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PREFACE

The Sixth Symposium (International) on Detonation was held at the Hotel del

Coronado in Coronado, California (a suburb of San Diego) in the four day period August
24 to 27, 1976.

The sponsoring organizations were:
Lawrence Livermore Laboratory, Livermore, CA (LLL)
Los Alamos Scientific Laboratory, Los Alamos, NM (LASL)
Naval Surface Weapons Center, White Qak, Silver Spring, MD (NSWC)
Office of Naval Research, Arlington, VA (ONR)

The following committees were responsible for the operational details:

ORGANIZING COMMITTEE GENERAL ARRANGEMENTS
William E. Deal, LASL Lee H. Hicks, Secretary
David J. Edwarc}s_,v_lf_{SWC Treasure1, LLL

~—18¢ H. Hicks, LLL Alita Roach, LASL
John W, Kury, LLL Wanda Dowling, NSWC
Richard Miller, ONR Diana L. Vargas, Systems, Science,
D. John Pastine, NSWC and Software
TECHNICAL PAPERS REVIEW WOMEN'’S ACTIVITIES
William E. Deal, LASL Mary Kury, LLL
John W, Kury, LLL
D. John Pastine, NSWC LOCAL ARRANGEMENTS
Donna Price, NSWC John L. Deuble, Systems, Science,
Sigmund J. Jacobs, NSWC and Software
POSTER SESSION PREPRINTS/PROCEEDINGS
John W, Kury, LLL David J. Edwards, NSWC
Donald Ornellas, LLL Minge Frye, NSWC

The meeting was divided into sessions for the floor presentations. We were honored
to have Dr. Harold M. Agnew, Director, Los Alamos Scientific Laboratory as the Guest
Speaker for the Symposium’s Banquet. His topic was, “Advanced Energy Technologies”.
It dealt with the broad problems facing the world in its need for development of new
sources of energy to meet the growing demand.

A unique addition to the presentations at the symposium was the inclusion of a
“Poster Session”, an exhibit form of presentation in which the authors employed posters
and displays of hardware to illustrate the subject matter. The experiment was so
successful that it is very likely to be repeated in future meetings of this series.

This volume contains the complete set of papers and discussions for both the
formal sessions and the poster sessions of the Sixth Symposium (International) on
Detonation. To assist in identifying contributors an index has been appended at the end
of this volume. A list of attendees to the symposium is also appended.
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This series of symposia began in 1951 when a “Conference on the Chemistry and "
Physics of Detonation” was held at the old Navy Building under the sponsorship of the 4
Office of Naval Research. The meetings became international with the Fourth Symposium ‘
on Detonation jointly sponsored by ONR and NOL at the Naval Ordnance Laboratory . !
in 1965, Information regarding availability of the documentation of previous symposia |
is in¢luded here for the reader’s information.

The chairman is grateful to the above organizations and to the many contributors.

The chairman is grateful to the sponsoring organizations, to the members of the
above mentioned committees, and to the contributors of papers and poster displays
for their cooperation.

PN O

Ouid Q. Sehonnd

DAVID J. EDWARDS, Editor R

PRy

SIG D J. JACOBS, Chairman
Naval Surface Weapons Center
White Oak Laboratory :
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SEPARATION OF IGNITION AND BUILDUP TO DETONATION
IN PRESSED TNT

B. C. Taylor and L. W, Ervin
Detonation & Deflagration Dynamics Laboratory
Ballistic Research Laboratories
Aberdeen Proving Ground, Maryland 21005

A 4-inch light gas gun is used to impact pressed TNT and a streak camera is used to
measure the velocity of the resulting disturbance generated at the rear surface. At
one extreme, one can measure the minimum shock pressure required to generate an
immediately visible reaction and at the other extreme the conditions required to
produce detonation. These two different tests allow one to separate the sensitivity
to ignition by shock from the sensitivity to detonation by shock, Measurements
were made on TNT charges pressed to three different conditions: (1) large grain
TNT pressed to 1.30 grams/cc density, (2) large grain TNT pressed to 1.55
gramsfcc, and (3) small grain TNT pressed to 1.55 gramsfec. The sensitivity to
ignition followed the order (1), (2), (3) with (1) being ignited at the lowest
pressure, and the sensitivity to detonation followed ine order (3), (2), (1) with (3)

requiring the least critical energy.

INTRODUCTION

There is a long-standing need to understand the
process by which shock waves initiate reaction and
buildup to detoratien in high explosives, both from
the standpoint of tundamental interest and from the
need to know the parameters controlling the san-
sitivity of explosives. The majority of high explosives
used are too sensitive—they don’t have to be this
sensitive to be detonated when detonation is desired.
The excess sensitivity represents an unnecessary
hazard. If the sensitivity of the high explosive is to
be decreased, it will be done by raising the pressure at
which reaction starts, and that is wiiy we are con-
cerned with measuring this parameter.

The recent addition of the 4-inch diameter Light
Gas Gun Facility to the Ballistic Research Labora-
tories, coupled with existing high speed optical
recording equipment has made it possible {0 generate
precisely controlled shocks in explosive samples and
to study the resulting reaction. The net result is that

the shock pressure region where explosive reaction is
just beginning ¢".. be accurately delireated. With
these techniquex this parameter now can be measured
as a function of explosive density and grain size for a
variety of explosives.

The technique for detecting the start of reaction in
the expiosive consists of using the 4-inch diameter
Light Gas Gun to generate 2 precisely controlled
shock of large planar area in the explosive sample and
measuring the velocitv of the rear surface of the ex-
plosive. When the shock pressure is too low to cause
reaction, the velocity of the rear surface can be cal-
culated from the porous equation of state for the
explosive with the explosive considered to be inert.
The streak camera measurements in the low pressure
range are in agreement with these calculations. When.
the shock pressure becomes high enough to cause
reaction, there is a divergence of the measured veloc-
ity from the calculated (inert) velocity, and the break
point defines the start of reaction.
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The energy per unit area just necessary to cause
detonation which is transferred to the explosive by
the flyer plate will be referred to hereafter simply as
critical energy. This critical energy can be deter-
mined using a modification of the above technique,
A thin plate of aluminum is projected against the
explosive sample and the velocity of the reaction
products emerging from the rear surface of the ex-
plosive is measured. Since the velocity of these
products is known for full detonation, the velocity of
the donor aluminum plate can be varied in small steps
until full detonation occurs, and the critical energy
can be calculated (1).

These two different tests allow one to separate the
sensitivity of the explosive to ignition by shock from
the sensitivity to detonation by shock.

EXPERIMENTAL SET-UP

A schematic drawing of the experimental arrange-
ment is shown in Fig. 1, The light gas gun fires a
nominal 4-inch diameter projectile which impacts the
explosive sample in an evacuated target chamber
(approximately 50 torr pressure.) Both the exploding
wire light source and the ever-ready rotating mirror
streak camera are external to the target chamber and
view the event through glass ports. The streak camera
is located alongside the gun barrel due to space limita-
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Fig. 1. Experimental arrangement.
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tions; hence the turning mirror is required to deflect
the image as shown,

For the experiments designed to detect the mini-
mum pressure at which visible reaction occurred, the
projectile impacted the explosive sample directly, as
indicated in Fig. 1. However, for the experiments
designed to measure the critical energy required to
cause detonation, the projectile had a brass face plate
0.318 cm (0.125 in.) thick attached to the normal
1.27 em (0.50 in.) thick aluminum front. The pro-
jectile did not impact the explosive sample directly,
but instead struck an aluminum plate of either 0.10
em (0.040 in.) or 0.32 ¢m (0.125 in.) nominal thick-
ness which was spaced 1.27 ¢cm (0.50 in.) from the
explosive sample. When impacted by the brass faced
projectile, this aluminum plate, having a smaller
shock impedance than the brass, acquired a higher
velocity and separated from the brass. Over the 1.27
cm (0.50 in.) of travel before striking the explosive
sample, the aluminum ran ahead of the brass facsd
projectile an appreciable distance. When the
aluminim flyer plate then struck the explosive, one
had sufficient time to observe the resultant reaction
before the slower moving brass faced projectile struck
the explosive and caused additional reaction, The
low density (1.3 gram/cc) explosive was 0.95 cm
(0.375 in.) thick and the higher density (1.55 gram/
cc) explosive was 1.59 ¢m (0.625 in,) thick.

POROUS EQUATION OF STATE

The Hugoniot for the shocked porous TNT can be
developed in the following manner (2). Figure 2
shows the situation where both a soli¢ material (s
subscript) and a porous material or foam (f subscript)
are shocked to the same specific volume V from
different initial states (o subscript). The pressure in
the foam material will be higher than that in the solid
due to the additional internal energy depositad in the
foam material by the collapse of the pores. The
Gruneisen equation of state assumes that the inde-
pendent variables are specific volume and internal
energy, that the pressure is proportional to the inter-
nal energy or P = F(V)E, and that F(V) is of the form
F(V) ='(Vj/V. In the pressure range of interest
here, one can assume that the Gruneisen parameter
I'(V) is not a function of V but is a constant, and can
be evaluated at the initial specific volume to give,

(V) = T, = V, 3P/3B)y _ = oCZ/C,,
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where a is the coefficient of thermal expansion, C, is
the bulk sound velocity, and C,, is specific heat at
constant pressure. Thus P=1", E/V, and it follows
that Pg~ P, =T, (E; - E,)/V. One can use the Hugo-
niot jump conditions to evaluate E; and E,:

Since Ef ad Eof = Pf(Vof - V)/2

and E, - E;;, = P, (Vo - V)2
and Eof = EOI
Then subtracting gives

Ef = E; = P(V e~ V)2 = Py(V,,— V)2
Thus
Py — Py = D[PV e~ V)2 ~ P(V,,~V)2]/V
which simplifies to

Vo, - V-2V/T
Pr=P 5 —v-avir M

Thus the shock in the porous explosive is ex-
pressed in terms of the pressure produced in the splid
(P,) by compression to the same specific volume V
multiplied by a function of the various specific
volumes, all of which are known or can be calculated.

Using the shock jump condition relating pressure,
shock velocity U and particle velocity u,

SOLID HUGONIOT
POROUS HUGONIOT

RAYLEIGH LINE

PRESSURE

v Vos  Vor
SPECIFIC VOLUME

Fig, 2. Shock compression of solid and porous
explosives.
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P = pys uU; then U2 = PV2/(V ;- V) (2)
u = UVyr=V)/Vye 3

For the shock pressures and porosities employed in
these studies, it is assumed that the voids in the ex-
plosive are completely collapsed by the passage of the
shock wave and that the subsequent expansion that
occurs when the pressure is reduced to zero is that of
the solid explosive.

RESULTS

Measurements were made on TNT cf two different
grain sizes and of two different densities to determine
the minimum shock pressure at which immediately
vigible reaction begins and to measure the critical
energy necessary to detonate these samples. The
minimum shock pressure which causes reaction is a
measure of the ease of ignition of the samples, while
the critical energy required for detonation is a mea-
sure of the ease of detonation of the samples. The
shock buildup to detonation process can be viewed as
one in which ignition is caused by shock collapse of
the voids within the explosive, and the subsequent
reaction which leads to detonation as a grain burning
process. If the density and the grain size of the
samples are varied separately, this will be equivalent
to varying the vold size and the surface area of the
explosive grains separately, and should affect the
ignition process and the buildup to detonation
process independently.

The TNT pressings which were used in these ex-
periments were made from fractions sifted from TNT
powder prepared by solvent precipitation. The
coarse-grained samples represented that fraction
which passed a #50 U.S. Standard Sieve and was
retained on a #70 sieve. The fine-giuined ones rep-
resented that fraction which passed a #200 sieve and
was retained on a #230 sieve. Surface area measure-
ments were made on the resulting pressings by V.
Boyle of BRL (3) and are given in Table 1.

In Fig. 3, the reaction products velocity is shown
for the coarse grain TNT pressed to two different
densities (o = 1.3 gm/cc and p = 1.55 gm/cc). The
velocity which the sample would have if no reaction
had occurred was computed from the porous
equation of state for TNT and is plotted on the
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figure. It can be seen that the low density sample Although both samples have the same total void ‘
indicates reaction at 4.5 kilobars, while the high volume, the coarse grain pressings have larger in- )
density sample with its smaller voids starts to react at dividual voids than the fine-grain pressings and show
about 14 kilobars. I+ was found that jetting from the reaction at the slightly lower pressure of 14 kilobars

Fig. 3. Reaction of coarse grain TNT at two densities. Fig. 4. Reaction of TNT of different grain sizes at
same density. Do

pores of the sample could cause a false reading, and a compared to 15 kilobars required for the fine grain. i
layer of plastic 0.5 mil thick was used to retard this Although the fine grain pressings required a higher ‘
jetting without interfering with the expansion of the pressure to cause .nitial reaction, once reaction '
reaction products. started, it went to detonation more rapidly. The fine
grain pressings were unreacted at 15 kilobars and at ‘
The results for fine grain and coarse grain TNT full detonation at 16.1 kilobars. The two experi- A
pressed to a density of 1.55 gm/cc are shown in Fig. mental points at 12.9 kilobars and 13.9 kilobars are ‘
4. Since only density (or specific volume) is involved considerably above the calculated inert curve for the '
in calculating the shock response of the porous ex- coarse grain 1.55 density TNT. This may be experi-
plosive (Egs. 1, 2, and 3), both grain sizes have the mental error or it may represent a small amount of ;
same inert shock response. immediately visible reaction, as examination of Fig. § i
y
TABLE 1 }
{
Physical Characteristics of TNT Pressings '1
Sieve Size | Sieve Opening Density Surface Area ?41
Range Range (um) (gm/cc) (cm2/gm) “
loose powder | 1.14 X 103 ‘
50-70 210-297 1.30 1.23 X 103 ‘
1.55 1.66 X 103 '
loose powder | 2.25X 103 :
200-230 62-74 1.30 3.22X 103 1
1.55 2.45X 103
3 1
q 3 ’ |
§ 3 | TO 9.51mm/us AT 16,1 kbar ‘
24T £ |
g z FINE J
o) 3k o3k GRAIN B
$ g DENSITY = 1.55 g/em? !
g 2} COARSE '
3 GRAIN
8t INERT ; <
! 1
50 "R G NPUNY VT G MU WP W S | &‘PREWNSE e !
Qo 2 4 6 8 0 12 M i Z i i
9 PRESSURE (kbar) S A N R TR TR T 'g .
& PRESSURE {kbar) i ‘
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will show. Here, the reaction products velocity is
plotted versus time after shock emergence for the
three shots at 11.4,12.9, and 13.9 kilobars. For the
11.4 kilobar shot, the velocity of the reaction was
constant for approximately 10 usec after which the
velocity jumped to a higher value. The shot at 12.9
kilobars had a constant velocity for approximately
1.5 usec after which delayed reaction gradually in-
creased the velocity of the products to 2 mm/usec.
The shot at 13.9 kilobars had the same initial velocity
as the 12.9 shot but delayed reaction started sooner
at 1.0 usec, the velocity then increased more rapidly
than the 12.9 shot, and a jump occurred at 7.7 usec
to a higher velocity.

