperature as the target.

A theoretlcal study was undertaken in order to take
this difference into account, and the prcjectile was assumed
to be at a temperature of 5000°K instead of 300°K:

-- The determination of the shock polar of the copper
from the initial conditions (p, = O; T, = 5009K; fo = 8.842

g/cm3 instead of 8.92 g/cm3 for 300°K) while preserving the
same coefficients for the equation of state shows that the
pressure is 1 to 24 lower than that in the case of 3009K for
the same value of material velocity;
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-= calculation nt this ponliar from the coneflflclent of
expansinn of copper furnishes a much lnwer devlation, nf the
order of 0.,1=--0.24.

Since the experimental dlspersinn is greater than these
values, 1t 13 nnt possible tn Jjudge whe' 1er 1t 1s necessary to
take 1nto account the temperature rise o:i the projectile during
the time that 1t 1s set tr moilion in order to calculate the
conditinns of the shnckx (see dlacram 6, a detalled example of
the treatment of the experiment.l data with the three shock
pnlara, to calculate the shack cnnditinns),

when the prnjectile and the target are made of two dif-
ferent materlals, the proolem is nore complicated. It is in
effect necessary to znow the shncx pnlar nf the projectile to
determine tlie condlitions nf 1mpact in the target.

The small deviatisan nbserved abnve between the different
shocs pnlars calculated for conper maxes it pussiple for us to
carry out the data treatment with only ~2ne of them. ‘e chnsea
that which verifies the conditinns: p, = O0; Ty = 300°K.

Moreover the projectlile dnes nnt simultanenusly strike
the entire target surface, since an-le v nf the experimental
setup 1s not strictly equal tn 4, the angle of 1ifting of the
plate. e have taxen this slight nbliqueness on 1lmpact intn
account and deterazined V by the equatlon

v, * ZI)singros (u-";)

instead of Vp - D aln f. which 1s valld nnly when q = ?.

The velocity of the shnck (U) in the target was deter-
mined in two ways.

-- 3y means nf the time which separates the impact of
the prnjlectlle on the two ends nf the tarzet (which may be used
when ¢ 13 aufficlentiy different frnm f);

re2 tg y = —— 1g a
A 1 -r &7

_ r D sin ¢ tg .

1815 (p -a) V(I - r)? 47‘;!5‘7

(for notations, see ilaxram below).
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-~ By means of the registering of the diagram of prog-
ress of the shock in the target:

Vntn(gtx)

U= k tg9 cos B

where V is the sweeping veloclty of the camera, and k the mag-
nification of the installatlon.

Mesure de la vitegse
— d'i-?ac ez contrcie
N de planeité du pro~

rm—

| < jectile @

Enregistrement
photographique

®

Enregistrement
du choc dans
ta cible

@

Coupe de la cible
® |8 !
| |

(1) - photographic recording; (2) - measurement of
the velocity of impact, and control of the planeness
of the projectile; (3) - recording of the shock in
the target; (4) - section of target.

Such a type of recording 1is shown in Plate 5, Fig. 1.

The results furnished by the two methods are in good
agreement, and the values of p, u obtained are shown in dlagram

7 and Table 8.

It 18 noted that the conditions of impact determined in
this way are situated in a rather satisfactory manner on the
shock polars derived by other experimental methods (cf. [7],
for example).
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3,2.4, Experimental Results Obtained with Exploslive D

We have seen that, in order to initliate the detonation,
the intensity and dQuration of application of the pressure slg-
nal induced in the target explosive should be greater than the
minimum values py and Ty,

In the experimental study which follows, only the first
point was examined, even thcugh the device selected permits
varying the two parameters. Eowecver, our current knowledge of
the behavior of metals at relatively low rrcssures (below 100
kb) do not permit relating the duratiou of the signal induced
in the target to the thickness of the projectile. In effect,
the assumption which we have made -- of a behavior governed by
the laws of hydrodynamics (perfect fluld) -- 1s no longer
acceptable on account of the nnn-necgligible influence of the
elastoplastic character of the metal constituting the projlec-
tile. The present deviation between hydrodynamic theory and
experiment is very large. In certain cases, the duration of
application of the pressure slgnal 1s but one half of the
theoretical time (cf. Chapter 5, (6]).

In order to vary the impact velocity (Vp), we changed

the thickness (&) of the projectile while malntaining the char-
acteristics of the projecting explosive (material and thick-
ness) constant.

This procedure has permitted us tn obtain the following
impact velocitles with a copper projectile, while the theoret-
ical determination of the shock polar of the inert explosive
from the experimental results (cf. Chapters 1 and 5) has fur-
nished us the intensity of the shock induced in the Larpet
(diagram 9).

The values obtalned are listed in the table below:

A

Epaisseur du projectile ¢ (mm) 1) 2 3 4 5
Vitesse d'impact V,(m/s)

(a t 30 m/s) ’ ® | 1870 1500 1200 1000
Pression induite (kb) @ 131 96 70,5 55,5

(1) = Thickness of projectile; (2) - Impact veloclty
(to within 4 30 m/sec); (3) - Induced pressure.
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The precision with respect to the preseure is certainly
quite 1w Jue to the experimental aiificulties encountered
during the determination of the dynamic adlabatic of the inert
exploslive.

Experiments carried out at 800 m/sec have not permitted
us to observe the detonation of explosive D nn impact, since
no luminosity has been recorded by the photographic plate.

The results obtained for impact velocitlies greater than
this value show that the latter is a fundamental parameter of
the phenomenon under investigation.

While for Vp = 1,000 m/sec the steady detoration state

is attained in approximately psec, this time is reduced to
1 psec when Vp , 200 m/sec. This value then varies very

little when the velocity of impact increases, as can be seen
on the photographlc plates, since the zone in question is then
very small and the smallest deviations of the planeness of the
projectile notably perturb the recording.

It should be remarked that in this type of experiment
the moment of impact of ine projectile on the target 1is not
deflined with preclsion. It cannot be glven by the argon
chamber which has a certain "response tire," and the start of
the dlagram of the progress of the shock in the tirget 1s dif-
ficult to read off, as we shall see be.ow,

Wwith regard to all these recordings we can make the
following observatilons which are more cbvious as the impact
velocity is lower:

-~ Befoure lmpact the extreme edges of the target no
longer reflect the light furnished by the argon flash. This
may be due to the presence of the alr cushion which precedes
the projectile. This air cushion may elther perturb the
target explosive by the generation of compression waves in the
latter's interior, or project beyond the side of the target
and deviate the light beam origlnating from the argon flash.
Nevertheless, the thiciness ¢f the explosive subject Lo this
effect 18 small, of the c:der of a millimeter, and the length
of time during which this perturbation makes itself felt is
of the order of 2 psec. Under these conditions 1t 1a impos-
sible to define precisely the moment of impact of the projec-
tile on the target;

-=- Immediately upon impact the luminosity due to the

argon flash 1s abruptly stopped, and the phenomenon is analogous
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to the case of an inert target, desplte the fact that the
progress dlagram recorded shows a slight acceleration of the
shock;

-- Finally, the explosive becomee lumincus as soon as
the shock wave arrives: a distinct slope discontinuity apvears
on the recording and the velocity of displacement of the
»ecorded phenomenon gradually approaches the value of the
steady detonation state.

For reasons mentioned above the moment of impact is not
known accurately. We have determined it by extrapolation of
the curve representative of t.e shock on the photographic plate,
in order to compare the various recordings of the same seriles
of experiments. Then 1t may be thought that for two identical
assemblies, thls moment is defined to within a constant, while
the time deviatlons shown orn the dlagraas are determined with
the following precision: the devietion between two points of
the recording is measuccd to within + 5/100 mm, which cor-
responds to a determination, in time, to within 4+ 10 nanoseconds
(sweeping velocity 6.4 mn/psec) and 1in space toc within & 2/10
nm (magnification of the setup 1/4).

Some experiments have been carrlied out with larger
exploslve wedges in order to fnllow the reactive shock in the
explosive for a longer perind of time (see Plate 5, Fig. 3).

The results ottained in thie way are shewn in dlagrams
10, 11, 12 and 13.
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a:V,1.873 m/s b:V,* 1.208 m/s

Flg. 1. Impact nn an 1lnert target.
a) made of copper; b) made of aluminum (AU 4G).

double wedge single wedge
V, = 1.020 m/s V, * 1.000 m/s

Flg. 2. Impact »n a target made of explnsive D. ,
Nnte: On each photn the distance between the twn vertical lines ™
1a 200 mm.
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Chapter 4

CRITICAL EXANMINATION OF THE VARIOUS THEORETICAL STUDIES OF
THE INITIATION OF DETONATION BY SAOCK WAVE

The theoretical study of the initiatinn of detonation
by 1lmpact or by frontal snockx transmitted by means of a barrier
1s essentially the same. Wwe have seen that the experimental
setup differs only in resgard to the shape nf the pressure sig-
nal induced in the explosive. The signal, furnished by the
impact of the pmJectlle in the first case, is of rectangular
shape at a glven instant 1in plane x, p, while the signal trans-
mitted by the inert barrier in the second case is of triangular
shape.

The present thenretical schemes dn nnt permit giving an
accrunt nf the behavior of the heterngenenus snlid explnaive,
whereas in the case nf hnmngenenus explnsives they furnish
results which are in rather gnnd agreement with experiments.

In a system using the Lagrange variables (X, t), the
number of functions which we must determine 1is seven in the
mnst simple case: u, x, s E;, by, Tand m (for nntations, see
table at the end of the chapter).

The four hydrodynamlc equatlons must be completed by
three nther equations in order t» be able tn solve completely
the system of seven functions with twn varlables.

Two of these three equatinns involve the behavior of the
medium; nf the two, one is an eguatinn nf state f(p, v, T) = O,

while the other permits the determination of its internal
energy for all values of (p, v, T), nr E(p, v, T) = O.

The last relationship is the law nf liberation of chem-
ical energy, which furnishes the reactinn rate of the explnsive.
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4.1, HYDRODYNAMIC EQUATIONS

In a system of Lagrange coordinates.‘the three flow
equations are written as follows, 1f the viscosity and thermal
cnnduction are neglected:

%%-i} (crnservatinn of mass)
u . 2
bFrt e O (conservatina of momentum)
L) I v
_ﬁ.._§¥2¢ P50 (conservation of energy)

To these three equations we have to add the kinetic
equation:

»2X
LT}

which links the particle velocity tn Euler's variatle
(x(x, t)].

The phenomenon which we want to study has a duration of
the order of a few microsecnnds, hence neglecting the viscnseity
and the heat c¢conduction i1a a justiflied assumption, since the
effects for which they are respnnsible are much slower than
those prnduced by the dynamic parameters (a few milliseconds
instead of a few microseconds).

Nevertheless, Enig takes these two factors into acenunt
in his thenretlical study, .hile expressing some doubt as to
their physlical meaning. Their interest lles rather in the
interpretation which they give to Richtmeyer's concept of
pseudoviscoslity, introduced in the system nf hydrodynamic
equations for the treatment of shocks ([4].

4,2, EQUATION OF STATE
The simplest system, containing seven equations,
reqguires the use of a single equation of state to represent

the solld explosive, the detonation prnducts and the gradual
passage from one to the other.

Let us see what knowiedge we have of these various
states.
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The dynamlc methods nnw make it pnssible to know, with
gnod precision, the dynemic adiabatic of an inert solid, and

'to derive from it the snlid's equation nf state, at least in a

limited area of Clapeyron's plane. However we are reduced tn
guesses when this substance is capable of "reacting." 1In
effect, as we have seen above, the measures carried nut in

thls case are then distorted by the start nf the chemical reac-
tion. Only those results which have been obtalined at low pres-
sure may be considered valid.

For the detonatlon prnducts, the equation of state lsa
known sufficlently well nnly at tne Chapman-Jouguet (C.J.)
print. It should be noted, morenver, that the study of the
isentroplic expansion, which takes into account, for each
pressure, the new conditions of thermrdynamlic equilibrium of
the constituent gases, 1s 1n rather good agreement with the
experiments.

Finally, there are no aata which wnuld make it possible
tn form an idea of the behavior of the solid-gas mixture during
the reaction. Nevertheless we assume that thls reactlon zone
may be divided into small regions in which thermndynamlc equile-
ibrium 18 established, making the unequlvocal definitinn of the
parameters »f state pnssible in each medium (pressure, specific
volume, temperature).

Hubbard and Johneen (7] == the first researchers to have
prrpnsed a mathematical mndel nn this subject =- emplny a
single equatinn nf state valid for the s~1id and fnr the detn-
natinn pronducts:

plv - b)* nRT

Thie equatinn 18 that nf a gas whrse internal energy 1s
a functinn only nf the temperature: E = CVT. This eystem

nbvinusly coes not taxke intn accrunt the state nf advance nf
the reactinn and can only furnish a highly apprnximate agree-
ment with experiments.

In particular, although this equation »f state repre-
sents the detnnatinn products rather well, 1t furnishes fnr:
the initlal conditinne of the snlid explosive a partlicularly
inw temperature, nnt related t» reality. In effect, the
equatinn p(v = b} = nRT must be satlisfiled bnth by the snlid
explnsive pefnre the reactinn p,, v,, To, and by the detmnatinn

A
products (C.J. conditimne: D, G, T).
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Hence we must have, with b and nR belng conatant,

R(Ve - D) *niT, & M0 -b)=nRP
or

Now, the dennminatnr nf the right hand side of this
expression is very much greater than the numerator, since the

Vo = b
numerical value of —%———; 1s only a few units while f 18 of

the order of 200,000 pgy L12].

A numerical applicatinn, using the values assnclated
with the explosive emplnyed in the calculations below, gives
the fnllowing results:

T, » 0,057° K
beo0,43 v, = 0,588 ¢ = 0,480 (cmY/g).

with
pe=216kb & T ¢ 4,124°K

The use of such an equatinn entalls serious difficulties
frr the initiatinn of the reactinn if we assume that this
initiatisnn is a function of the temperatu.e through the inter-
mediary of Arrhenius' exponential law.

Hence 1t 18 desirable tn lank for a way of improving
the representation of the transitinn: snlid —» gas. The use of
& single equatinn -- even 1f 1t takes intn account the degree
of advance of the reaction -~ cannnt lead to satisfactory
results. Hence it 1s preferable to lonk fnr a mndel which
employs nne equatin: of state fnr each nf the twn media, the
80l1d and the gas. Thile method, however, conslderably compli-
cates the mathematical medel.

Assuming that there 18 a slingle reaction having the
form

Snlid explosive —3 Detnnationn producte

with an equatinn ~f state fnr each medium, we introduce the
variables py, vg, Tg, Eg and Pes Vg, Tg, Eg, with subscript s

dennting the snlid medium and g the casenus medlum.
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To simpl.fy the mathematical mndel, varinus authors have
assumed in their study nf homngenenus explnsives that during
the entire reaction pg = p, = pand Tg = Tg = T L4, 10, 11].

Let us s»e what these simplificatinns represent, and examine
whether it 1s ponssible tn accept them for the study of hetern-
geneous granular explosives.

At equal pressuree (of the order of the C.J. pressure),
the temperature of a gas 1s much higher than that of a enlid
(for example 4,0000K instead of 1,8000K) -- gsee the numerical
application tn the explosive used in the calculations belnw),
The equality nf temperatures can only be conceilved 1f the
thermal conduction permits the establishment of equilibrium
between the two medla within a short time (meaning short with
respect to a microsecond). Now, we knnow that this is nnt eo
at all [5], since the explosive has hardly the time tn heat up
during the few micronseconds during which the inltlation of
detonation takes place. Hence the aseumption Tg = T6 cannot be

accepted for the study of the behavinr of granular explosives,
while it 1s fully justified in the case of homogeneonus
explosives.

The second simplificatinn, equality of pressures, while
still debatable, 1s nevertheless closer to reality. In effect,
this equality 1s linked to the wave velncitles in the two medla:
8nlld and gaseous. For nelther of these medlia is the veloncity
of sound measurable, and it 1ls necessary to make some alghly
debatable assumptions to determine it theoretically.

For the gas, whose pressure constartly changes durlng
the reaction, a value of a few millimeters per microsecond
seems tn be of a good order of magnitude, if we refer to the
snle known value, that obtained theoretically in the Chapman-
Jouget plane (D - u = a). In the numerical applicatlon nf the
next chapter we obtain approvimately 6.7 mm Psec.