Flyer plate measurements and calculations are in
Tables 2, 3, and 4 and Figs. 6 and 7. The measure-
ments tabulated in Table 2 are also plotted in Figs. 6

TO 5.36

>

oo

[V

Q

o

> 13.9 kbor

vh

—

g

8 12.9 kbar

& rc’—‘_
z

] 11.4 kbar
-

<

& 9 ] ] 1 i ] 1

o] 2 4 6 8 10 12 14
TIME AFTER EMERGENCE (pus)

Fig. 5. Reaction products velocity versus time.

TABLE 2

Energy Versus Reaction Response

0.040 In. Thick Aluminum Flyer Plate

TNT: Coarse Grain—Thru #50 Sieve onto #70, Density = 1.55 gm/cm3

Gun Breech Pressure (psi)

Flyer Plate Energy (cal/cm?2)

Reaction Products Velocity
(mm/usec)

TNT: Fine Grain—Thru #200 Sieve onto #230, Density = 1.55 gm/cm3

Gun Breech Pressure (psi)

Flyer Plate Energy (cal/cm?)

Reaction Products Velocity
(mm/usec)

TNT: Coarse Grain—Thru #50 onto #70, Density = 1.3 gm/cm3

Gun Breech Pressure (psi) 1200
Flyer Plate Energy (cal/cm?) 202 209
Reaction Products Velocity

(mm/usec) 2.2

0.125 In. Thick Aluminum Flyer Plate

TNT: Coarse Grain—Thru #50 onto #70, Density = 1.3 gm/cm3

Gun Breech Pressure (psi)

Flyer Plate Energy (cal/cm?)

Reaction Products Velocity
(mm/psec)

1250 1300 1350 1400 1450 1500
210 220 227 233 241 250

075 177 5.60 102 9.19  9.39

1150 1225 1300 1400
192 206 220 233

027 035 932 9.73

1300 1400 1600 2000 2500 3000
219 236 266 324 396 453

396 455 555 1730 922 102

980 1030 1080 1130 1200 1275
4529 5125 54.16 56.74 60.08 63.36

628 760 817 887 942 9.57




and 7. The critical energy criterion can be formu-
lated as:

Pu(At) = constant.
An alternative criterion is:

p2(At) = constant,

where (At) is the time of application of the shock
pressure P against the explosive, and u is the particle
velocity of the explosive at this pressure. These
values are tabulated in Table 3 for the estimated

detonation point in the four series nf tests. Only the
two tests made with coarse grain TNT of 1.30 gm/cc
density allow a comparison to be made of the

criteria. In Table 4, the estimated detonation point
obtained with the 0.040 in. aluminum flyer plate has
been chosen as a reference. The values of Pu(At) and
p2(At) at each of the shot points of the 0.125 in.
aluminum flyer plate have been calculated. Here deton.
ation first occurs at a flyer plate energy of 60.1
cal/cm?2. The P2(At) values of 378 kilobar2.usec
agree exactly, while the Pu(At) value for the 0.125 in.
aluminum is 31.1 cal/cm? versus 24.6 cal/cm? for the
0.040 in. aluminum. Thus, in this limited test, using a

TABLE 3
} Critical Energy for Detonation
b
Fiyer Plate Thickness
(in. nominal) 0.040 0.040 0.040 0.125
, Flyer Plate Kinetic
Energy (cal/cm?) 22.0 23.2 43, 60.1
‘ Explosive Density (gm/cc)  1.55 1.55 1.3 13
? Grain Size Fine Coarse  Coarse  Coarse
] Explosive Pressure (Kbar) 29.5 30.5 320 18.2
Explosive Particle
V Velocity (mm/usec) 0.578 0.592 0.87/1 0.627
J Pulse Time (usec) 0372 0371 0370 1.142
| Pu (At) (cal/cm?) 15.2 6.0 24.6 311
E l P2 (At) (Kbar2-usec) 324.  346. 378, 378
{
|
|

TABLE 4

Aluminum Flyer Plate Against Coarse Grain TNT
(p = 1.30 gm/cc)

’ Flyer Plate Thickness
. , (in. nominal) 0.040 0.125
N Flyer Plate Kinetic
; Energy (cal/cm?) 43.0 453
H Reaction Products
! . Velocity (mm/usec) 9.75 6.28
N Explosive Pressure
. (Kbar) 320 14.7
v Explosive Particle
: Velocity (mm/usec) 0.871 0.553
! Pulse Time (usec) 0.370 1.149
' Pu (At) (cal/cm?) 24.6 222
P2 (At)(Kbar? usec) 378 247

0.125 0.125 0.125 0.125 0.125
51.3 54.2 56.2 60.1 634
7.60 8.17 8.87 9.42 9.57
16.1 168 174 18.2 19.0
0.584 0.598 0.611 0.627 0.643
1.145 1.145 1.142 1.142 1.138

258 27.5 290 31.1 33.2
298 323 346 378 411
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fairly low density (p = 1.30 gm/cc) pressing, the P2(At)
criterion holds but the Pu(At) criterion does not.

It should be recalled that the explosive sample is
0.375 in. thick, or only 3 times as thick as the 0.125
in. impacting flyer plate. No experiments have been
performed yet to determine whether a thicker ex-
plosive sample would detonate when impacted by a
0.125 in. thick aluminum flyer plate with less than
60.1 cal/cm? kinetic energy. If so, this would shift
the Pu(At) value closer to that obtained with the
0.040 in. thick flyer.

The results of the experiments to measure the
minimum shock pressure required to produce visible
reaction and the experiments to measure the critical
energy required to cause detonation are summarized
in Table 5.

P=1.55

| FINE GRAIN
P:1.55

COARSE GRAIN

P:1.30
COARSE GRAIN

e A

20 22 24 26
FLYER PLATE KINETIC ENERGY DENSITY (col/cm? )

pU—

REACTION PRODUCTS VELOCITY (mm/us)
rs

Fig. 6. Energy versus reaction response for 0.040 in.
aluminum flyer.

CONCLUSIONS

The ignition process and the buildup to detonation
process are independent. The ignition process de-
pends primarily on total void volume, the larger the
total void volume, the lower the shock pressure re-
quired for ignition. While for buildup to detonation,
the process depends upon the specific surface area of
the explosive grains. For a large surface area, or small
grain size, the buildup takes place more rapidly than
for a small specific surface area (or large grain size).

Table 5 summarizes the results of these experi-
ments, The ignition process depends primarily on
total void volume. The larger the total void volume,
then the lower is the shock pressure required for
ignition. This can be seen by comparing the shock
pressure of 4.5 kilobars required to ignite the large

0r 7 /' /ﬂ
8r /
ol 0.125" ALUMINUM

0.040" ALUMINUM

4

2

0 Y Il ok - A 1 | S |
20 30 40 50 60

REACTION PRODUCTS VELOCITY (mm/us)

FLYER PLATE KINETIC ENERGY (col/cm?)

Fig. 7. Energy versus reaction response for 1.30 gm/cc
TNT.

TABLE 5
Ignition Pressure and Energy for Detonation
Spec. Sugface Density Grain | Min. Shock Pressure ng‘:“"ﬁ:"‘(‘;ﬁ;:’z)
Area (cm?/gm) | (gm/cm3) | Size for Ignition (Kbar) for 0.040 In. Aluminum
1.23% 103 1.30 Coarse 4.5 24.6
1.66 X 103 1.55 Coarse 14, 160
245X 103 1.55 Fine 15 152

{
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grain 1.30 density samples compared to the 14 kilo-
bars required to ignite the 1.55 density.
Furthermcre, on the basis of these limited tests, there
seenus to be a lower pressure required to ignite large
individual voids compared to small individual voids
when the total void volume of both large and small
voids are identical. This is seen by comparing the
shock pressure of 14 kilobars required to ignite the
large grain 1.55 density pressings to the 15 kilobars
required for the small grain 1.55 density.

From examination of the energy required to pro-
duce detonation for coarse grain and fine grain TNT,
both at 1.55 gm/cc, it can be seen that while the
coarse grain TNT requires a shock pressure slightly
less than the fine grain to cause ignition, (14 kbar vs.
15 kbar) the critical energy required to cause detona-
tion is actually larger (16.0 cal/cm? vs. 15.2
cal/cm?). The reversal in response is even more
marked when the coarse grain pressings are compared
at iow and high densities. Here the shock pressures to
ignite low and high density pressings are 4.5 kbar vs.
14 kbar, while the critical energies required to det-
onate low and high densities are 24.6 cal/cm? vs. 16.0
cal/cm?.

These results illustrate that when explosives are
tested for sensitivity, one explosive can appear more

sénsitive than another in one type of test, but in
another type of test the order can reverse and it will
appear less sensitive.

Finally, on the basis of limited tests on TNT of
1.30 gm/cc density, it appears that the P2(At)
criterion for detonation applies to these tests rather
than the Pu(At) criterion.
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DISCUSSION

JULIUS ROTH
Portola Valley, California

Table 3 “Critical Energy for Detonation" gives
the “Explosive Pressure” in 1.3 g/cc coarse TNT as
32.0 kbar. In the same table, the explosive pressure
for coarse TNT at 1.55 g/cc, and the same flyer plate
thickness as above, is given as 30.5 kbar. My under-
standing is that these are “threshold” pressures. If so,
is it not most surprising that the threshold pressure
for 1.55 g/cc TNT is less than for 1.3 g/cc TNT?
Moreover, what effect does this apparent incon-
sistency have on your contention about the
constancy of P2At?

REPLY BY B. C. TAYLOR

One of the main points of this paper is that the
sensitivity to detonation varies independently to the
sensitivity to ignition. In our case, the coarse grain
1.3 g/cc TNT requires an appreciably higher critical

10

energy (and a slightly highe: pressure) to cause deton-
ation than does the coarse grain 1.55 g/cc TNT.

I did not use the term “threshold pressure” and
am not certain what is your definition of this term.
The values to which you refer are the calculsted
shock pressures induced in the explosive (considered
as inert) by the specified flyer plate which has just
sufficient energy to detonate the explosive. These
pressures are considerably higher than the pressures
required to cause immediately visible reaction, which
are 4.5 kbar for coarse grain 1.3 g/cc TNT and 14
kbar for coarse grain 1.55 g/cc TNT (see Fig. 3). If
these latter pressures were maintained for a sufficient
time, then the reactive shock would build up to det-
onation. If this.is what you mean by “threshold
pressure”, then this would satisfy your expectation
that the “threshold pressure” for 1.3 g/cc TNT
should be less than that for 1.55 g/cc TNT,

As for the P2At criterion, there is no incon-
sistency since the constancy of this value applies only
when comparing identical samples having the same
density and grain size.
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SHOCK INITIATION AND THE CRITICAL ENERGY CONCEPT

P. Howe, R. Frey, B. Taylor and V. Boyle
Detonation & Deflagration Dynamics Laboratory
Ballistic Research Laboratories
Aberdeen Proving Ground, Maryland 21005

mechanism.

Analysis and a series of experiments have been performed on the shock initiation of
secondary explosives. The experiments demonstrate clearly that the initiation
process consists of two parts, an ignitiion and a buildup process. The ignition phase
appears to be consistent with the assumption of a thermal explosion occurring at
hot spots. The buildup is controlled by the intergranular surface area, and the data
are consistent with the assumption of a heat transfer controlled grain burning

INTRODUCTION

The concepts of “hot spots” in explosive initiation
and “grain burning” in the propagation of detonation
were originally proposed by Bowden (1) and Eyring
(2). The necessity of the “hot spot” concept arises
from the fact that under shock initiation conditions
the bulk temperature of the explosive is much too
low to initiate decomposition. Therefore, it is
assumed that there are localized “hot spots” which
are hotter than the bulk material, and that these “hot
spots” are responsible for initiation. The *“hot spot”
concept seems to be generally accepted, and numer-
ous explanations, most of them quite reasonable,
have been offered to explain the occurrence of hot
spots. For instance Bowden (1) has suggested adia-
batic compression of gas; Mader (3) has studied the
direct heating of the explosive by void closure, and
Seeley (4) has suggested that jetting in collapsing
voids may be important. Unfortunately, due to the
large number of possible hot spot types, the relation
of hot spot size and temperature to such parameters
as void size, particle size, and porosity is unknown.
While there is general acceptance of the hot spot
concept, the exact function of the hot spots is not
well understood. Frequently, it has been proposed
that the energy released in hot spots is transmitted to
the shock front, where it strengthens the shock and

11

leads to more energetic hot spots at points down-
stream in the charge, and that this process eventually
leads to detonation (5,6). We believe that this is an
incorrect interpretation and shall present our reasons
for so believing.

Eyring’s (2) grain burning concept seems to enjoy
less acceptance. It was proposed by Eyring to explain
the dependence of failure diameter on particle size,
but it has not been generally exploited in discussions
of initiation. The concept states that during the
detonation process explosive grains burn inwards
from the outside and that the net reaction rate is
determined by the burning surface area or grain size.
The relation between grain burning and hot spot
decomposition has not been discussed. It has not
been clear which process is dominant under various
conditions or which is most responsible for the sensi-
tivity of the explosive. Many discussions in the litera-
ture suggest that there is a fast energy release at the
shock front and a slower release behind the front, and
it is tempting to attribute this to hct spot decomposi-
tion and grain burning (7,8). Apparently, this asso-
ciation has not been made. Some investigators have
attributed the slow heat release to delayed thermal
explosions at hot spots (6). Many theories of initia-
tion treat the burning of the explosive using kinetic
parameters derived from thermal explosion experi-

;
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ments. This ignores the implicit assumption of the
grain burning model, namely that heat transfer must
play a role in the energy release and that the depend-
ence of the net reaction rate on temperature and
pressure must be quite different from the dependence
of fundamental chemical processes on these param-
eters.

Several years ago, Walker and Wasley (9) proposed
a “critical energy” criterion for initiation of detona-
tion. This criterion states that there is a critical
energy per unit area which must be delivered to the
explosive to obtain detonation. The criterion may
also be stated in the form:

2
Pltj = constant or Put = constant, where

0

P is the shock pressure in the explosive, t is the dura-
tion of the shock pressure (it should be noted that t is
not the time to detonation), p,, is the initial explosive
density, and U is the shock velocity in the explosive.
An alternate form of the criterion is P2t = constant.
In the region where initiation occurs prior to first
shock transit of the sample, and for explcsives of
moderately low void volume fraction, these two criteria
and nearly identical, as is shown in Fig. 1 for PBX
9404. In grneral, however, they are quite different.
(We note that the term “critical energy” can be mis-
leading when one is considering projectile impacts or
other multidimensional experiments. In some such
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Fig. 1. Critical energy and P21 criteria for shock
initiation of PEX 9404,

12

cases the Put or P2t criterion will work, but initiation
is not related to projectile energy per unit area.)

Even in the regime of single shock initiation there are
conflicting data and numerous hypotheses have been
advanced to develop critical conditions (see for ex-
ample Price (10), Roth (6), and Lindstrom (11)).

PRELIMINARY ANALYSIS

We performed some preliminary analysis to deter-
mine if energy release by thermal explosion in hot
spots is consistent with the critical energy criterion.
We assumed that a certain amount of energy must be
released in the duration of the initiating shock in
order for buildup to detonation to occur. To per-
form these calculations, we first assumed that the hot
spot temperature was related to the bulk thermo-
dynamic temperature by tie relation

TH = TO + n(Tb- To)9

where Ty is the hot spot temperature, T, is the ini-
tial temperature, Ty, is the bulk thermodynamic
temperature determined by the technique of Walsh
and Christian (12), and n is an arbitrary parameter.
There is no sound theoretical justification for this
equation, it simply provides an appropriate tempera-
ture dependence. One should note that it assumes all
hot spots reach the same temperature. This would be
true if hot spot formation took place by the hydro-
dynamic closure of spherical voids, but if frictional
processes are involved or if void shapes are more
complicated, it will not be true. Using this equation,
coupled with thermal explosion theory, as described
by Frank-Kamenetskii (13), we compared the thermal
explosion time, at a particular shock pressure, with
the shock duration necessary to initiate detonation.
The results are shown in Fig. 2 where we have plotted
the thermal explosion time versus pressure on the
same graph as a plot of minimum shock duration for
initiation versus pressure. The thermal explosion
times were computed for several activation energies as
shown in the figure, and the frequency factor was
chosen arbitrarily so that all of the curves would
coincide at one pressure. The dependence of thermal
explosion time on pressure is obviously very different
from the dependence of minimum shock duration on
pressure. Calculations were performed which con-
sidered the effect of a hot spot distribution as a func-
tion of temperature, and the effect of hot spot size.
These calculations will not be described further here,
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However, the results had a negligible effect on the
carlier analysis,

Comparison of the calculated curves in Fig. 2 with
the critical energy curve permits one to conclude
that, if thermal decomposition at hot spots is the
dominant method of heat relcase during initiation of
detonation, the critical energy criterion could not
exist. In fact, any form of envrgy release dominated
by Arrhenius kinetics is incom . tible with the critical
energy criterion. The reason fo “his is simply that
small changes in pressure are exp: cted to cause small
changes in hot spot temperature. which in turn cause
very large changes in reaction rate. This dilemma can
be avoided if the dominant method of heat release
occurs by a grain burning mechanism. In this case,
the temperature dependence of the chemical kinetics
is moderated decause it is coupled with heat trans-
port. This point of view does not preclude the exist-
ence of hot spots. Indeed, they are extremely impor-
tant for getting reaction started, but they are not the
dominant contributors to the energy release.

EXPERIMENTAL RESULTS

With these considerations in mind, we performed a
number of different experiments designed to deter-
mine the relationship between hot spots, grain burn-
ing, and the buildup to detonation. The experiments
and their impact are described below.

10.4
\\ THERMAL EXPLOSION THEORY

E » 50kcal /mole

\ ———
N :
\\ E+12.5kcal /mole
~
Y CRITICAL ENERGY
Seao CRITERION
a1 =
02 us S7us

Fig. 2. Comparision of critical energy criterion with
thermal explosion predictions.

A. Wedge ¥vporliuents with Nitromethane

Inclusions of controlled number and sizes were
added to the homogeneous explosive, nitromethane,
in order to simulate a heterogeneous explosive of
known defect structure. The inclusion size, material,
and amount were varied in order to study their
effects on shock sensitivity. A gelling agent, Cab-O-
Sil* was added to stabilize the mixtures. (Additional
experiments showed that Cab-O-Sil had no effect in
the behavior of the nitromethane to shock loading.)
Mixtures were emplaced in a transparent, wedge
shaped container. A 10 ¢m diameter explosive plane
wave generator and buffer plate were used to generate
a 6.0 GPa shock wave flat within forty nanoseconds
over the area of the experiment. Shock arrival at the
slant face of the wedge was observed with a rotating
mirror camera writing at 8.8 mm/usec. The experi-
mental setup and results are shown in Figs. 3 through
7. The results clearly show that the initiation of
detonation, at least for this system, is controlled by
the surface area of the inclusions. The results will be
discussed further in the general discussion.

*Cab-0-Sil is a fire dried, fumed silica of submicron particle
size manufactured by Cabot Corporation,
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PLEXIGLAS TANK
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Wem DIAMETER PLANE WAVE

Fig. 3. Schematic of experimental :emb Jfor nitro-
methane with glass beads.
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B. Wedge Experiments with TNT

In this set of experiments, the shock initiation of
detonation in pressed TNT samples of known particle
size and known density was observed. Two particle
sizes (68 and 254 microns) and two densities (1.55
g/cm3 and 1.30 g/em3) were used. Surface areas
were determined in the pressed samples using nitro-
gen absorption techniques. Measurements of the
buildup to detonation were made using the wedge
technique, identical to that described in Section A.
The results are presented in Figs. 8 through 10 and
will be described in the general discussion.

5% VOLUME GLASS BEADS

() 0 )
Rwm)
Fig. 4. Shock velocity versus distance for nitro-
methane with glass beads.
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Fig. 5. Distance to detonation versus volume % inclu-

sions for a 6 (GPa shock input.

C. Light Gas Gun Experiments in Pressed TNT

A 10 cm diameter light gas gun was used to gen-
erate precisely controlled shocks of large planar area
within the explosive samples. An every-ready rotat-
ing mirror streak camera was used to monitor the
velocity of the explosive rear surface as a function of
time, shock strength, and explosive parameters. Ex-
plosive samples were prepared in exactly the same
manner as described in the previous section permit-
ting good conditions for comparison of results. Two
sets of experiments were conducted. One set used
massive projectiles in order to generate long duration
shocks, the other used thin flyer plates to generate
short duration shocks. The experimental setup is
shown in Fig. 11 and the results are shown in Figs.
12-16. (For additional details, see the paper ‘‘Separa-
tion of Ignition and Buildup to Detonation in Pressed
TNT,” by Boyd Taylor, presented elsewhere in this
symposium.)

GENERAL DISCUSSION
A. Evidence for Grain Buming

Figure 4 shows the buildup to detonation in the
nitroinethane glass system for three sizes of glass

beads. The beads serve as hot spot generators by
providing fo: shock reflection and focussing effects

0r % = Al30y
© * GLASS BEADS
%,. 0:Cu
GE 15 $.G.| SIZE [CONCENTRATION
e 3 Al303 [3.97|0.5-40u]| 0.156-20%
gé 5 CiASs 12,8 2s-2000 2.5-15%
8.93 | 49-97 59
g]o Cv (] o
w
o
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w
[
Z
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0 5 1.0 15 1718
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Fig. 6. Distance to detonation versus total specific
surfoce area of inclusions.
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which lead to localized high temperatures. Shock
velocity is plotted against the distance the shock has
propagated into the mixture. The initial pressure is
~6.0 GPa. As can be seen from the figure, for con-
stant inclusion volume, the smaller sizes promote
more rapid buildup. In Fig. 5, it can be seen that the
distance to detonation does not correlate well with
total inclusion volume. Neither did it correlate with
the summed linear dimer.ion. As can be seen in Fig.
6, a good correlation obtains for distance to detona-
tion versus total surface area, for all three types of

0
$.G. | SIZE (u) JCONC.{%v)
© Al,O, |3.47[05-40 | 0.156-20
goor, AGLASS|2.5 |25-200 | 2.5-13
.é i
o4

lm‘ TIME T¢
[+3

20

— A i 1 1 J i A 1 e
2 Y6 8 0 iz, 14
OUCED SURFACE AREA (81%)

Fig. 7. Reduced time to detonation versus total spe-
cific surface area of inclusions.
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Fig. 8 Shock velocity versus distance for pressed
TNT samples.
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inclusions, and over the range 0.5-200 micron particle
sizes. At a constant surface area, the variation of
buildup time with the composition of the inclusion

correlated with tne shock impedance of the inclusion,
see Fig. 7.

Our explanation for these results is as follows. We
presume that the inclusions create hot spots by shock
reflection. The hot spots do not coincide with the
original inclusion, but their surface area and volume
are proportional to the surface area and volume of
the inclusions. Decomposition of the hot spots leads
to energy release which is proportional to the volume
of the original inclusions, This process can not be the
dJominant form of heat release, because the results do
not correlate with inclusion volume. It is consistent
with the data to believe that after the initial de-
composition, the cool nitromethane adjacent to the
hot spots is in contact with hot products and begins
to burn in a heterogeneous process. ‘The net energy
release rate is thus controlled by the surface area of
the original hot spots and is proportional to the sur-
face area of the inclusions. This is apparently the
dominant mechanism for energy release.

The experiments performed with the pressed TNT

samples corroborate these ideas. In Fig. 8, buildup
curves are shown for the two different densities and

Ug (MM / USEC)

9
8 r TNT (P:1.55 G/cM?)
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7
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3
5
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<
| 2 3

TIME (USEC)

Fig. 9. Shock velocity versus time to detonation for
pressed TNT.
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surface areas considered. At each density, the larger
surface area sample detonated sooner. The data are
replotted in Fig. 9 using the detonation point as
origin. In Fig. 10, the abscissa is corrected to account
for the total surface area. (The details of the analysis
are presented in (14).) When this is done, the data
for the 1.55 gm/cm3 samples collapse to a single
curve. (This surface area correction could not be
made for the 1.30 g/cm3 samples, as only one de-
tonated.) These results show rather conclusively that
the buildup process is controlled by a grain burning
mechanism which is surface area controlled.

B. The Ignitior: and Buildup Processes

The gas gun experiments shed additional light on
both the ignition and buildup processes. Presentation
of the results is somewhat complicated by the fact
that the free surface velocity may increase with time
after shock emergence, when reaction occurs. In Fig.
12, we have plotted the free surface velocity at the
instant of shock emergence as a function of shock
pressure for wwo particle sizes at the 1.55 g/cm3 dens-
ity. The shock pressure refers to the pressure at im-
pact, on the upstream surface and is determined from
Hugoniot calculations. Reaction is indicated when
the downstream free surface velocity rises above the
value for an inert samplc ‘he divergence of the
reactive and inert free s . ice velocities provides a
sensitive measure of the onset of reaction. Figure 12
shows the effect of density. Figure 13 shows that, at

P=155 a/e:m3
© LARGE GRAIN
4 SMALL GRAIN

A A A

1 2 3 4 5
st (cm¥g-s)
SURFACE AREA x TIME TO DETONATION

-

Fi~ 10, Shock velocity versus product of specific
surface area and time for pressed TNT.

a given density, the sample with large particles begins
to react at slightly lower pressures than the sample
with small particles. However, detonation occurred
at lower pressures in the samples with smaller particle
size. In terms of the immediate free surface velocity,
the difference between the large and smali grain sam-
ples is not great. The large grain sample shows evi-
dence of some reaction at about 12.5 kilobars as
opposed to about 15.5 kilobars for the small grain.
Figure 14 shows that in the large grain samples the
velocity increased markedly with time after shock
emergence. Even the point at 1i.5 kilobars showed
evidence of reaction after 10 usec. On the other
hand, the samples with small particle size showed
very little increase in velocity with time even for
pressures just below the detonation limit. Figure 15
shows the frec surface velocity versus time for the
small particle size sample at 15.5 kilobars.