In the case of the 80lid, let us remember that the
grains are of different chemlcal compnsitinn. Hence the deter-
mination of a mean value 1s a dellicate undertaking. 323y anal-
ogy with homngenenus solids 1t may be estimated that 1it, tono,
1g of the order of a few millimeters per microsecnnd.

The veloclity of sound in each of the media may therefore
be estimated to be of the same nrder of magnitude. Under
these cnnditiong, 1f we assume that a vressure equillibrium may
be established far each of them in a negligible time in each
of the reeinns which constitute the space where the reaction
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takes place, we are Justified in likewlse assuming that the
two media -- 80l1lid &and gas -~ &are in pressure equilibrium.
Hence the equallty p, = Pg is acceptable in the case of granu-
lar explosives.

The introduction of the new functions p, v, T, E, of the
80lid (s) and of the detonation products (g) requires, during
the moments when these two media are in contact, the determin-
ation of the mean values of v and E which enter into the hydro-~
dynamic equations. ;

These values are defined by !

ve(lem)v, +my,
E*(1l-mE +mE

Enig (4] has selected, as equations of state, Talt's
equation generallized for the solid (p + B) v - (p, + B) v =

= (Y=-1) (E- E,) and an equation of polytropic gas (y =

= constant for the detnnatinn prnducts. Mader has improved the
preceding scheme by using equiatinns of state that are better
adapted: Gruneisen's equation tor the snlid, the equation of
Fickett and Wnod for the detonation products. These equations
have allowed him tn obtain, in the case of homngeneous explo-
EIVﬁB, an excellent agreement between thenry and experiment
L10].

4.3. CHEMICAL KINETICS

The last equation determines the rate of llberation of
the chemical energy of the explnsive. This 18 in a way its
rate of reaction. The s0lid expinsive and the detonation
products are treated as homogenenus bodles, and 1t is assumed
that the reaction gones to completion.

So0lid exnlosive —3 detonatlion products

The law of chemical kinetics mnst frequently used 1s
that of Arrhenius of the type:

%m-t--v(l -m)o“ﬁ'

The use nf this law is based essentially on the fact
that we are in the presence of a chemical reaction. The ac-
tivatinn energy used is nbtained by extrapnlatlion to the
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detonation temperatures frrm measurements nf the rate of de-
cnmposition nof explnsives, carried mut at amblent temperature
(at the mnst a few hundred devrees centigrade). The measure-
ments carrlied out by various labnratnries nn a large number of
explosives lead tn an activatinn energy which 18 not ton
variable == 30 to 50 kcal/mole == but they lead to frequency

factor (V) situated between 10'0 and 1020 gec=' [5].

This extrapnlatinn tn the detmnnatinn temperatures of the
results obtained at a few hundred desrees 1s highly debatable,
since the chemical phenocmenon 1s nnt gnverned strictly by a
single equilibrium equatinn but by a number nf equations such
as

Co, + C &= 2CO
CO, + H, 77°CO + B,0
2HO —2H,+ 0O,

......... tessser e o

Of all these reacti~ns the slnwest nne 1s that which,
at a glven instant, impnses its velnclty as a function nf the
thermndynamic conditions nf the medium. Hnwever these crn-
ditinns constantly change as a result nf the evnlutinn nf the
"reactinn," and there 1s nn assurance that the slowest nf them
remalns the slnwest fer a gilven pressure and temperature
regardless of the magnitude nof these twn parameters.

On the nther hand, tne frequency factor which may be
obtained from these experiments variea2 tn a cnnsiderable extent

(# 105). This then makes it presible tn adiust the thenretical
and experimental recsults in a relatively easy manner. Then

the cnnclusion drawn from this that the nrder nf magnitude nf
the "lncubatinn time" nf hemogenenus exploneives found by cal-
culation 1s compatible with that obtained experimentally 1s

not a surprising one.

Because nf 1ts expnnentlial term, this law is particularly
senaltlive to the temperature and 1f we d» nnt want to have an
abrupt increase of the reaction rate fnr a small temperature
increase, we must use in the numerical calculations very small
Ox and At steps. Chonsing a Ax ~f the ~rder nf a micron for
a hnmngenenus substance 1s acceptable, but this value seems to
be low fnr a heterogenenus explnelve whnse averase graln slze
18 u hundred times greater.
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(1) = Temperature in the detonation

wave; (2) - extrapnlatinn of the reac-
tion time to the detnnatinn temperatures;
(3) - {5, p 152]; (4) - experimental
region.

The exponential character of this law 1s reflected also
by the fact that a temperature difference nf a few tens of
degrees is sufficient to bring about or prevent the initlatlon
nf the reaction. This temperature varlation may be obtained in
two ways, by modifying

-~ The intensity nf the inltiating shock-wave,
-=- The initial temperature nf the explosive.

while thls law explains the behavior of homogeneous
explosives in a satisfactory manner -- in this case 1t 1s found
that above a certain pressure- (or temperature-) threshold the
reaction 1s violent =-- it does not make it possible to account
frr the much more gradual variatinn of the initlation of deto-
nation in a granular exploeive when the temperature generated
by the shock wave 1s modifled.

inally, the exponential term of Arrhenius' equation
intervenes for the determination of the initlal point of the
complete reaction. In effect, after the passage of the shonck,
the ampunt of chemical energy liberated is very srall. Only,
thrrugh the cumulative effect which it gives rise to, time
ensures the continual increase of the liberated energy. It
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can be seen then that it 1s the interface, the region which is
subjected to this heating for the longest perind of time, that
attains the temperature above which the abrupt character of
Arrhenius' law makes iteelf felt. This particularity 1s so
sudden that it does nnt give the hydrodynamic phenomena time to
attenuate, in the expleosive, thls abrupt pressure 1lncrease
which would be slowed down by a beam of expansion waves while
compression- or shock waves would be propagated in the shock
generator.

Nevertheless 1t is found experimentally in the case of
the device with barrier that, since the pressure signal is not
constant as a function of the time, the liberation of chemical
energy ought to slow down at the interface. The measurements
which have been carried nut (3] show, however, that in the
case of the homogenenus explnsives the detonatlion 1indeed
begins in this area. Cnnsequently the decrease of pressure,
and hence that of temperature, 1s not sufflcient to compensate
for the effect of time on the liberatlinn of the chemical
energy of the exploslve.

All these remarks lead us to prefer a mnre gradual law
of energy liberation, nnot of an expornential character, in our
attempt tn explain the behavinr of granular explosives.

7or the sake of convenlience we may, as suggested by
Kistiaknwsky L9] choose a law nf energy liberation which 1s a
function of the pressure, a parameter which intervenes explicitly
in the hydrodynarlc equatlons, instead of linking it tn the
temperuature.

This cholce 18 qulte arbitrary, since these two variables
are nnt independent. Thelr directinn nf variation 1s the same,
and during the reactlion, the xnnwledge of one of them determines
tre nther.

This idea has been recently taken up by Adams L!), and
numerical calculatlions have been carrled nut by varuer L12]) by
adding a pressure term to Arrhenius' law. Then the law af
llveration of chemlcal energy has the fnllowlng form:

2m by
2t kpoh

It makes 1t pnssible tn nbtain a pressure rise as gnnn as the
shock passes, 1ln contrast witl. the results nbtainea with
Arrhenius' law alone, but it dnes nnt assure the progressive
variatinn nf the "inductinu" time ae a functinn of the intenalty
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of the pressure signal. The reason for this is, probably, that
the exprnential term becomes predominant during the few moments
which precede the detonation, whereas it is the pressure term
which lmposes the rate of reaction during the first part of the
phenomenon. The boundary of these two influences should be
quite sharp and independent of the initial conditions. These
calculations have been slightly improved SWarner, Diacusaion

at the 9%a) Sympo:tium on Combustion, p 527) by the use of a law
of energy liberation which 1s a fun~tion of the state of advance
of the reaction. This makes it possible to find the "overshoot"
obtained experimentally by Jacobs (8] with a particular explosive,
compressed TNT, wlithout, however, granting to the pressure peak
nbtalned 1n thle way the certainty of being able to vary as a
function of the intensity nf the shock.

finally, the 1nfluence of the charge density, insnfar ,
as 1t decreases the "induction" delay when tie pornsity nf the
explneive is increased, does not lead to the appearance of a
true variation of these delays as suggested by Arrhenius' law.