An increase in the immediate free surface velocity
above the inert value indicates that reaction is causing
the shock to accelerate. An increase in free surface
velocity with time after shock emergence indicates
that delayed reaction is occurring well behind the
shock front and that the pressure is higher at some
distance behind the front than it is at the front.

EXPLOCING WIRE

UGHT SOURCE —__
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’ .
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1
""" L3 | 0/
t
————— 1]
)
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@.~. ————— lr_-
VT : \

EVER-READY \ TURNING MIRROR
SYREAK CAMERA

TOP VIEW

040" ALUM,
FLYER PLATE
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PROJECTILE

EXPLOSIVE SAMh

CAMERA VIEW

Fig. 11, Schematic of experimental setup for gas gun
expenments.
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Delayed reaction may or may not affect the shock
initiation process depending on whether the reaction
is felt at the front before or after lateral rarefactions
reach the center of the charge. Reaction which is
delayed by as inuch as 10 usec probably would not
affect shock initiation in most situations, but might
be crucial in the occurrence of nondetonative violent
reactions which can be very important in certain
practical applications.

All of the experiments described above used shock
generators which produced long duration loading (for
purposes of this discussion, the pulses can be con-
sidered planar, semiinfinite). Because of this, one
cannot expect a critical energy criterion to apply (and
it doesn’t). A critical specific energy or a critical
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Fig. 12. Free surface velocity versus input pressure
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Fig. 13. Free surface velocity versus input pressure
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pressure might be applicable, however. Neither the
nitromethane experiments nor the TNT wedge experi-
ments are useful in this regard, as only one input
shock strength was used. The light gas gun experi-
ments are more helpful. From Fig. 12 a marked
dependence of the pressure for incipient reaction
upon density is noted. Similarly, Figs. 13, 14, 15
show that the pressure for incipient reaction depends
also upon particle size. The particle velocities corre-
sponding to incipient reaction are almost independent
of particle size and density, indicating that it is rea-
sonable to apply a critical specific energy as an igni-
tion criterion. This result is consistent with the work
of Roth (6) and Howe and Boyle (14) and can be
identified with a critical hot spot temperature.

It is noteworthy that the pressure for incipient
reactions depends slightly on particle size. This is in
contradiction with all previous calculations, but can
be explained in the following way. The temperature
of hot spots formed by voiu closure as a result of
plastic flow would be independent of void size. This
follows from the fact that there are no dimensional
inputs to the problem other than the size of the void.
If the void size is scaled up or down, the size of the
resulting hot spot must scale in the same manner, and
its temperatyre must not change. However, if void
closure occurs as the result of brittle fracture and/or
slippage between grains, the resulting hot spots will
be heated by friction and will consist of hot surfaces.
Their dimension perpendicular to the sliding surface
will be determined by the rate of heat conductivity.

— 5.36
5 -
J
/1.39 GPo
- 3
L]
1
E
)

1.29 GPa
2} / /

‘r_/————’r le—1.14 GPa

0 ! I | | L 1 d
0 2 4 6 { 10 12 14
TIME AFTER EMERGENCE (us)

Fig. 14, Temporal behavior of reaction products
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This is a second dimensional input to the prob-
lem and allows the temperature attained io vary with
void size. The thermal energy per unit area in a hot
spot formed by frictional processes should be propor-
tional to the pressure times the distance moved along
the slip plane. If slippage is occurring as the result of
void closure, this distance should be proportional to a
void dimension, and peak temperature attained will
be a function of ti.e product of void diameter and
pressure.

C. Dependence of P2t on Particle Size and Density

Expetiments with thin flyer plates were used to
ob‘ain critical energy data shown in Fig. 16. The
results and experimental details are discussed by
Taylor. The important features of his work are that
(1) for the low density coarse grain TNT, the Put =
constant criterion is inoperative, but the data are
consistent with P2t = constant (this is shown in Fig.
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17); (2) for constant duration pulses, a particle size
effect is observed, with small particle size samples
requiring lower values of P2t and; (3) a very strong
density effect is observed, with low density samples
requiring much larger values of P2t for initiation of
detonation. Note the dependence of P2t on particle
size and density is exactly the opposite of the de-
pendence of ignition on particle size and density.

It appears that P2t correlates with the buildup to
detonation, but not with ignition, and is useful for
predicting the effect of peak pressure on required
pulse length provided that grain size and density are
held constant.” Neither the critical energy criterion
(Put = constant) nor the P2t criterion is useful for
predicting effects of particle size or density changes.

SUMMARY AND CONCLUSIONS

A series of experiments have been conducted on
the shock initiation of secondary explosives. The
experiments demonstrate clearly that the shock
initiation process consists of two parts, an ignition
and a buildup process. It is consistent with the data
to assume igniticn occurs by thermal explosior. it hot

*Even this conclusion is mitigated by the fact that only two
data points, fairly close together, are available.
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Fig. 17. A comparison of the critical energy and the
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spots. However, the total energy release must be
small an*! is not the controlling factor in the buildup
to detonation. The buildup process correlates with
the surface area of the hot spots which, for heteroge-
neous explosives, is related to the intergranular sur-
face area. The evidence is very strong that the
buildup to detonation is controlled by a heat transfer
dominated grain burning process. Both the initial
density and the particle size have an effect on sensi-
tivity. Using pressure as a criterion, low densities and
large particle sizes increase sensitivity to ignition.

However the specific energy (equivalent to a tempera-

ture) required for ignition is approximately inde-
pendent of density and particle size. The slight de-
pendence of the energy density required for ignition
upon particle size can be explained by assuming hot
spots are formed by frictional processes at void
closure. The critical energy criterion (Put = con-
stant— was inconsistent with all the data. The P2t
criterion appears useful for predicting the effect of
peak pressure upon pulse length required for detona-
tion, provided particle size and density are held con-
stant. The data base must be extended, however.
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SHOCK INITIATION OF HIGH-DENSITY PETN

Jerry Wackerle, J. O. Johnson, and P. M. Halleck*
Los Alamos Scientific Laboratory
University of California
Los Alamos, New Mexico 87545

The prompt ( 1- to 3-us), planar shock initiation of 1. 75.g/cm3 (98.4% crystal den-
sity ) pentaerythritol tetranitrate (PETN) has been studied with impact-generated
shocks and observations with the explosive wedge technique and quartz and
embedded-Manganin pressure-gauge measurements. Dynamic compression proper-
ties, shock bulldup to detonation, and pressure-field histories during initiation were
determined, An analysis of the latter data show that shock-induced decomposition

date it are discussed.

begins near the impact surface, forming a pressure pulse that in turn produces a
compression wave that overtakes the shock front and effects the shock to detona-
tion transition. Maxima in the pressure are interpreted to be due to sudden and
spontaneous decreases in reaction rate when only partial decomposition has
occured. Implications of this interpretation and possible errors that could invali.

INTRODUCTION

A detailed understanding of the shock initiation of
neterogeneous explosives remains unattained by ex-
plosives researchers, It is generally recognized that
local high temperature regions, or hotspots, play a
major role in inducing decomposition, pressure in-
creases, and the buildup to detonation (1). Although
the mechanisms of hotspot development must be
related to the inhomogeneity of the explosive, both
quantitative experiments on the shock initiation
process and their theoretical modeling with numerical
hydrocodes necessarily assume local homogeneity.
For computer simulations, relations between reaction
rates and gross thermodynamic states (rate laws) are
developed from proposed hotspot models (2), or
“calibrated” to certain observations (3-5), or are
almost purely empirical (6). While yielding agreement
with a limited number of observations—most notably
those of short-duration shock sensitivity (2,3,5)—such

*Work performed under the auspices of the U. S. Energy Re-
search & Development Administration.
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calculations have not been tested against details of
the reactive flow.

In this work we have performed a comprehensive
set of planar shock initiation experiments on 1.75-
g/cm3 (98.4%-crystal-density) pentaerythritol tetra-
nitrate (PETN), observing the shock compression
properties, shock front buildup, and pressure-field
histories during the initiation. Input shock strengths
were chosen which produce buildup to detonation in
2 to 9 mm of run, The data obtained are sufficient to
estimate density and energy fields during the buildup,
and, with an assumed reactant-product equation of
state, to calculate decomposition fields and reaction
rates. While this analysis also ussumes local homoge-
neity, it is hoped that the results—along with the
more stringent tests of computer simulations that the
data provide—will lead to a better selection of hot-
spot mechanisms, and to their more realistic modeling
in theoretical treatments of shock initiation.

Our previous studies of the planewave initiation of
high-density PETN began with exolosive wedge exper-
iments on 1.72-g/cm3 explosive (7). Uniform shock
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velocities observed during the buildup to detonation
and other features of the streak-camera records led to
the conjecture that pressure waves were formed near
the input shock surface, and moved forward to over-
take the front at the onset of detonation. This de-
scription of the initiation was supported by gas gun
experiments with quartz gauges on 1.7-g/cm3 PETN
(8), where impact-face pressure excursions and trans-
mitted wave profiles indicated significant, if not com-
plete, reaction near the impact face prior to detona-
tion at the front. The present work fully confirms
and cxtends the previous description.

EXPERIMENTS

The PETN samples were machined from 1.75 ¢
0.01 g/cm3 pressings, of 99.95% pure material similar
to that used in the previous dies (7,8). The experi-
ments were all performed on 1 70-mm gas gun, under
vacuum, and included measurements of pressure
histories with quartz and Manganin gauges and obser-
vations of shock-front trajectories with the streak
camera explosive wedge technique. Planar shock
waves were produced by the impact of projectiles
faced with either x-cut quartz or 2024 aluminum
alloy. Projectile velocities in the range of 0.1 to 0.6
mm/us were used, where velocities could be predicted
to 0,005 mm/us and measured to £0.001 mm/us;
tilts at impact were usually less than one milliradian.
The tilt and velocity determinations were made with
electrical pin contactors. This measurement method,
and the techniques for the pressure-gauge measure-
ments are detailed elsewhere (9).

The arrangement for our “quartz-gauge front-
back” experiments is shown in Fig. 1. A projectile-
mounted quartz gauge strikes the sample, and its
electrical response is transmitted via the signal pins
and pickup ring for recording on an oscilloscope.
Analysis provided an impact-face stress history for
the 1.6-us useful recording time of the gauge. The
back or target gauge provides a record of the
reflected-wave pressure at the gauge-sample interface.
The target-gauge elements were usually too large to
allow for side rarefactions, and observations with
them were used for qualitative studies of the trans-
mitted wave and shock transit-time determinations.
Accuracy in both projectile-gauge pressures and tran-
sit times is 2%.

Manganin gauges were used mainly in the multiple-
embedded gauge arrangement shown in Fig. 2. Usu-
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——Ourel target plate

Fig. 1. Quartz-gauge front-back experimental ar-
rangement.

Gauge backing
Mylar or Kaplon
Gauge slement
Sample

To power supply

]

Fig. 2. Multiple-embedded Manganin-gauge exper:-
ment. Resin and gauge thicknesses are exaggerated,

ally four gauge assemblies were interleaved between
I- to 3-mm thick, 40-mm diameter disks oi PETN,
often with the last gauge at about the expected dis-
tance to detonation. The etched-grid, 50-£2 gauge
elements used were 3- or 6-mm square and, rgspec-
tively, 5- or 12-um thick. The plastic layers had
shock properties similar to high-density PETN.
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Pulsed bridge power supplies with about 1 V/GPa

" response were employed. The gauges were specifi-

«<ally calibrated for use in high-density PETN, using
an independent set of shock-wave and gauge-pressure
measurements in Kel-F plastic—an excellent shock
impedance match for 1.75 g/cm3 PETN (10). Scatter
in the calibration tests indicated that our Manganin-
gauge measurements are accurate to no berter than
+£5%.

The explosive wedge technique was adapted to the
gas gun as shown in Fig. 3. The illumination source
shown was adequate to give film records as displayed
in Fig. 4. Analysis was done by least squares fitting
of the film readings and preshot measurements of the

marker coordinates to determine magnification, effec-
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Fig. 3. Explosive wedge experiment.

Fig. 4. Typical streak-camera record from an explo-
sive wedye experiment. Time increases downward
and the upper scale shows the distance of the shock
from the impact face. The slope of the trace at right
is proportional to the shock velocity during buildup
to detonation.

tive wedge angle and shock position. The analysis
program also provided for fitting the distance-time
history to various empirical forms and correction for
tilt at impact. Distances to detonation were meas-
ured to about £0.1 mm. Other determinations were
complicated by the wedge toes, lack of impact time
indication un the streak-camera film, and inaccuracy
in the impact tilt measurements. Estimated errors are
5% in times to detonation, 3% in average shock veloc-
ities and 8 to 10% in detonation velocities.

SHOCK COMPRESSION PROPERTIES

Quartz-gauge front-back experiments were the
principal means of studying the shock compression
properties of 1.75-g/cm3 PETN. Target-gauge meas-
urements at low impact velocities showed that ~0.25-
GPa elastic precursors were produced in the explosive
(10). Atinput shock strengths for the initiation
studies (>1 GPa), the plastic wave velocity exceeded
the precursor velocities, and elastic waves need not
further concern us here. Two interesting features are
seen in the projectile-gauge records in Fig. 5. In ex-
periments with shock strengths between 1 and 2.5
GPa4, a stress relaxation occurs after impact, Tlis
could be due to viscoelastic behavior, but more likely
stems from a noninstantaneous veid collapse. This
explanation is consistent with the observed ~0.2-GPa
pressure reductions, the 1.6% void fractions and ~15-
GPa bulk modulus of the explosive. The second
feature is the pressure excursions that follow the
stress relaxation. These arise from decomposition
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Fig. 5. Typical impact-face pressure histories meas-
ured with quartz gauges.

)

A U

A A et s, W o ]




—— o — W

Presswre, P, (GPa)

near the impact face, and as expected, become
stronger and more rapid as the input shock strength is
increased.

The shock Hugoniot for 1.75-g/cm3 was calculated
with the standard impedance-match method, using
the initial impact-face pressures, the accurately meas-
ured projectile velocities, and the known Hugoniot
for x-cut quartz. The results are plotted in pressure-
particle velocity space in Fig. 6. These data were
least-squares fitted to the usual linear shock velocity-
particle velocity form, with the shock velocity at zero
particle velocity held equal to the bulk sound speed.
The resulting solid curve is seen to lie approg riately
below and close to a Hugoniot for fully-dense PETN
(dashed curve) derived from high-pressure static ex-
periments (11).

SHOCK BUILDUP TO DETONATION
Explosive wedge experiments were performed on

1.75-g/cm3 PETN with input shock strengths ranging
from 1.5 to 2,6 GP4. The streak-camera record

3T R | T

Us 226 ¢+ 2.520
P 396u + 4.08y2

Pertisle Volosity, v, (mm4se)

Fig. 6. Shock Hugoniots for 1.75-g/cm? (solid curve)
and fully dense PETN.

shown earlier in Fig. 4 is typical of those obtained.
The linear cutoff trace indicates a nearly constant
shock-front velocity and shock strength during
buildup, characteristic of high-density PETN (7).
Fitting of the distance-time data showed that shock
velocities during buildup were found to increase
slightly at input shock strengths above 1.8 GPa and to
decrease slightly with lower initial pressures. This
behavior has no semblance of the “singie-curve
buildup” (12) observed of most heterogeneous ex-
plosives, including more porous PETN (13).

Input shock pressures for the wedge experiments
were calculated by an impedance-match solution,
using the Hugoniot for 1.75¢/cm3 PETN given in
Fig. 6, the known Hugoniot for the aluminum alloy
projectiles, and the projectile velocities. 1he relation-
ship of distance to detonation to input shock strength
D =20.4 P-22 (D in mm, P in GPa) was fitted to the
duta plotted in Fig. 7. Reasonable agreement is seen
with the previous such determinations on pressed
PETN (7,8). The arrows on the upper two data
points indicate that the distance to detonation was
greater than the effective wedge thickness, and not
observed. The fitted curve should lie above these
points, but this would have required a more compli-
cated form, which was unjustified with the scattered
data,
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Fig. 7. Dependence of the distance to detonation on
input shock strength for 1.75-gjcm> PETN. Dark
symbols indicate shots in which the illumination
Jailed.
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The ~20% scatter in the distances to detonation is
almost as severe as in the previous investigation (7),
where input shock strengths were not so accurately
determined. In this work, our method of calculating
shock strengths, while perhaps not absolutely
accurate, does not admit to significant scatter in that
parameter. The variations in distance to detonation,
and corresponding times to detonation, much exceed
experimental error, and must be actual irreproducibil-
ity in the initiation builddp. In high-density explo-
sives, buildup distances are well known to increase
strongly with decreasing void fraction (1,7,8,12).
Variations in initial pressing densities, particularly
within a given sample, are the most likely explanation
of the scatter.

DECOMPOSITION DYNAMICS DURING
INITIATION

The embedded-Manganin-gaige data, supple-
mented with impact-face pressure histories obtainied
with both quartz and Manganin gauges, provide the
principal information for assessing the thermo-
dynamic states and extent of the reaction during the
buildup to detonation. Such data have been collected
at 1.5, 1.9+, and 2.3-GPa input shock strengths, but
for brevity our further discussion will be limited to
results with the intermediate pressure. Both observa-
tions and interpretations in the other two cases are
quite similar to those presented.

Pressure histories typical of those obtained in
embedded Manganin gauge experiments are shown in
Fig. 8. The profiles consistently have a step increase,
representing the shock arrival, followed by a rise to a
maximurh pressure, and a subsequent decay. In most
cases the gauges were lost shortly after peak pressure
was attained, but in those instances in which they
survived longer, a second pressure increase was re-
corded. Little increase is seen in the shock ampli-
tudes as expected from the explosive wedge experi-
ments. In a given experiment the pressure maxima
were consistently observed to increase with increasing
gauge distance into the sample. The risetimes be-
tween shock arrivals and the pressure maxima de-
crease as the gauge depth is increased,

Despite good reproducibility of the observed
shock strengths, considerable shot-to-shot variation
was seen in the later portions of the pressure profiles.

In experiments where gauge locations were dupli-
cated, pressure maxima could vary by 20% and the
risetimes differ by 0.3 us. This data scatter is com-
parable to that in the explosive wedge data, and is
believed due to the same cause. Some selection and
averaging of the data were necessary in defining pres-
sure-field histories for the analysis described below.

The *“direct analysis” to complete the state history
during initiation involves alternate evaluations of
gradients of state variables and time integrations of
the conservation relations (8,14). Given the pressure
field p(h,t), in Lagrangian distance, h, and time, the
pressure gradients, 3p/ah, are first evaluated and the
momentum equation integrated in time to deterinine
the particle velocity, u. This can be written:

t
u(h,t) = uy(h) - p—] f op dt’ )
L]

S

where po is the initial density, the subscript s denotes
evaluation at the shock front, and the integration is
along a particle path, Similar treatment of the mass
conservation gives the compression, ¢ = (1-p,/p), as

t
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Fig. 8. Typical pressure-time profiles from multiple
embedded Manganin-gauge experiments. Labels indi-
cate gauge distances from the impact face.
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and the specific internal energy is

_ Lt
e(h,t) = egh) + o j; P 3 dt’ . 3)

With the pressure, compression, and energy deter-
mined, the degree of reaction, A, can be obtained
from a complete p(£.e,A) equation of state,

In the analysis presented, we treated fifteen pres-
sure records at six locations, ranging fromh=0toh-
4,2 mm, during the period from 0 to 1.5 us. (With
0.3 mm allowed for gauge thickness, buil "..p (0
detonation is expected in 5.2 mm of run and 1.67
us.) “Average” pressure histories at eacu location
were idealized by assuming a step shock rise and
fitting the data wich polynomials; neither impact-face
stress relaxation nor the second pressure increases
were considered. Shock-front positions and state
parameters were calculated using the Hugoniot given
earlier and the slight increase in velocity indicated by
the wedge experiments. Equations (1) through (3)
were numerically integrated, using mathematical
cubic splines to connect the pressure at the gauge
sites and the shock front and to evaluate gradients at
each time cycle. At h =0 the pressure gradient was
specified to give the correct particle velocity, known
from continuity conditions, the pressure history, and
the aluminum alloy isentrope.

The calculated pressure and compression profiles
are shown in Fig. 9. The pressure-distance curves
indicates reaction starting about 1 mm from the im-
pact face, forming a pressure pulse which grows and
moves toward t'ie shock front. The front of this
pulse steepends with run, and should become a strong
shock by the time it reaches the 5.2-mm expected
distance to detonation. This is in accordance with
our ¢earlier picture of the initiation buildup (7,8).
The compression profiles show that the decomposi-
tion causes an expansion near the impact face, and
that the front of the pressure pulse propagates as a
compressive wave. Both features result from the
pressure excursion occurring near the impact face.

Estimates of decomposition were made by inter-
polating the calculated p, £, and e values into a tabu-
lation of Mader's HOM-SG equation of state (15).
This formulation represents both the unreacted ex-
plosive and fully reacted products with Mie-Griineisen

forms; we used the Hugoniot of Ref. 11, and a calcu-
lated BKW isentrope (16), respectively, as the refer-
ence curves for high-density PETN. Partially reacted
states are calculated in HOM-SG with a “mix rule”
that partitions the energies in the solid and gas phases
in proportion to the offset of the mixture energy
from those on the Hugoniot and isentrope.

The decomposition profiles obtained are sketched
in Fig. 10, covering the time period from 0.75 to 1.5
Ms. Reaction in the first 1.5 mm occurs after an
~0,7-us induction time. Comarison with Fig. 9
shows that a reaction front propagates with about
shock velocity, and lags about 1 mm behind the
shock. Unless this picture changes drustically in the
0.17 us remaining to detonation, it is the overtaking
compressive wave, and not a reaction wave, that is
responsible for the onset of detonation at the front.
Concentrating on a specific position, it is seen that
decomposition proceeds until partially complete, and

Prossure (GPe)

A 1 ¥ 1
[+] | 2 3 4
Lerangian Diglence (mm)

Fig. 9. Calculated pressure-distance and compression-
distance profiles for a 1.9-GPa shock into 1.75-g/cm’
PETN. Labels on the pressure curves denote the time
after impact. The 1.5-us curves are cut off at 2.1 mm
because of the loss of late-time data near the impact
Jace.

PP
. o . Yy, VTR, L OV RYr: W S0TY NUSDRDUIPURPE I PES

am e

i SN




'
|

Cogree of Roaction

Za \ |
A

0 [} 2
Lagongion Disimnes (mm)

Fig. 10. Calculated reaction profiles.

then slows down or ceases. This is seen better in Fig.
11, where reaction rates (dashed curves) are com-
pared with the pressure histories at the impact face
and two millimeters into the sample. If our observa-
tions and calculations are to be believed, a spontane-
ous and abrupt reduction in reaction rate occurs
while the pressure is still increasing, and is responsible
for the pressure maxima recorded.

DISCUSSION

We at first believed that the observed pressure
maxima might not represent such unusual reaction
kinetics, but rather that a reasonable reaction rate
was sustained, and the pressure decrease occurred
because the material became highly expanded. How-
ever, if the thermodynamic states are assumed to vary
uniformly between gauge locations (see below), the
fluid dynamics of the experimental configuration will
not allow the expansions required. The direct analy-
sis was rather sensitive to the selection and fitting of
data, but alterations in these parameters only
modestly change the decomposition attained when
reaction is interrupted. Similarly, different choices of
mix rules for the assumed equation of state can alter
the decoraposition attained, but the unreacted and
fully reacted state configurations are wsli defined,
and the interpretation does not change. If the sur-
mised reaction behavior is invalid, the observations,
and not the calculations, are at fault.

Possible experimental artifacts include electrical
conductivity at the gauges, side rarefactions, and

e e
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Fig. 11. Pressure histories and calculated reaction
rates at the impact face and at 2-mm depth.

increased reaction at explosive-inert interfaces. Argu-
ing against the first explanation are the consistent
occurrence of the pressure maxima, their recording
with better insulated Manganin gauges (10) and
quartz gauges (Fig. 7, Ref. 8), and the second increase
in pressure sometimes observed. Sound speeds ex-
ceeding 12 mm/us would be necessary for side rare-
factions to reach the gauges in their usual central
locations, and tests with off-center gauges gave no
indication of such unrealistic conditions. The most
likely experimental defect is greatly enhanced de-
composition at explosive-gauge interfaces. This viola-
tion of our assumed-uniform variations of state condi-
tions would allow complete reaction in localized
regions to produce the pressure maxima. This conjec-
ture will receive further experimental study.

Should our measurements prove correct, they
imply that more complex reaction rate dependencies
are needed for computer simulation of the initiation
of high-density PETN. The previously cited theories
(2-6) all explicitly or implicitly incorporate reaction
rates that increase monotonically with pressure.
While these rate laws can be adjusted to match the
pressure increases we observe, the pressure maxima
under partially reacted conditions cannot be
simulated.
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In two cascs where the pressure maxima were
either ignored or above the practical gauge range,
records from our quartz-gauge front-back experi-
ments have been modeled with numerical hydro-
codes. Pressure excursions derived from observations
on 1.7-g/cm3 PETN were matched using an Arrehnijus
rate law with arbitrarily chosen constants (6,8), and a
more recent treatment with the “Forest Fire” rate
dependency (3,4) reproduced target-gauge records on
1.75-g/cm3 PETN (17). ‘As well as not predicting
pressure maxima under partially reacted conditions,
both simulations had other limitations. The first
calculation gave too much pressure increasc (too fast
a decomposition) for the actual reflected-wave condi-
tions at the target gauge, while the second matched a
target-gauge pressure history but failed to give the
observed pressure excursion at the impact face. This
inconsistent treatment of single- and double-shock
initiation is a common failing of computer simula-
tions.

The gross partial reaction implied by our measure-
ments could be due either to completion of an inter-
mediate stage in the decemposition throughout the
explosive, or to the full reaction of localized portions
of the explosive—hotspots whose growth is sup-
pressed. We are unaware of chemical kinetic evidence
for the first picture, and find it difficult to reconcile
with the very prompt initiation of high-density PETN
with relatively strong shocks and partial reaction at
our maxima. We believe a hotspot model can be
found to explain this disparity.

Presently, our candidate mechanism involves a
“shell model” for dynamic void collapse (18) and the
notion that hotspots result from plastic work at void
peripheries (13,19). This approach has provided one
rat_onale for the p2r criterion for short-duration
shock initiation (20). An extension of the model
gives a reaction rate depending primarily on the void
collapse rate, which in turn is determined by the
pressure and the rate at which it is applied, the void
fraction, and the degree of reaction. The model can
explain the large differences in decomposition rates
induced by shocks and more gradual compressive
waves. If one assumes that decomposition gases at
partial reaction stop the void collapse, then our un-
usual decomposition dynamics are justified.