10 £
8 600, 0004
.3 6 =2 e — T
L T.NT, eoié%,.¢ 300. 0004
2 . ©1,519/cnd
Nnnllgbi-é’ .
Di.68
2 a1 " i A A l A‘ o - ,
0 oimm) O © o1 02 03 08 05
@ teeps (is.)
Velncity of the shock as a Pressure peak. Hnleburning.
functinn of the dietence, (3) - pressure (atmospheres);
for varinus densities. (4) - time.

(1) - compressed TNT _8 =
sec]; (2) - density.

To ennclude we shall mentinn that the agreement between
thenry and experiment which = attained in certain specific
caces 12 no longer present when the initlal conditions of the
shock are mndified, hence a more gradual law of energy liber-

ation, 1.e., one without an exprnential term containing e‘%
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or e'% (which 18 essentially the same thing) (2, 6, 12] seems

preferable., In the mathematical mndel which we are propnsing
the energy 1s liberated linearly as & function of the pressure.

NCTATION
X Euler'se variable (abscissa nf grid X at time t)
X Lagrange's variable (initlal abscissa of a grid)
t time
p pressure
Vo initlal specific volume
v spezific volume at time ¢t
T temperature
u material velocity
E internal energy
=* activation energy
S heat of reactlon
m mass of gas formed by 1 g of initial solld explosive
Cy, specific heat at constant value.
Subscripts:

8 = 80l11d; g = gas; S = isentropvic; H = dynamic adiabatic
(Hugnnint); 1 = isothermal; o - initlal value.
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Chapter &

MATHEMATICAL MODEL PROPOSED

5.1. PRESENTATION OF THE MODEL

In order to assure ourselves nf a better representation
of the experimental phenomena, we studied a mathematical mondel
which takes into account the remarks made above. In addition
we have tried to re-obtalin, by calculation, some experimental
results walch are not obtained by the current models.

5.1.1, System of Equatlnns

The 8nlid explosive and the detonation products are
treated as homngenenus bodles, and it 1s assumed that the
reactinn goes teo completinn:

S011d explosive - detonatinn products

we have chosen twn separate equations of state for
representing the snlid and the gas, but we assumed that at
every moment, in a given mesh, they are at the same pressure
even though their temperatures are different. These hypntheses
have been discussed in the preceding chapter. (For notations,
see table at the end nf the preceding chapter.)

#or the solld, we have takan an equatinn of atate
having the form:

pep + gT - T, p.'a(-:—o)‘} gexp [B(x- %’)}]-1g (1)

where Dy 1s the 1sothermal pressure (a function of . alone)

which we have chnsen as given by the equatien of Pack, Evans
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and James, and g is the coefficlent (%2) » Which ie assumed tn

Tv .
be constant. The change of internal erergy from conditions i
Por Vqs» T, to conditions p, v, T is then furnished by :

E‘ -E“ -C'.(T' .T“,*‘xo (vi °vu)'f'. P‘ dvl (2)

v .
se i

For the gas, Cnok's equation [4, 5] was employed, even j
though a priori it had been determined for a quite different |
application. In effect, this law tries to express the state L
of the detonation products under the conditions of Chapman- i
Jouguet (C.J.) with the reaction terminated, independently of :
their compnsition, while here we are lonoking for a law which
makes 1t posslible, for a gliven explosive, tn follow the
behavinr of the detonatinn products during the reaction.
Nevertheless, since the products formed are essentlially the
same regardless of the explnsive being investigated, we are
Justified in believing that the error made by choosing Cook's
law 18 quite small.

plv-a(v)] *nRT (3)

The use nof an equation of atate of the form p = RT f(v)
leads, for the determinatimm of the variation of the internal

energy, to the simple equation (Tg% -p '0)

A
E,-E,*f c,dT

(4)

The specific heat of the gas varles considerably with
the temperature. It may be estimated that it goes from 0.15
cal/g/°K at 30C>K to 0.8 cal/g/CK at 4,000°K. Hence an
average value of 0.4 cal/g/°K may be accepted, all the more so
gince i1t leads to quite satisfactory values for the C.J.
characteristics of the exploslve.

The knowledge of the internal energy of the solid and
the gas then makes it possible tn determine that of the mixture.
By calling m the mass of gas formed at a given lnstant per gram
of 1nitial s0lid explosive, thie energy 1s given bdy

E-E *mE -E,)+(0 - m (K -E,) (5)

RN
i
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Likewise, the specific vnlume of the mixture is defined
by

v-mv.O(l-m)v. (5)

The equatlion of chemlical kinetics glving the rate of
liberation of chemical energy was chosgen in varinus ways 80 as
to ehow the difference between Arrhenius' law and the linear
law as a function of pressure. The latter has even been snme-
what complicated so as tn account fnr certaln experimental
results: its formulation will Le specified during the dlscussion
nf the thenretical results obtained by this mathematical mndel;
in a general fasnlon we shall write it as:

dm
-'a-"'f(p. T, ...} (7)

Finally, if the viscneity and heat cnnduction are neg-
lected, the fundamental hydrodynamic equatinns furnish the
following equatinns expressed in Lagrange varlables (x, t):

%§=l§ (crnservation of mass) (8)

o, 'aa'u{* ®eo (momentum) (9)
%E—-Q'%%-*pg%‘ o0 (energy equatinn) (10)
%%- u (material velocity) (1)

In this way we have a system nf eleven equations for
the twelve functinns of the two variables X and t:

u, x, v, m, E, p, v, T, E, v,, T,, E,

'Y

Hence we have the chnice nf an additinnal equatinn,
We shall assume, since the solid cannnt heat up by thermal.
cnnduction, that i1ts behavinr 1s linked snlely tn the pressure
varlatinns of the mlxture. Hence 1t can nnly be sublected tn
isentrnplc transformations. Since we have already assumed
that the snlld and cas are at the same pressure at all times --
in a grid -- (p8 = py = p), the equatinn sougnt 1s therefnre

dE, + pdv, = 0 (12)

o
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For the sake of facility ot use in the subsequent calculatinns,
we have replaced it by

T o Ta np[-é; ;v.. . V.)] (12)

This system of twelve equations 1s obviously used only
durling the reactlion, when solid and gas are both present. It
reduces to a system of six equations in the following twn

cases:

The reaction 1s nnt initiated, m = 0, the functions
are then: u, x, v = vy, E= E;, p, Tg and the system is made

up nf equations 1, 2, 8, 9, 10, 11,

The reaction ls terminated, m = 1, the functinns are
then: u, x, v = vg, E=E; D, TE’ The system 1s then made up
nf equations 3, 4, &, g, 10, 11,

The impact 1s furnished by a metal plate of thickness e,
moving with a veloclty VH. The pressure at all points of the

plate is assumed tn be zero.
5.1.2. Cnnduct of the Numerical Calculatinn

The cholce of the system of equatlons of finlte differ-
ences 1s directly inspired by that of Richtmyer L12] with
pseudoviscosity (q).

The three hydrodynamic equatinnas 8, 9, 11, are then
written as:

'OOI - ‘-ol
ael o } ) '
vi —}xri— (8*)
u‘l“ - \I';‘ . -(p+ Q); + (p+ q’;-l '
A )i (9")

4 . x
used '—‘Lxr' 2 (11')

The pseudnvlscnsity ia ¢iven by the equatious

-4
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wvhere 1 1s a length.

The knnwledge at time n nf the functions p, v, q in the
grids J - 1, J, J ¢+ 1 and nf functions u, x at the interfaces

J - %, J + % makes it pnssible to calculate at time n + 1 by

means of equation 9': ui} by means nf equation 11': ﬂ} and

by means of equatinn 8': wo.