Further experiments may eliminate concern with

the reaction-rate behavior we have described, but

such shock-initiation phenomena as desensitization

27

by preshock remain inadequately treated by theory.
The property of heterogeneity dominates the initia-
tion of solid explosives, and we believe that some
parameter representing this property, such as the
porosity, must be added to the usual thermodynamic
state variables now employed in theory. The model
outlined above is but one such alternative to the
current, essentially empirical, treatments,
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Livermore Laboratory and we have found that
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The direct anaiysis of our newer PBX-9404 data gave
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Recently, we have repeated the experiment on
1.75-g/cm3 PETN depicted in Fig. 8, using thicker
plastic sheathing, and again found that higher pres-
sure maxima were recorded. We expect that further
tests will eliminate the notion of interrupted decom.
position in high-density PETN, but that such features
as an induction time for appreciable decomposition
and a transition to detonation by an unreactive,
compressive wave should remain valid. These aspects
of the initiation of heterogeneous explosive still
present currently unmet demands on its computer
simulations and the physical characterization of hot-
spots, but elimination of the interrupted decomposi-
tion should simplify the task of finding realistic
models. 4 April 1977
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ON SHOCK WAVE EXPLOSIVE DECOMPOSITION

A. N. Dremin, K. K. Shvedov
Institute of Chemical Physics Academy
of Sciences USSR, Chernogolovka, Moscow
Region, 142432, USSE

The registration of the inert material-explosive interface under vario''s shock waves
of rectangular profile has been proposed as the observation method of the character
of shock wave condense cxplosive decomposition. Liquid and cast charges of TNT
as well as TNT and hexogen charges of loose density filled with different gases or
liquids have beer. w.avestigated. It has been shown that the gases’ nature and their
initial pressure (from 0.1 to 10 atm) do not affect the loose density charges de-
composition character. There are two regions of the shock pressure for all charges
investigated. The explosives’ decomposition character in these two regions is differ-
ent. A homogeneous thermal explosion seems to occur at higher pressures but the
reaction processes in individual “hot spots” are responsible for the decomposition
at low pressures. An alteraiion of the decomposition character takes place in a
narrow range of pressures. It depends on the explosive state (liquid or solid) and

the explosive particles structure.

|
1

For further progress of the explosive detonation
theory it is necessary to investigate shock wave con-
dense explosive deccmposition. There are few quan-
titative'data on the subject involved at present, in
essence they are concerned with the registration of
the chemical spike of normal detonation. Some in-
formation on condense explosives decomposition
under shock waves of low intensity has been obtained
at the investigation of the shock initiation of detona-
tion mechanism. The information was qualitative. It
has been found that liyuid explosives decomposition
follows the pattern of a homogeneous thermal explo-
sion, but solid heterogeneous explosives decomposi-
tion is due to reaction processes in individual “hot
spots™ (1,2). The investigation of the shock wave
solid explosive decomposition mechanism involves
considerable difficulties. Because of the explosives
being opaque, it is difficult to observe the decompuosi-
tion process. The decompasition process itself is
extremelv complicated due to initial physical hetero-
geneity of charges. The information for solid explo-

sives has been obtained at the investigation of shock
to deionation transition process; shock front veloci-
ties and partical velocity profiles have been measured
during the investigation. It has been observed that
the change of the shock wave parameters is different
for various charges (liquid, cast, bulk) in the transi-
tion process. The diffecence is caused by the charges’
decornposition mechanism characteristics. The mech-
anism depends on many faciors. The elucidation of
some of their effects Is the subject matter of the
naper. The registration of the incrt material-explosive
interface motion has been proposed (3) to investigate
the effect of the factors on the decomposition charac-
ter. However, the use of shock to detonation transi-
tion process registration would be a very labour-
consuming procedure in the investigation involved.
‘The main investigations have been carried out with
TNT and hexogen charges.

The test set-up measurement of the inert material-
expiosive interface velocity u(t) with the electro-
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magnetic probe is shown in Fig. 1. Rectangular pro-
files different shock waves of 5 + 6 us duration have
been applied, the observation time being 2 + 3 us.

The u(t) depends on explosives decomposition
character. If the decomposition does not take place,
the u(t) profile will be rectangular similar to that for
inert material. The decomposition causes pressure
increase and decelerates the inert-explosive interface.
The degree of the u deceleration provides a qualita-
tive information on explosives decomposition in-
tensity. To calculate the pressure in the explosives
the initial values cf the interface velocities and the
explosives shock adiabats have been used. The shock
adiabats we have used are the following:

D = (2.0+1.68 u) km/s

(4) for liquid TNT at 85 + 90°C (here D is shock
velocity and u--particle velocity).

D = (216 +2.24 u) km/s

(5) for cast TNT at initial charge density of 1.62
glem3.,

D = (1.5 %2.36 u) km/s

(6) for TNT filled with water at initial charge density
of 1.31 g/fem3,

D = (0.3+1.75u) km/s

(7) for powder TNT of loose charge density 0.9
g/em3.

D = (0.4 +2.0u) km/s
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(8) for powder hexogen of loose charge density 1.0
g/em3.

D = (1.5+23 u)km/s

(obtained at the investigation) for powder hexogen
filled with water at initial charge density 1.43 g/cm3.

Some oscillograms of the u(t) are shown in Fig. 2
to demonstrate the method’s potentiality. The
oscillogram (a) corresponds to the experiments when
explosive has been substituted by acetone and the
shock pressure equals 8 kbar. Once can see that the
shock wave profile is in fact rectangular for inert
material. The oscillogram (b} is for liquid TNT; the
shock pressure equals 100 kbar. The shock wave

rectangular profile indicates that liquid TNT behavior
at the pressure is similar to that of inert substance.
The oscillogram (c) is for powder hexogen charge
(particle size equals approximately 0.25 mm) with
the density of 1.0 g/fcm3; the shock pressure is 9
kbar. The gradual decrease of the u shows that
powuer hexogen even at this low shock pressure starts
to decompose at the moment of shock entrance. The
oscillogram (d) is for liquid TNT at 155 kbar shock
pressure. The rapid decrease of the interface velocity
indicates that liquid TNT explodes at the moment of
the shock entrance. It should be noted that for all
the charges investigated, one of the oscillograms pre-
sented has been registered at various shock pressures.
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Liquid and cast TNT. Textolite has been used as
an inert material in the liquid TNT (85 + 90°C) ex-
periments whereas paraffin has been used in the cast
TNT experimentis. The diagrams of the u(t) for vari-
ous shock pressures in liquid (a) ard cast (b) TNT are
shown in Fig. 3. Figures in the diagrams represent
the shock pressure values at the interface. One can
see that liquid TNT at 120 kbar does not start to
decompose in one us and at 155 kbar, it explodes
without any time delay.

The gradual practically linear decrease of the u for
the registration time is observed in the cast TNT
experiments up to 120 kbar. This character of the
cast TNT interface velocity dependence differs from
that of liquid TNT. In the cast TNT ¢xperiments at
pressures more than 120 kbar and in the liquid TNT
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experiments at 155 kbar, the u(t) dependcnces of
similar charscter are observed. A slight decrease of

- the u(t) initial part width has been observed at the
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shock pressure increase. [t must be noted that the
change of the u(t) dependence character occurs in a
narrow interval of pressures. The oscillograms
without an abrupt initial decrease of the u have been
perfectly reproduced at the pressures below 110 kbar
or equal to. The oscillograms with the abrupt initial
decrease have been perfectly registered either at the
pressures equal to or more than 130 kbar. Both
types of oscillograms have been observed at the inter-
mediate pressures.

Filled TNT and hexogen charges. Paraffin has been
used as inert material in the experiments with the
TNT and hexogen charges filled with water.

Figure 4 shows the data (a) for TNT, (b) for
hexogen. The TNT charge density was approxi-
mately 1.31 g/cm3. Figures in circles mark the
u(t) dependences for the TNT charges of different
size and density particles: 1,3,5—the particles of 1.54
+1.57 g/em3 density and 2 + 3 mm size; 2—1.0 mm
size and of the same particles density; 4—the particles
of 1.64-1,65 g/cm3 density and 2 + 3 mm size. The
hexogen charges filled with water have 1.43 g/cm3
density and the particle size of 0.3 + 0.5 mm.

The oscillogram with the abrupt initial decrease of
the u for the TNT charges with the particles of 1.54 +
1.57 g/cm3 density has been obtained at 110 kbar,
the initial abrupt decrease of the u being registered in
0.6 us time interval. It must be emphausized that the
initial abrupt decrease of the u has not been observed
for the TNT charges with the particles of 1.64 + 1.65
g/cm3 density at 110 Kbar.

The minimal pressure when the initial abrupt de-
crease occurs has not depended upon the filler nature
in the TNT charges the same kind of particles. To
illustrate this fact the TNT particles of 1.54 + 1.57
g/cm3 have been chosen for the experiments. The
charges have been filled with water, paraffin, and
carbon tetrachlorate. Approximately 110 kbar mini-
mal pressure has been registered for all the fillers
used. But for all the charges the initial abrupt de-
crease of the u has not been registered at the shock
pressure lower than 100 kbar in time of registration.
In this pressure region the change of the particles
sizes by 2 + 3 times does not affect the u(t) depen-
dences incline (see Fig. 4a: 1,2).
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The u(t) dependence for the hexogen charges filled
with water were qualitatively similar to those of the
TNT charges. The initial abrupt decrease of the u
appears at the shock pressure some 200 kbar for the
charges filled with water and at some 220 kbar for
the charges filled with carbon tetrachlorate. These

pressures are considerably more than those of the

TNT charges (~110 kbar).

TNT and hexogen charges of loose density. The
TNT charges of 0.9 g/cm3 density were prepared
from the spherical particles of 1.54 + 1,57 g/cm?
density and 2 + 3 mm diameter. The hexogen parti-

cles of 1.8 g/cm? density had irregular shape and 1.0

1

0.25, 0.06 mm characteristic sizes, respectively. The

density of
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particle size was 0.87 g/cm3 and the other hexogen
charges had 1.0 g/cm3 density. Figure 5 shows the
paraffin-explosives interface velocity dependences on
time for TNT (a) and hexogen (b) at different shock
pressures. The hexogen particles of 0.25 mm size was
for all the data presented in Fig. 5.

The figure shows that the u(t) dependences for
TNT are the direct lines slightly inclined, a tendency
to some incline increase being observed as the pres-
sure increases. The abrupt decrease of the u has been
registered at 68 kbar for 0.5-us time interval.

The initial parts of the breaking curves (t time)
have a convex shape for the hexogen charges at 10
+ 31 kbar. The convex shape obviously indicates the
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decomposition acceleration. It must be mentioned
that the u(t) of the convex shape transforms to the
u(*) of the triangular shape at the pressure increase.
The transition nressure was about 40 kbar and did
not depend on the particles size, but the characteris-
tic time t¢ did. Figure 6 shows that the dependence
extent changes at the different pressures. The parti-
cle size considerably affects the t. value in the region
of low pressures (~10 kbar) but it does not affect
pressures as high as 50 kbar, It is interesting to note
that the normal detonation reaction time values (the
points at 190 kbar) coincide with the t. value ob-
tained by the data extrapolation to the detonation
pressure.

The strong hexogen particle size influence on the
t¢ value at low pressures could be accounted for by
the action of hot gases in pores. Special experiments
to verify the assumption have been carried out. The
decomposition of the TNT, hexogen, and tetryl
charges filled with different gases (air, argon, and carbon
dioxide) have been investigated. The breaking curves
within the experimental accuracy limits turned out to
be similar for all the gases used. The change of the
gases’ initial pressure in pores did not give rise to a
marked alteration of the breaking curves (9). Figure
7 shows the relative interface velocity u(t)/u, for the
hexogen charges (the hexogen particles size—0.25 mm
and the shock pressure—9 kbar), where u, is the
initial interface velocity value. The black circle
points correspond to the experiments with air in
pores at 1 atm pressure; light circle points to air at
0.05 mm Hg; triangular black points to carbon

particle size:

’ ; ™ 1% ™
sheek pressure P kbar

Fig. 6,

dioxide at 10 < 12 atm; triangular light points to
carbon dioxide at 1 atm. The fact that all the points
fail on one curve means that the decomposition
character does not actually depend on the nature and
initial pressure of the gases in pores. The data on
shock initiation of detonation confirm the conclu-
sion. It has been found that the critical shock pres-
sure to initiate detonation also does not depend on
the gases nature (3).

The data obtained in the present paper enable one
to make some consideration on condense explosives
decomposition mechanism in shock and detonation
waves. Two shock pressure regions of the different
kind of the breaking curves have been revealed for all
the charges investigated. The various factors' in-
fiuence on the breaking curves in these regions differs
either. The regions are divided by an interval of
shock pressure, The interval is different for the vari-
ous charges. For most of the charges studied the
interval is small in comparison with the pressure
values and therefore the two pressure regions can be
conditionally divided by some pressure P*, The P*
pressure is the average in the interval.

In the shock pressure region below P* the inter-
face velocity is characterized by a gradual decrease
with time for the heterogeneous solid explosives, The
decrease depends upon many factors. Shock explo-
sives heating in the region is obviously insufficient to
cause a homogencous explosives decomposition reac-
tion in the registration time. However, as the inter-
face breaking starts at the moment the shock en-
ters the explosives, one can conclude that the explo-
sives decomposition process begins also at this very
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moment and is due to the reaction in individual “hot
spots.” Some reasonable assumptions on the “hot
spots” origin have been offered in literature. They
can be divided in two groups: (1) It is the heating of

explosives particles by a hot medium among the parti-

cles that is considered the main cause of initiating the
decomposition. (2) It is nonhomogeneous shock
heating of the very explosives that is thought to be
the main cause of initiating the reaction. From our
standpoint, the former is not correct. The breaking
curves independence on the gases naturc and their
initial pressure in pores as well as the independence
of P* on the nature of fillers mean that the shock
heating of the media among the particles is, in fact,
not the principal cause of the initiation and the de-
composition reaction process under the shock waves
investigated. As to the latter, we consider it to be
correct; the data confirm that. From our data fol-
lows that the u(t) is the function of the explosives
particle size and their structure in a large scale.