Starting frrm m%, equatinn 7 furnishes m?*‘, regardless

J
nf the law of chemical xinetics employed.

m;ol ™ u‘? + |A m,l:.l

with

_K+_' = f{p, T, ...) (7')

Thus we have elght equatinns left fnr the determination
nf the eight functions E, p, Vg Ts, Eg) vg, TE’ EE' The snlu-

tlen ~f the system of eight equatinns with eight unknowas 1is
carried nut in the fnllowing manner: equations 5 and 10 are
calculated as a function only nf the variables vg and Vg them-

selves related by equatimn 6, Hence 1t is possible tn determine
by 1teratinn the values nf these variables which simultanenusly
satiefy the three equations 5, 6 and 10. Hence this calculatinn
makes 1t possible tn determine, in a stepwise manner, the
behavior durlng the reactinn nf the mixture of exploslve snlid
and detonatlon products in space and t.me. It should never-
theless be noted that equation 10 invnlves the pseudnviscoslity,
but this does not essentially complicate the solution of the
system nf equations.

[e 8]
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BB, eC (M - T) s g T vy, - [0 Py dv, (3" -
PPV - @i (v,)) = n R T i (s*)
E*.n = ¢, (T, - T (¢)
E' - E s ()Y - ED 4 (1 - ) (B - K, ) (')

vl e mpel vt e (1 - men) il (61)

(E™ - E) - (E' - E) * - (p+qrt (ve-yy+Q, faml" (10°)

T =« T, exp[a‘.-. vy, - v:")] (137 a

In all these equatinns subscript J has been nmitted.

During the mrments when nnly the snlid exists (m = O)
in a grid, or the 80lld 1s conmpletely converted into gas
(m = 1), the mathematical mndel 1s reduced tn six equatinns.
Three nf them, which are fundamental hydrndynamic equations,
immedlately furnish u, x, and v (v8 or vs) &t moment n + 1.

Then the system 1s reduced to three equations comprising the
three unknowns p, E; (or EE)' T, (nAr TS)°

The initiatinn of the reactinn was carried out as fol-
lows: During the rise nf the shock front -- a gradual rise o« -
tn the use nf pseudoviscnelity -- the explosive is treated as
an inert substance, and the reactinn 1s released only when the
pressure maximum due to the impact has been attalned. This
state, situated nn the Hugnniot of the inert solid, dennted by
subscript H, cnnstitutes the initlal cnnditlons for the deter-
minatinn nf the subsequent behavior of the snlid during the
reaction (isentroplc transformatinn). Mnrrenver, the tempera-
ture Tg 1s taken as an initlal value in the two equations nf

e

the determination nf the internal energy nf the gas, TSO =T,

(equatinn 4), and nf the chemical kinetics in the case where
the latter 18 Arrhenius' equation.

5.1.3. Cholice of Numerical Values

The object nf thie study 1s more that of determining
the influence of the varlous parameters on the generation of
the detnnation in an explosive than tn explain the particular
quantitative behavior of one of them. Nevertheless, we have -
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made an attempt to chnose the varinus cnnstants in such a way
as tn represent explosive D in a satisfactory manner [2].

For the equatlon of state nf the snlld explosive, the
experimental measurements of the dynamic adiabatic, carried
out on this explosive 8] gave the following linear law U(u):

U=2400+1,66u (MTS) (meter-ton-second)

The value of the specific heat nf this explosive (11]
has led us to chonse Cy» which we assume constant regardless
nf the temperature, as equal tn 880 kj/ton.

On the basls ~f these results the cnnstants of the PEJ
equation were adjusted, and the values retalned are as followa:

E ] ‘ - =
a*1,349.10 B = 16,5 8 3.491 (peter-ton-second)

for an initlal denslty and temperature of

p, * 1,70 t/m T, * 300°K
respectively.

By means of the equations given in Chapter 1, it is now
pnssible to determine the varinus functions necessary for the
calculation of the behavinr of the inert explnsive during the
shnck-detonatinon transition, in particular the dynamic adiabatic
of prle p =0, v = v,, and the isentrnpic lines each originating

from a pnint of this adiabatic.
The determinatinn nf the detnnatinn characteristics of

this explnsive then consists nf snlving the system of six
equations recapltulated below:

p(v -a)*naRT (equation nf state)
ue=D(1-3) (continuity equation)
D'-pVJ%T (mpmentum equation)

LE -Q, = %v(v.-v) (energy equation)
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AE G, (T - T,) (equation of internal energy)

D-uea (chapman=-Jouguet condition)

The solution of this system of equations may be carried
nut in the following manner [2]:

The determination of the velnclty of sound al = (as)

along an isentropic dE + p dv = O with 4E = C,dT, takxing into
account the equation of state selected:

(V-a)dp+p(x --g:#)dv-nad'r

is furnished by

@, - 0-2 8

or

@), - @) T2

Substlituting this value into the C.J. condition, after
replacing the lefthand eslide nf the latter by the values of D
and u taken from the continuity- and mnmentum equatlion, we get

¢nR_v-a

: -S2
v C, V, = V

The use of the law ac (v), glven by veasat+ba+ec ,
ylelds

Sg. 1
dv 2a,a+h

The equatinn to Le snlved then reduces to

n R y-oa., 1
C, V,-v 2a a+bh

The lefthand side nf this equation 1s constant, hence
v and n are obtained directly. The combtlination of the energy
equation leads, after elimination of the temperature, to the
determination of p by means of
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p[(v.a)-%%(v, .v,].L,R[T. ,_g_:]

The other equatinns then permit snlving the problen
completely.

Vie have chnsen the functinn o (v), directly inspired by
Conk's curve (4, 5], glven by

ve32,825q-08a+ 0,34

Using the following numerical values (}TS)

n = 32,108 R = 8,3u5€¢,107 C, » 1,672 Q, = 5,225.14

T, = 300°K
calculation ylelds
P = 216.10° pidzes D = 8.305 m/s@g u * 1,529 m/seC
T = 4.124*°K

Only the velocity nf detnnatinn 1s slightly ton high
with regard to the values of pressure and material velocity.
A more elaborate equation of state would permit a better adjust-
ment of these values with respect to each other, but apart from
the fact that 1t would considerably complicate the calculation,
1t would probably contribute only a very slight improvement to
the prnposed scheme.

5.2. RESULTS
Thie system of equationes was adapted for numerical cal-
culatlon on an electronic digital computer. 1Its stabllity
wag verified numerically.¥
5.2.1. Arrhenlus' Law

A first serles of calculatlion was carried nut using
Arrhenius' Law as the law of chemical xinetics:

Eevit - m) b

*The program was prepared by M¥r. Vidart and Mme Prouteau,
and used on the 2ull Gamma 60 electrnnic computer,
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The temperature T was chnsen as thet of the gas (T.).
However, the use of twn different temperatures (Tg and TE for

the same pressure (the gas 1s at 4,000°K when the s0lid is at
1,800°K) entails the rapid initiatinn of the reaction. Then
the latter 1s complete in a short time, since Arrhenius' law
18 very sensitive to the temperature.

Under these conditions the detnnation starts at the
interface as in the case of hcmogeneous exploelves but takes
place eo rapiély that there 1s hardly any "incubaiion" period,
gince the inert shock dones not have the time to be propagated
in the exploslve,.

Neverthelrss, there is obtained a gradual rise of the
velocity of the shock front which i1s reactive from the begin-
ning (the pseudoviscosity is only an artifice for the calcu=-
latinn), but the reactinn is such that the steady detonation
state ig attained very fast and witlnut the possibility of a
slowdown.

5.2.2. The Law of Pressure

The following numerical study was not orlented toward
the explanation of the quantitative behavier of a particular
explosive but rather tnward determining the influence of
various parameters on the prncess of initiation of the detona-
tinn, in order to compare thelr variatinn with the experimental
values,

In effect, the use of a numerical method with finite
differences fnr the snlution of the system of equatlions 1s
not without introducing snme incnnvenience. In order to
reduce the fluctuations as much as pnssible, we have been led
to chonsing a dense grid in space and time. The grid chosen
(Ax = 0.1 mm, At = 5 nsec) requires a large number of calcula-
tions., So as to make sure that a complete calculatieon doess not
require a prohibitive number of machine hours, we were forced --
whille preserving an order of magnitude compatible with the
experimental values -- tn nbtain the stable detonation etate
in approx. 2 psec for the "average" case (lmpact velocity of
a copper projectile: 1,600 m/sec). even though this is slightly
low 1a absolute value.