The breaking curves character depends on the “hot
spots” quantity, on the reaction progress in the “hot
spots” as well as on the reaction spreading over the
explosive matter, Therefore, the interfuce breaking
registration can be applied as a rethod of deter-
mining relative sensitivity of various kinds of charges
to reaction shock initiation. For all the charges con-
cerned the experiments should be performed under
the same conditions; that is, the same amplitude and
shock wave profile, as well as the same materia} of
inert barrier, should be observed. For our experi-
ments the amonium nitrate, TNT, tetryl, hexogen,
and PETN charges have been chosen. The shock wuve
amplitude was 10 + 12 kbar and the barrier was made
of paraffin. The ratio of the u to the ug value has
been determined in 2 us after the shock wave front
enters the charges. The less the value, the more sensi-
tive explosive to which the value corresponds. Asa
result the following sensitivity succession has been
obtained: ammonium nitrate—0.99, TNT-0.94;
tetryl—0.79, hexogen—0.76, PETN-0.39. it must be
noted that the sensitivity succession coincides with
the mechanical impact sensitivity succession for these
explosives (9). The coincidence obviously indicates
that similar processes in the explosives are involved in
weak shock and mechanical impacts action.

The breaking curves are similar for all the charges
investigated at the pressures more than the P* value.
It has been found that a gradual decrease followed an
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abrupt initial (0.5 + 0.7 us) decrease of the u. The
explosives particles size, the fillers nature, and shock
wave amplitude slightly affect the interface breaking
curves and the time of an abrupt decrease of the u,
Slight influence of these factors on the charges de-
tonation wave reaction time has been noted earlier
(1). From the data obtained it follows that the vari-
ous factors slight influence on the explosives decom-
position time is observed at the shock pressures
markedly less than that of the shock front of the
detonation waves Py at the charges diameters near the
critical ones; that is, P* is always less than Py. So for
liquid TNT P* is 135 kbar and Py is 250 kbar; foi cast
TNT P* is 120 kbar and Py is 190 kbar; for the filled
TNT charges P* is 110 kbar and Py is 120 kbar; for
the TNT charges of loose density P* is 70 kbar and Py
is 80 kbar; for the filled hexogen charges P* is 210
kbar and Py is 240 kbar.

The strong initial interface breaking indicates a
rapid explosives decomposition into the products
characteristic of detonation. This conclusion is con-
firmed by the coincidence of the states corresponding
to the point of an abrupt change of the breaking
curve with the states on the detonation products
isoentropy curve. The calculation of the transition
process of the shock waves from the inert barrier
directly into the detonation products provides she
detonation products states.

The explosives solid charges decomposition pre-
sumably follows the adiabatic explosion mechanism
at pressures more than P*, It is the similarity of the
breaking curves for heterogeneous solid charges to
those of homogeneous liquid explosives that is the
background for this conclusion.

The difference of the decomposition character at
high and low shock pressures is probably due to the
peculiarity of the hot spots shock generation process.
It is not improbable that the number of the hot spots
increases in such a manner that at the pressures more
than P* their concentration becomes so high that the
temperature nonuniformities caused by them dis-
appear earlier than the marked explosive fraction has
reacted. However, it is not excluded that similar
behavior of heterogeneous solid explosives and homo-
geneous liquid explosives at pressures more than P*
does not indicate that the temperature non-
uniformities in solid explosives disappear. On the
contrary, it indicates that temperature nonuniformi-
ties originate in liquid explosives. On the other hand,
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as the decomposition time depends little on the shock
pressure at the pressures more than P*, the decompo-
sition process is, presumably, of non-temperature
nature, The non-temperature nature can be due to
the shock compression features’ influence on the
explosive decomposition kinetics (high pressure,
tremendous rates of loading, etc.).

Thus, from the data in question, it follows that the
solid explosives decomposition mechanisms at the
shock pressures more than P* and less than P* are of a
qualitatively different nature and, therefore, one can
not advance a unified theory for the full scale of
shock pressures,

The data on shock explosives decomposition for-
mal kinetics are of interest for some problems. In
spite of some difficulties, such data can probably be
obtained by applying mathematical treatment to the
results measured by the method suggested in the
investigation.
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INVESTIGATION OF SOME CAST TNT PROPERTIES AT
LOW TEMPERATURES

V.M. Titov, V. V. Sil'vestrov, V. V. Kravtsov, I. A. Stadnitshenko
Institute of Hydrodynamics
Siberian Division of the USSR Academy of Sciences
Novosibirsk 630090, USSR

Critical diameter and shock initiation threshold are determined for cast TNT at ini-
tal explosive temperatures of 291, 77.4, and 20.4°K. The data on the initiation
threshold are obtained in divergent shock geometry (gap test). Trotylis found to
be less shock sensitive at reduced initial temperatures. However, the critical diam-
eter decreases from 15 mm at 291°K to 11 mm at 20.4°K. It is shown that this is
connected with the considerable irreversible change in physical-mechanical struc-
ture of cast TNT at a decrease in temperature. The chemical reaction zone length
calculated from the detonation velocity dependence on the charge diameter accord-
ing to the curved front theory increases by a factor of 1.5. In this case the ideal
detonation velocity increases not more than by 1% while the explosive density in-
creases by about 5% with initial temperature decrease. It Is shown that the simple

kinetic representations developed for homogeneous explosives are not suitable to
describe the changes in the reaction zone length and in the critical diameter. The
notion of critical initiation energy proposed for heterogeneous explosives is made
more accurate. Effect of initial temperature on the initiation threshold is analysed
using the introduced notion of critical initiation power for explosives.

INTRODUCTION

The influence of a low initial temperature (T,) on
detonation limits of cast TNT is studied in this paper,
relative to the fact that in a seriez of experiments
some explosives are used at the boiling temperature
of liquid nitrogen and liquid hydrogen (1). It mckes
sense for the proper design of explosive devices as
well as for the development of theoretical models of
the initiation process and the detonation propagation.
The effect of variation in initial temperature for
homogeneous explosives can be described by differ-
ent models based on the thermal explosion theory
(TET). In these models the typical reaction time and
related values depend upon T, (2-4). However, the
predictions of these theories for heterogeneous exple
sives do not agree with experimental results (5-7).
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Therefore, a systematic study of the influence of dif-
ferent factors including also T, on the critical condi-
tions of ignition and propagation of detonation are
likely to make a certain contribution to an under-
standing of these phenomena.

There are only some Dapers dealing with the char-
acteristics of heterogeneous explosives at low initial
temperatures. In paper (5) it was observed that the
critical diameter (d_) of powdered TNT with initial
density p,, = 1 g/cc increased to 10 mm with decreas-
ing T, to -193°C (at T, = 75°C, d,, = 5.5 mm). Au-
thors associated these results with the fact that the re-
action rate decreases at reduced T, of matter. In
(6,7) the increase in the chemical reaction time was
observed by the electromagnetic technique: for cast
RDX/TNT 50/50 the reaction time increased by a
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factor of 1.5 at T, = 77 - 204°K; for powdered
(1 g/cc) and cast (1.62 g/cc) TNT it increased, ap-
proximately, by a factor of 2 at T, = 140°K. But in
this case the steady state detonation parameters
changed only slightly. Calculation of the induction
time change of the adiabatic thermal explosion with
the “low”-temperature kinetic parameters for TNT
(4) showed that the decrease in temperature T, by
150-250° at a level of 1100-1300°K must result in
the reaction time increase at least by an order of mag-
nitude (here T, is the shock initial temperature be-
hind the front of the shock preceding the reaction
zone).

If the value of a critical diameter is proportional to
the reaction time (7) at a charge diameterd = d_ and
the ideal detonation reaction time (7,) is a good ap-
proximation for 7, one should expect the increase in
d, for both powdered and cast TNT. According to
(5,7) a satisfactory agreement between the change in
d,, and experimentally determined 7, occurs for pow-
dered TNT. As will be shown below, for cast TNT
even a qualitative agreement does not take place: the
reaction time increases, but the critical diameter de-
creases.

The influence of the initial temperature on the ini-
tiation threshold (P;) was studied in a series of works,
however, the quantitative data are few in number,
The main conclusion of these papers is that shock
sensitivity of explosive increases at elevated T .
Qualitatively, this conclusion is clear as under pre-
heating the bulk shock heating temperature of the
test explosive increases at the shock pressure of the
same magnitude, and the induction time in TET oc-
curs to be the extremely sensitive function of temper
ature. For heterogeneous explosives the shock heat-
ing is small, and therefore it should be supposed that
T, would influence sufficiently on the initiation
threshold. However, the presence of hot spots, {.e.,
localized regions of high temperature, reduces this
effect. In (8) an attempt was made to relate the hot
spot temperature to dynamical properties of the in-
put shock and T,,. This made it possible to calculate
the chemical induction time {rom measured shock
pressure. However, a quantitative explanation of P;
vs T, was absent.

In this paper on ti.v basis of the notion of critical
initiation energy introduced in (9) for heterogeneous
explosives and analysed for some explosives in(10,11)
the attempt has been made to describe quantitatively

the effect of initial temperature on the initiation
threshold. The internal thermal energy of an explo-
sive sample in the initial state which is determined by
its specific heat and initiul temperature has been in-
cluded into consideration, additionally. The data (8)
at elevated T, and the data of this work at reduced
T, have been analysed on the basis of this hypothesis.
Calculated data are in satisfactory agreement with
measured values of P;.

EXPERIMENTAL TECHNIQUE

Cast TNT was chosen for the present work because
it has received the most study. Moreover, it is cast-
able material and hence can provide charges which are
approximate in the degree of physical homogeneity
to homogeneous explosives, i.e. it should be expected
that the conclusions of the thermal explosion theory
are mote widely applicable to cast TNT than to other
heterogeneous explosives (pressed, powdered, mixed).
Charges were made of creamed TNT with 10% pow-
der addition and with rapid cooling and continuous
mixing. Castings had a uniform fine-crystalline struc-
ture at a density of 1.615 g/cm3. At low initial tem-
peratures a density was determined by the precision
weighing of the explosive samples in liquid nitrogen
or liquid hydrogen. The densities of liquid gases
under 1 atm and at the boiling point were assumed to
be equal to 0.808 g/cm3 for nitrogen and to 0.071
g/cm3 for hydrogen (12).

The detonation velocity (D) as a function of
charge diameter was measured by means of pins
placed in five positions down a cylindrical charge in
a 0.2 mm paper confinement. The charge diameter
varied from 8 mm to 56 mm. In all the experiments a
powerful hexolite booster was used, the parameters
being determined in the steady state detonation re-
gime. The charge length with diameter close to the
critical one was equal to (10 + 12)d. Time intervals
were measured by four 100-MHz digital chrono-
graphs. The detonation velocity was determined with
an accuracy better than 0.5%. In the low tempera-
ture experiments the charge was placed inside a styro-
foam case. Immediately’ before the firing liquid gas
was poured off.

The scheme of the test used to determine the
shock sensitivity is shown in Fig. 1. It is a conven-
tional gap test with a 1.61 g/cm?3 cast trotyl donor
(5 cm in diameter, 5 cm long) and a plane wave lens.
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Fig. 1. Schematic diagram of the gap test and typical resistance probe oscillograms.

A 5.4<cm-diameter polymethyl methacrylate attenuz-
tor separates a donor from the test charge. The ac-
ceptor explosive (3.8 cm diameter, 10 cm long) has a
confinement of a steel sleeve (3.8 cm ID, 5.4 cm OD),
thus an equivalent diameter of the acceptor is approx-
imately equal to 9.6 cm. A mild steel witness plate
and a resistance probe are used in every shot to deter-
mine ignition and failure. The usage of the resistance
probeis expi.ined by the fact that at low initial temper-
atures a toughness of the witness material sufficiently
decreases and therefore the degree of witness destruc-
tion can't serve as a reliable indicator of high-velocity
detonation. The use of the resistance probe analo-
gous to that described in (13) with impulsive constant
current supply, visualizing the initiating shock trajec-
tory on the screen of a storage oscilloscope allows
easily to distinguish initiation or failure, and to ob-
tain additionally the initiation distance, character of
the shock-to-detonation transition, mean velocity of
the reactive wave (Fig. 1). The input shock ampli-
tude is varied by varying the gap length. Data for ob-
taining the 50% initiation threshold were gathered in
the “up-down” procedure. In the low temperature
experiments an assembly was placed in a styrofoam
case filled with liquid gas. Immediately before the
firing the donor was put on the attenuator, and a

level of liquid was situated near the gap/acceptor
interface.

Gap pressure (Pg) at the 50% gap length is meas-
ured using a shock polarization effect of plexiglas
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(14). For this purpose 8 10 mu aluminum layer was
sprayed on the attenuator bottom, and this layer
served as a grounded electrode. A measuring plexiglas
plate (1 cm diameter, 1.2 mm thickness) was put
against it, and the run time of shock through the
plate was measured. These experiments were carried
out at 291°K, and it was assumed that P,, at the
fixed cap length, didn’t depend on the initial temper-
ature. Then the 50% pressure at the end of the gap
was converted to the initiating pressure transmitted
to the explosive by use of the Hugoniots of the plexi-
glas and cast TNT which were determined at normal
temperature (15):

plexiglas, p, = 1.18 g/cc, U=2.56 + 1.69 u
for 0.54<u<142

cast TNT, p, = 1.614 g/cc, U=2.39+2.05u
for0.32<u<148

where U is the shock velocity in mm/usec, u is the
particle velocity in mm/usec. Hugoniot data were
not corrected for the changes in T,, because for
trotyl it does not make sense: at reduced T, and at
the same shock amplitude the explosive occurs to be
more inert matter than at normal T,. The use of un-
corrected explosive Hugoniot results in the increase in
the calculated value of P at the reduced T,. Using
the calculated Hugoniot for the unrezcted TNT pre-
sented in paper (16, Fig. 3), one can estimate this ef-
fect: the resulting error at the highest pressure (~60
kbar) is not in excess of 3 + 5 kbar.
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RESULTS

The detonation velocity as a function of charge
diameter, initial density and a series of other caicu-
lated values at different T, are presented in Fig. 2
and Table 1. Ideal detonation velocity (D;) and re-

174 (on)
Fig. 2. Detonation velocity vs inverse diameter for
cast TNT at various initial temperatures. The values
of Dat 77.4°K and 20.4°K are not corrected for the
change of the measurement base. Solid lines repre-

sent D against 1/d at 291°K and 20.4°K according to
the curved front theory.

action zone length (a ) are computed from Eyring's
curved front theory. Reaction time is assumed to be
approximately equal to 4 a,/3D;. According to (2)
the polytropic exponent n, of detonation products
for cast TNT was assumed to be equal to 4.5 near the
limit of steady state detonation. Therefore, the deto-

nation pressure at d, was calculated from the rela-
tionship

D2
Po ¢ ~0.182 p, D2

P.=
© ng+l

The discrepancy between the data obtained at normal
temperature and those presented in (10,17) is ex-
plained by the difference in the production technique
of cast TNT: the solidification and addition of the
fine TNT powder to the melt results in the formation
of many crystallization centers, and, respectively, to
the decrease in the reaction zone length and in the
initiation threshold (Table 1 and Table 2).