Since we wizh to study the behavinr of granular ex-

plosives, we were first motivated by Eyring's law grain-burning
L7], then by the law of holeburning.
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In the firat law it 1e assumed that the explosive 1is
present in the form of spheres having an average radius R.
The chemical decomposition takes place only on the surface,
and the influence of the presesure on the rest of the grain 1is
neglected. Strictly speaking, with the characteristics which
we have chonsen for the snlid - -explosive, when the pressure
changes from 100 kb to 200 kb the radius of the grain decrease
by about 3.57%.

This hypothesis leads us to the assumption that the
mass of the sphere of radius R ia directly proportional to its
volume during the entire reaction.

By calling m the mass of gas fnrmed per gram of initial
explneive, and r the radius of the sphere at moment t,

r)

‘Ey'l-m
whence we get: r=*R (1 - m)
and by differentiation:
3re dr, _dm
IUT dt

Hence the equatlon of the rate of reaction has the
following form:
dm 3

.3 dr
- R(l-'n#dt

In this case, dr/dt 1s negative, and the radius of the
graln decreases during the reaction.

2
The term (1 - m)g is the equivalent of the "geometric

form function”" of the combustion equations nf powders, while
dr/dt cnrresponds to the linear cnmbustinn rate and dm/A% to
the rate of cnnsumption.

Next, our reasoning was influenced -- under the same
assumptinnsg -- by holeburning. Then the reaction is assumed
to pronpagzate in a dlivergent spherical manner from the center
of the explosive grain. ‘e then get

r

B
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whence reRot
and 4rt d-  dm
R dt " at
whence dm 3 s
&t R.m *at

this time dr/dt being pneitive.

R
sens de propagaticn
de la réaction
Q@
Combustion par grain Q) Combustion par trov @
(grain-burning) (holedurning)

(1) - direction of propagatinn of the reaction; (2) -
grain-burning; (3) - holeburning.

The essential difference between these two equations of
chemical kinetics, all things being equal, is that the first
leads to a slowing down of the rate nf reaction dm/dt in direct
propnrtion to the increase in the mass (m) of gas formed, while
the second, on the contrary, causes its acceleration.

The last point which we have to make expliclt for carry-
ing out the complete calculation 1s the manner in which the
radiue of the grain varies in time, in other words, specify
the combustion rate dr/dt.

This variation depends on the thermodynamic conditions
of the grain and of the medium surrounding it. It is not
posseible at the present time to determine it experimentally,
as a functisn of the varlous parameters (pressure, temperature,
etc.). We can only be gulded in our cholce by analogies with
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similar phenomena (chemical reactions, combustion) and the
comparlson between the theoretical and experimental results:.

-=- The predomlnant influence of pressure in the tran-
sitlon: deflagration-detnnatinn (see Chapter 2);

-=- The prngress dlagram of the reactive shock front
during the initlation of the detnnation in a granular explneive
where the compresslon waves accelerate the shock as they over-
take 1t;

-=- The combustion nf powders both at low pressure (snlid
propergols) and at several thousand atmnspheres (intern:l
ballistics of cannons);

-~ The measurements made by ceriain researchers up tn
10 kb on snlid explosives [9].

|
!
|
|
|
PN T ) L
|
|
|

The whole bndy of these partial data has led us tn prefer,
as independent varlable, the pressure %“» the temperature, all
the more sn eince 1t 1s directly invnlved in the hydrodynamic
equations.

Hence we are led tn chonse a law of the form:|g§|-.p-+b

with rr close to 1.

In first approximation, we chnse

dr
.1 r |==
a () ld‘|‘lp+b
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The use of a linear law ie a priorl quite satisfactnry,
since we have seen that the cholce nf an expnnentlal law entails
a much tnn abrupt release of the reactinn, and dnes nnt gllnw
the representatinn nf the experimental results of gnlid granular
explnsives.

The maj)ority of thenretical results presented belnw were
nbtalned by means nf this linear law of pressure.

Under the assumptisn nf a reactinn gnverned by the law
inspired by grain-burning, the equation nf chemlcal klnetlcs
defined abnve 18 written as

Gm

3
at -7;(l-xnﬁ(lp+ b)

In nrder t» make evident the pressure threshold py below

which it seems that the reactinn cannnt be initiated experi-
mentally, we gave b the value nf (- apj).

Then the final equatinn emplnyed 1s

dm 3a
@ mu-mte-p

and under the assusptinn of the law inspired by hnleburning, we
Fet

dm

3a
ral SRR

- Dlagram nf the progress of the reactlve shnck frnont:

The use nf a law nf chemical xlnetice depending nn the
pressure, cnmbined wlth a functinn having a form analngnus to
that ~f grain-burning, furnishes a prneress diagram of the
reactive shocd which shnws a rather gnnd agreement with experi-
mental results. In effect we nbtain, immedlately upnn the
rasegage nf the ehnck, a very high rate nf reactinn. Hence the
preesure lncreases abruptly, end then gradually decreaszs tn
the crndiltinns nf Chapman-Jnrnuguet. The reactive s.nck front
accelerates from *the mnment nf impact, tn attain gradually the
gteady detonatinn state (cdlagrame 1 and 3). By cnntrast, in
the case of honleburning, the reactinn is qulte weax after the
paasayze nf the shnck. The latter 1s therefnre propagated in
the exvlneive at an almnst cnnstant rate, as in an 1lnert
medium. It 18 at the tarret-prnlectlle interface, the reglon
which 1e cnmpressed fonr the longest perind of time, that the
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reactlinn first becnmes coanslderable; then cnmpressinn waves
are propacated toward the shock front, the pressure signal
gradually strailghtens out and finally assumes a form analngous
tn that nbtained under the assumption nf grain-burning. Hence
during the first moments the reactive shock front propagates
at a cnnstant velocity, then it becnmes accelerated quite
abruptly when the compressinn waves originating from the lnter-
face catch up with it, and finally gradually attains the
velncity of the steady detonatinn state. Hence a slight slnpe
discontinuity 1s observed in this case 1in the progress dlagram
(x, t) of the shock in the explosive (diagrame 2 and 3).

The use of a form functinn involving the average dlameter
of the grains makes it pnssible tn represent, at least quall-
tatively, the follawing experimentally observed finding: the
smaller tne average grain dlameter, the easier it is to bring
abnut the detonation, and the faster the steady state 18
attained. It should nevertheless be pninted nut that the
threshold of the initiatinn of the reaction does not intervene
in this mndel simultanenusly with the radlus of the graln, as
may be assumed on the basis of experiments.

Three calculatinns were carried ou, foar grain sizea of
50, 100 and 140 p» for the case of grain-burning. The results
are shown on dlagrams 1 (R = 140 u), 4, 5 and 6.

If we consider the experimental results in greater
detall, the progress diagram nf the shock front exhiblte twn
impnrtant characteristics:

-= The acceleration takes place from the mnment of
impact;

-« There 1s an abrupt change in thls acceleration.

The abnve calculatinne dn nnt lead tn these resul‘s.
The law nf reaction inepired by grain-burning expresses only
the first nf these characteristics, whlle the law inspired by
hnleburning expresses nnly the eecond.

To nbtain the acceleratinn nf the shock frant from the
me..ent of 1lmpact, 1t 1s necessary that the reaction be initiated
from thls moment tr a nnn-negligible extent. Thils 1le realized
by the uese of a aradual law of energy liberatlinn, ior example,
a8 linear law as a functimsn of the pressure, which 1s more
gradual than any expnneatial law.
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The abrupt change of acceleration can be concelved anly
if an abrupt exceas pressure appears behind the shock front.
Thie excese pressure can be produced nnly by the arrival nf a
train of compression waves (or a second shnck) which, arieing
in the already perturbed explosive zone between the impact
surface and the front of the first shock, overtakes the latter.

Thie is the explanatinn given fnr interpreting the
experimental results obtained with the hnmogenenus explosives
where it 1s assumed that the secnnd shock arlses at the
barrier-explosive interface (see preceding chapter).

However, in the case nf the granular explonsives, the
second shack ought to be prnpagated in a medium which has
already strnongly reacted -- the prngress diagram (x, t) of the
initial shock shows an acceleratinn from the moment of impact.
Marenver, the reaction, after the passage of this wave train,
does nnt have to be complete, since the velocity of the steady
detrnation state 1s attained only gradually, and by a lower
value after the slope discontinuity of the progress dlagram.

In order not to obtain excess velncity -- as in the
case nf the homogenenus explosives -- befnre the establlishment
of the steady detonation state, we have been led to belleve
that it 1s in the vicinity of the initial shock front that the
excess pressure 1s brought about abruptly. Accordingly thils
wruld be provoked by an abrupt liberatlion of chemical energy,
and hence would correspond tn a jump in the evnlution of the
"reactisn." This abrupt liberation of energy may be accepted
if we remember that several reactlinns are invonlved, and that
the chemical kinetics of the whnle phennmennn is not known.

This assumptinon is strengthened by the following nbser-
vations:

-=- The examinationn of the decompocitinn of metal
nitrides has revealed an abrupt variatinn of the reaction rate
as a functinn of temperature _1].

-- The study of electric conductivity in the reaction
znne of various granular explosives (detnnation in steady
state) reveals nntable differencea in the form nof the electric
signal recorded. The nbservations make one asesume that the
appearance nf lonizatisn is intimately linked with “he chemical
reactinn. The deviatinns seem to be due to the differences
with respect to the mechanism of reactinn, with the transitory
appearance of intermediary products, related to the physical-
chemical properties of the explosive in question, while the
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determination of the detnnatinn characterlstics with the ald
of the hydrodynamic theonry, where it 1s assumed that a thermn-
dynamic equilibrium hae been achleved, nnly cnnsiders the final
procducts (13].

== The behavior of certain explnsives where a state nf
"low arder detonation"” 1s established, gives rise to the belief
that the liberatinn of chemical energy 1s capable of nnt being
total under certain conditinns, while still assuring a steady
state 14].
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(1) - rate of reactinn (arbitrary units); (2) =
according to Audubert [1]; (3) - conductivity;

(4) - according to R. Schall and K. Vallrath _13];
(5) - prove.

It fnllows frnm these rerarks that the mechanism nf the
"reactinn" depends on the explmsive in questinn and varies
during the evolution -f all the chemical reactinns which lead
tn detonatinn.

This explains why 1t 1s snmetimes pnsslble to observe,
experimentally, an "avershnnt" during the establishment of the
steady state nf detonation nf certain exploslves L10]. The
ease wlth which the train nf compressinn waves ig transformed
intn 8 shncxk 1s fFreater when the intenslty nf the inltial
shnck 18 lower == a lnnger time for the establishment of this
snncx by the combinatisn of the varinus cnmpression waves which
ariee in a medium which has nnt reacted to a great extent.
Eence the nvershnnt 18 greater when the initial shnck 1ie
weaker (see Jacobs diagram, Chapter 4).
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Hence the general case =~- withnut nvershnnt == requires
the introduction of a discontinuity inte the liberatinn of
chemlcal energy in the vicinity nf the shnck front.

The use of an exponentlal law gives a gnod nverall
representation of a threshnld state, but we have already seen
that the "dlscontinuity" introduced in this fashinn is much
tno abrupt to represent the real situatinn.

The use ia the calculation, presented above, of a form
function analingnus tn holeburning dnes entall a prngressive
acceleration of the reactinn in propnrtion to its state of
advance, but the slope discontinuity obtalned in this way is
small, while the shnck prnpagates during the first moments as
an lnert shock.

While a combination of the twn laws nf reaction, having
the fnrm

5 "R komd 4 0 -mb) p -y

indeed furnlshes bnth the acceleratinn from the moment nf
impact and the velncity Jump nbtalned experimentally, these

two characteristics are much tnno attenuated tn permit us tn
crnaider thls law of chemical kinetics satisfactonry. 1In effect,
each mnde of reactlinn weakens the pecullarity contributed by
the other. In this equation cnefficlents ky and k2 would

represent the percentages nf each nf the twn genmetric forms,
values linked to the charge denelty of the explnsive,

Calculation leads tn the follnwling result: The pressure
gradually rises, in the course nf time, in the znne perturbed
by the shnck, while at a rlven instant the pressure aaximunm
is situated elther at the target/projectile interface or
immedlately behind the shock front, depending on the relatlive
values nf k¢ and k5. 1In all cases the deviation 1s emall, and

the prngress dlagram of the shnck frnnt is intermediate between
those nbtained above for each nf the twn mndes of reactinn (by
grain nr by hnle).

In view nf the lack nf succesas with these different
methnds, we have chnsen the mndel of grain-burning -« which
furnishes the acceleratinn nf the shnck front from the mrment
nf impact -- and the slnpe discrntinulty in the prngress
diagram nf the shnck was nbtained by the artificilal introduc-
tisn of a jump in the liberatinn nf the chemlcal energy. This
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Jump was related to a threshnld value nf the pressure since
at a given moment, the pressure is maximum in the vicinity
of the shock front in this model (Diagram 7).

= Threshold of Initiatinn nf Detnnation:

Since the pressure threshnld is made directly explicit
in the equarion of chemlcal kinetics, 1t 1s a known quantity.
Hence the sci.eme presented here dnes not permit ite theoretical
determination. '

- Initial Point of Release nf the Detonation:

The experimental resulte shoew that the detnnation 1is
initlally eatablished, in the case nf granular explosives, 1n
the interior of the explnsive and not on the impact surface
as is the case for the hnmogeneous explosives.

The use of a very gradual reactinn velocity maxee it
pnssible tn bring about a sufficlently slow rise in the reac-
tien rate 30 that the hydrodynamic equations may intervene in
the crurse of the reactinn. The gradual pressure rise on the
impact surface of the explnesive is slowed down by the pertur-
bations produced by the equality nf precsures which 1s estab-
lished in thls plane at all moments. These perturbations are
constltuted of a train nf compression waves which propagate
in the projectile, while the expansinn waves propagate in the
explosive.

The use nf a law nf chemical kinetics linked to the
pressure then maxes 1t poselble tn nbserve that the initial
point of the complete reactimn (m = 1) 18 nnt situated at
the projectile/target interface but in the interinr of the
explnsive.

This result 1s stlll eharply different frnm that
ylelded by Arrhenius' lav where the first pnint of complete
reactinn 1s always sltua.ed nn the impact surface of the
explnslive.

The explanation nffered by varinus researchers of this
phennrennn obtained by means nf a frontal shock (barrier-
recelver assenbly) as belng the cnnsequence nf expansion
effecte due to the edges nf the cartridce nof explnsive 18 in
agreement wlth the preceding results. Llnrenver this expansinn
13 not tse rnly nne whlch intervenes, but we have tn add tn it
that which rises from the barrier. Hence these two results
bring absut a decrease of pressure -n the surface nf entry of
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the explosive, hence a decrease of the reaction rate, since we
have linked the latter to the pressure. Hence the mathematical
model proposed here makes 1t pnssible to explain this phenomenon.

A difficulty nevertheless persiste, since, despite the
use of a very gradual law of chemical kinetlics, the distance
secparating the initial point of detonation (m = 1) from the
surface of entry of the shock into the explosive is quite
small, while experimentally the distance found 1s much greater.

To subject this problem to a atrict treatment it would
be necessary tn take intn account the two expansions indicated
above. Then the phenomennn becomes two-dimensional non-
statlonary. Ve d1d not undertake this complex study with
three varlables.

Hawever, the study of the prngress diagram of the
reactlve shock front has shown us that to obtaln a gonond
agreement between thenry and experiment it 1s necessary to
introduce a dlecontinuity in the chemical kinetics. This
conslderably faclilitates then the obtainment of the initial
point of detonation in the interlor of the explnsive, at a
ggnsiderable distance from the 1mpact surface (dlagrams 7 and

From the initial point of cnmplete reaction the end
reaction front propagates toward the shnck front and then
reduces the thickness nf the zone in the process of reaction
untill the establishment of the steady state.

If the explosive between the face nf entry of the
shnck and the initlal detonation front has reacted only slightly,
vhich favnrs the use of a discontinuity in the liberation nf
chemical energy, the phennmennn of "retnnation" is re-
encnruntered on the thenretical level: an end reactlion front
propagates toward the face of entry. The wave assoclated with
this phenomenon is called "retrograde" wave.

- Influence of the Intensity of tha Pressure Slgnal:

The intensity of the pressure slgnal generaied in the
receptor explosive depends an the material of the projlectile
and the veloclity of impact. Hence the modification of one of
these two parameters makes 1t pnseible to vary the intensity
of the pressure signal induced in the explnsive target. We
hav: chnsen to modify the impact velncity by usling a copper
pro jectile.
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Three calculations, giving respectively 65, 100 and 135
kb, have been carrled nut. They macde 1t possible to verify
(dlagram 9) that the distance covered by the reactive shock
without the establishment nf the steady detnnatlion state 1is
greater when the pressure is lower. This steady state, attalned
in an asymptotic manner, dnes not permit a pvrecise determlinatlon
of the "induction perind,"” but by contrast, the veloclty Jjump
in the progress diagram nf the reactive shock 1s easler to
demnnstrate.

These results are in rather c<nnd agreement with the
experimental results (3] since they furnish a gradual variatinn
nf this "induction period,"” in contrast tn Arrhenius' law
which leads to a pressure threshold belnw which detonatlion does
nnt take place, and above which the time of establishment »f
the detonation 1s almonst independent of the initial conditionsa.

A calculation was attempted for an induced pressure of
180 ¥b: numerical instablilities prevented us from carrying out
this study successfully. A grid more compact in epace and time
for the solution of the equatinns with finlte differences
should permit solving thils difficulty, but thls kind of mndi-
fication wae not undertaken since 1t wnuld lead to very lengthy
perlods of machine calculation.

- Influence of the Duration of the Pressure Signal

The experimental studies nn the duratlion of the pressure
slgnal as a function of the thickness of the projectile have
revealed 1n the case of aluminum that the decay nf the shock
takes place much sooner in space and time than could be pre-
dicted by the hydrndynamic theory {6]. To explain this
phensmenon 1t ls suggested that the elastn-plastic beharior of
the materlal conestituting the prnjectile cannot be neglected.
Tn our knowledge, analogous experiments have not yet been
carrled out nn copper, and it 18 posslble that the hydrodynamic
thenry, ton, 1g deficlent.

In the thenretlical study which we have undertaken we
dld nnt taxe into accrunt this characteristic, and we have
assumed that the pronjectlle behaves llke a fluid. On the
nther hand, the use of a law nf chemical kinetics which is a
gradual function of the pressure does not permit stopping the
reactlion even when a beam of expansinn waves rises in the
perturbed products. The reactinn is slnwer, but it leads
inexorably tn the detonation except if the pressure becnmes
less than 20 Xb, the threshold which we have chosen for its
Iinitiation,
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0n Dlasram 10 are plotted the results obtained for the
two projectiles launched at the same velocity (800 m/sec) but
having different thicknesses: 1 and 3 mm, respectlvely. At
the start of the phenomenon, the two curves coincide (0.5 psec
on the diagram), since the beam of expansion waves which rises
in the projectile has not yet attained the interface. They
separate at around 0.6 psec, and tnoee obtained for the pro-
jectile of 1 mm thickneses show that the expansion is much
greater at the interface than in the interior of the explosive.
At 2 psec the detonatlon develope, leading to the steady state
in the case of the 3 mm projectile, while at no point did the
reaction rate (m) attain the value of 1 in the case of the 1 mm
pro jectile.

- Influence of the Initlal Temperature

To determine whether the proposed model is sensltive to
the initial temperature conditions of the explosive, two cal-
culatinng were carried out. Ve assumed that befere impact,
the explosive had an initial temperature of 300%¢ in one case,
350°K in the other. The constants of the equatlion of state
nf the inert exploslive were not modified for such a small tem-
perature varlation since at the present time it is impossible

tn distingulsh exverimentally between the two dynamlc adlabatics

cnrresponding to the initial conditions of 300°K and 350°K.

The results of the calculatinn are very similar, and
exnioblt ne experimental dispersion. As a result, in thie
scheme, the temperature is only of slight importance which is
quite different from the result obtained by Arrhenius' law.
Tnus the acreement with the experimental results is quite
satisfactory {3].

- Study of the Steady State nf Detonation

The opreceding mocel 1s stlll valid when the statle
state nf detonatinn has been ests™Ilizneu. rnence 1t furnishes
a schematic representation of the reactinn zone.

In the Tirst place it shonuld be nnted that the values
nT the detnnatinn characterletics in the Chapman-Jouguet
(c.J.) plane are nnt re-encountered exactly by machine calcu-
latlon. In particular, the detonatlnn velncity les crneiderably
¢reater (by abnut 207) that that calculated directly by means
nI the hydrnédynamlic equations. The C.J. onint itself 1is
glightly displaced in the (p, v) vlane with respect to the
trherretical values. It 1s pnesitle that thls 1s due to the
intrnductinn ~»f the psendonvisconseity as well as tn the chnice
~f numerlcal methnd itself (equatincne with finlte differences).
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The examinatinn, in plane (p, v), of the behavinr »f
the mixture of the explnsive snlid and detonatlinn ctrnducts
during the reaction shows (dlagram 11) that it starts from
point H of the PEusznnint of the snlid cdeflned atove, first in-
creases in pressure, then decreases to attain finally the
values which we have dennted as c¢onmputed C.J. values, rather
clnse tn the thenretical C.Jd. conéditinns; this curve is inter-
medlate between the adlabatic nf the inert snlicd and the
isentropic of the detnnation prnducts which vpasses thrnush the
C.J. pnint. Tt is to be regretted that few polints are situated
in the ascendant part of thls curve as a result »{ the nverly
large Ax, At grid emplnyed in the equatinns with finite
c¢ifferences.

It may be observed that the drescsure maximum rerains
telow the value of Von Neumann's peak. This ie nnrmal, since
the shock 1s immedlately reactive. A mnre dense s£rid wnuld
rerhavs permit tn reduce even further tre »dressure maximum
obtalned by this model.

The thickneas of the reaction zone depends on the con-
stants introduced into the law of chemical kinetics. With the
values which we have chnsen, 1t 1s of the order to one milili-
meter, the result of the order of magnitude of the currently
assured values. The choice nf 0.1 mm which we have made fnr
the Ax srid would hardly permit us tn decrease notably the
thlcknese nf the reactinn znne, but a mnre compact grié would
assure thils vossircility.

5.3. CONCLUSION

The experimental study ~f the ceneratinn of detnnatinn
in a snlid granular exvlosive rhas nermitted us to derive a few
simplifying assumptions for expreseing tnis prnblem in the form
nf equatlons. The mathematical mndel vrepared in this way
furnishes results which are in rather en~d arreement with the
experiments. MNevertheless, numernus exveriments -- mnre
accurate than thnse describec nere -- and mrre comvlex calcu-
latlons will be necegssary tn 1lluminate fully trhis delicate
problem ol the hydrodynamics ané chemical kinetics ni explnrsive
substances.
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Dlagrams 1--11 are interrelated and the keys are
nurbered consecutively as fnllows:

Key: (1) - Generation of Detmnation by Impact; (2) - Profile
of the pressure signal in the explnsive as a function of time;
(3) - theoretical results; (4) - copper prolectile; (5) - chem-
ical xinetics; (6) - position of the impact surface at the
initlal moment; (7) - progress dlagram of the reactive shock
front; (8) - law of reactinn inspired by hnleburning; (9) -
free surface; (1C) - 80lid explnsive; (11) - law nf reaction
inspired by grain-burning; (12) - detnnation procicte; (13) =
reactive shock front; (14) = end nf reaction; (15) = retrngrade
detonatinn, or "retonation"; (16) - regardless eof the value

of p; (17) - varlation of the reactirn rate; (18) - identical
to that mentioned non diagram 7, reference _2]); (19) -~ effect
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nf the intensity of the pressure signal; (20) point where the
velncity discontinulity is situated; (21) - initial point of
the establishment of the steady state nf detnnation; (22) -
atudy of the steady state of detnnatinn; (23) - Von Neumann's
Peak (theoretical); (24) - mixture; (25) - gas; (26) - machine
calculatinn; (27) = theoretical; (22) - dynamic adiabatic of
the 8nlid explnsive withnut chemical reactinn (machine calcu-
latinn); (29) - isentropic ~rizinatine frnm H of the snlid
explnsive withnut chemical reaction (machine calculation).
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