The change in o, at the temperature decrease ac-
counts for 5% what is in agreement with the calcu-
lated value (7) and allows to estimate the change in
the measurement base (x,) assuming that the thermal
contraction of explosive is isotropic:

1 -
Axy/xg =7 (Apg/pg) = 1.7 + 1072
3

This estimate permits to make correction of the meas-
ured detonation velocities. The data of Table 1 show
that the detonation velocity and detonation pressure
for both ideal and non-ideal regimes differ only
slightiy from the analogous parameters at 291°K
what is in good agreement with the results of papers
(6,7). Measured change in D; is sufficiently less than
it could be supposed from the increase of the initial
explosive density from the linear dependence D{p,)
with the proportionality factor of 3230 m * cc/g * sec
determined at normal conditions. Instead of the sup-
posed increase in D; approximately by 300 m/sec, the
increase only by 50 m/sec was measured. This is ob-
viously connected with the chemical equil;brium shift
of explosive decomposition resulting in the change in
8 quantitative composition of detonation products
and chemical energy of the detonation reaction.

The increase in the reaction zone length approxi-
mately by a factor of 1.5, and, respectively, in reac-
tion time vs T, is in agreement with (6,7), but, in the
same time, it is much less than we could expect from
the thermal explosion theory. Probably, it is ex-
plained by the weak dependence of reaction time on
detonation pressure, and, consequently, on T, for
TNT (2). This can be explained by the following (7):

1. Kinetic constants change under detonation
pressures. It is noted, however, that according to
(18) kinetic constants for TNT do not change at
static pressures up to 50 kbar in the temperature
range of 500 + 700°K, and the reaction of low TNT
decomposition is of the zeroth order.

2. Reaction time in solid TNT detonation wave is
defined by not T,, but by the final decomposition
stages weakly dependent on initial temperature.

3. Dynamical loads influence specifically on de-
composition kinetic of solid explosives. From our
point of view, however, the usage of the dependence
of induction time on T, according to TET is not a
correct way in estimating 7, vs T, for heterogeneous
explosives. It is connected with the sia!istical charac-
ter of the formation of hot spots and with their inter-
action one another, what makes this process more
complicated, and, besides, makes impossible the usage
of simple relations of TET which are suitable only for
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TABLE 1 : 4

Summarized Data for TNT on Propagation of Detonation at Various Initial Temperatures

;r° Po D; a, T d, D, (D/D,) P, |

K glce mm/usec mm usec mm mm)/usec ie kbar \

291 1.615 6.97 042 0.08 15 6.68 : 0.96 131 54
774* 1.70 6.99 0.55 0.105 <8 - - - :]
204 1.71 7.00 062 | 012 11 6.64 095 137 ;
*In calculating D; and a at 774°K the values of detonation velocity at only d > 12 mm were used, because at d = 8 mm and 10 q
mm the large departures of the data from calculated line were observed. i
TABLE 2 |

Gap Test Shock Sensitivity Data for Cast TNT at Various Initial Temperatures i

T | Hsot95%8H | Py | P | Powe | Eo | E' B |

K mm kbar kbar kbar ilg jlem? usec jlem? psec !
291 478109 24 28 28 265 217 70 ‘:
714 33 206 47 57 52 22 248 233 ‘

i

204 333106 47 57 55 02 | 235 233 f
average E" =233 ¢ 15 1

*Determination accuracy of the experimental P accounts for ¢ 10%.
**Valuos of E'/r and E" are calculated for experimental values of P,

describing the development process of a single hot
spot. It will be shown below how one can estimate
the maximum change in 7, vs T, without using the
notions of TET.

As stated in the introduction, the existing theories
of a critical diameter for homogeneous explosives pre-
dict its increase as T, decreases. But in the experi-
ments with cast TNT the decrease in the critical diam-
eter was observed though the reaction zone length
increased (Table 1). Critical diameter is determined
as being midway between the nearest diameters of det-
onation and failure, the data are accurate to £ 1 mm.
The cause of such abnormal behaviour of d, vs T, is
not cleared up. It is probably connected with the
change in physical-mechanical structure of cast TNT
as T, decreases because of appearing local spatial
temperature gradients. To test this hypothesis, the

experiments were carried out at 291°K with the cast
finecrystalline TNT, pre<cooled up to 77.4°K the
charge diameters being 12 and 10 mm. The steady
state detonation was registered with the velocities of
6.87 and 6.84 km/sec, respectively. As far as these
diameters are less than the critical one for TNT not
subjected to low temperatures, it means that the irre-
versible change occurs in physical-mechanical struc-
ture of cast TNT as T, decreases. Additional experi-
ments were made with cast large-crystalline TNT

(po = 1.60 g/cc) having d, = 27.5 mmi at normal tem-
peratures (2). The charges, 18 and 14 mm in diame-
ter, were fired at 77.4°K. As in the case of the fine-
crystalline trotyl, a significant decrease in d, was
observed: at the indicated diameters the charges
detonated with constant velocities of 6.85 and 6.70
km/sec, respectively. Thus we were not able to re-
veal purely temperature effect on d, as T, decreases
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for czst TNT, because of the change in its physical-
mechanical structure. In experiments of paper (5)
with 1 g/cc powdered TNT already at norraal temper-
ature a degree of physical-mechanical heterogeneity
was significant. As T, decreased to ~193°C, it didn’t
change significantly and therefore it has been possible
in paper (5) to reveal the influence of reduced T, on
d.. Apparently, the influence of T on d; for hetero-
geneous explosives can be properly explained only by
two-dimensional gas dynamical calculations taking
into account real kinetic of chemical decomposition
and real physical-mechanical properties of explosives
as it was done by Dremin for homogeneous explo-
sives (2,3).

Listed in Table 2 are the shock sensitivity data for
cast TNT at different T,,. It is seen that the explosive
becomes less shock sensitive at reduced T,, than at
room temperature. Qualitatively, it is connected with
the change in temperature of shocked explosive and
characteristics of hot spnts appearing in the shock
passage through a heterogeneous explosive. The pos-
sible change of a degree of physical homogeneity con-
nected with the increase in p, makes a certain contri-
bution as well. However, if to characterize physical
homogeneity by the value of (D/D;), (17) than, as
seen from Table 1, it changes only slightly. Initiation
distance and time to detonation decrease due to the
increase in initiating pressure. The shock-to-detona-
tion transition is characterized by the gradual increase
in the initiating shock velocity. In this respect the re-
sults are in qualitative agreement with the existing
idea of the shock initiation character of heterogene-
ous explosives.

In the cases when high-velocity detonation was ab-
sent at both normal and reduced initial temperatures
the sustained wave propagation with an average veloc-
ity of 3.3 km/sec at 291°K and that of 3.9 km/sec at
77 + 20°K was registered. In this case the witness
plate proved to be partly destroyed. This regime is a
known regime of low-velocity detonation of explo-
sives in the moderate confinement which are initiated
by a weak shock. It is interesting that as T, decreases
the limits of the existence of this regime somewhat
extend, i.e. its limiting velocity and pressure in the
leading compression wave increase. Probably, it is
connected with the decease in shock temperature be-
hind the front of the leading compression wave and,
respectively, with the slower reaction rate of the par-
tial decomposition of explosive.
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PHENOMENOLOGICAL THEORY OF
P, DEPENDENCEON T,

Since detonation depends on many parameters of
explosive and initiating pulse characteristics, detona-
tion limits should be thought as a hypersurface in a
many-dimensional space of these variables (17). Then
different two-dimensional sections of this surface
would give the dependence of detonation limits on
one parameter, for example, critical diameter vs ini-
tial density or initiation threshold vs initiating pulse
duration. Further we will consider this effect with-
out taking into account the lateral rarefaction and for
the rectangular initiating pulse with the amplitude P;
and duration 7. For the purposes of this work it is
enough to consider the three-dimensional section
(P, 7, T,) of the initiation hypersurface under the as-
sumption that all other parameters of explosive are
little changed, though it might be not quiet so.

The section of hypersurface (P, 7, T;) by the plane
T, = const gives the functional relationship E*
=E'(P,, 7) which represents a curve on the plane (P, 7)
dividing the initiation region and the failure one. In
the general case E’ is a function of T, (Table 2). The
existence of a similar relationship is shown in (9), and
the retaining value is called the critical energy for
shock initiation and used to describe the observed de-
pendence of Py on 7. As an analytical expression for
E' the following one is used

El =Piu7' (1)

It is not difficult to understand the physical sense of
E if to rewrite Eq. 1 as follows

Ey= pQU‘r'u2 (2)

Here p U7 is the mass of shocked matter per unit
area, uS is the total energy per unit mass, including
kinetic energy of matter and both thermal and poten-
tial components of intemnal energy. Thus, E; repre-
sents the total energy per unit area which is stored in
the shock wave in explosive.

Such a determination of E' seems to be not quiet
correct. 1t is associated with the fact that the action
of high statical pressures in the order of 50 + 100
kbar does not result by itself in explosive initiation.
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Therefore it is logical to eliminate the potential com-
ponent of internal 2nergy from consideration, be-
cause it does not effect immediately on the forma-
tion of the initiation centers. Then in Eq. 2 only a
portion of energy of unit mass of explosive, condi-
tioned by the dynamical nature of shock compres-
sion, should be used instead of u?

. k
E'(T,)= poU‘T"'z-uz, (3)

where

k=142E;/u

Similar re-determination of the critical energy for
shock initiation does not contradict to the conclu-
sions based on the previous determination (9-11) if
E, is interpreted to be 2E'/k. Just the value of E’
from Eq. 3, however, should be considered as con-
stant at given T, characterizing the shock sensitivity
of explosive. Exactly this magnitude depenis only
on T, while E{ from Eq. 2 must in principle depend
on injtiation pressure. This is connected with the fact
that the shock wave in explosive represents the reac-
tive wave. Therefore, the thermal component E,y,
used in determining k (Eq. 3) must incorporate the
energy formed at the partial decomposition of explo-
sive. This process is conditioned by the explosive sen-
sitivity and the initiating pressure magnitude. In so
doing, in the general case k is a function of P;. The
correct calculation of k (P;) is possible when consider-
ing the shock propagation through the reactive me-
dium with the given equation of state and the given
law of energy output behind the shock front. In the
general case it ig difficult to make such a calculation,

But one can consider two limiting cases the differ.
ence between which is connected with the character
of the shock-to-detonation transition at shock initia-
tion of explosives (19). The first one is peculiar to
homogeneous and little sensitivity explosives, for ex-
ample, liquid or cast clear explosives, and alsc to P;
much less than the detonation pressure. In this case
the steady shock velocity changes abruptly into the
steady detonation velocity, and the shiock is only
slightly reacting one, that is, in the limit unreactive
wave. Therefore,

Eyp <<u?/2 and k=1 @)

The second case is realized when initiating more sensi-
tivity explosives, for example, pressed explosives, and

at a great amplitude of initiating pulse. In this case
the shock-to-detonation transition occurs to be
smooth, and the shock is strong reactive wave. In so

doing

Eyp, ~u2/2 and k2 (5)

So the exact k (P;) function can be substituted by its
estimate according to Egs. 4 and S.

The proposed improvement of the determination
of critical energy for shock initiation explains the ex-
perimental fact of the decrease in E| approximately
by a factor of 2 as P, increases which was discovered
for liquid and cast explosives (11). The author of
paper (11) also explained the decrease in E, by par-
tial decompasition of explosive behind the front of
the strong shock, but there was no explanation of the -
quantitative change. In our interpretation there oc-
curs the transition from k = [ to k = 2 with increas-
ing the initiating pulse amplitude. As E' = const, then

E; =2E'/k must decrease approximately by a factor
of 2. The character of the decrease in E; which is
sharp 11 liquid explosive and more smooth for cast
one is sitiply explained by ihe physical sense of k (P;)
function. :

Now let us consider the section of hypersurface
(P, 1, T,) by the plane 7 = const. The resulted rela-
tionship E" = E” (P}, T,,) describes the change in the
initiation threshold with the initial temperature of ex-
plosive at the fixed initiating pulse duration. Within
the framework of the developing energetic approach
to a problem of explosive initiation the following ex-
pression can be used as an analytical one for E”

E"() = p,Ulku?/2 + E,) (6)

The notion introduced by Eq. 6 has 4 sense of critical
power (per unit area) for shock initiation of explo-
sive. Here E is the initial thermal energy of the ex-
plosive sample determined by its specific heat and ini-
tial temperature. E” (7) allows to predict P; vs T if
the pulse duration remains constant. In this case it is
necessary to know the initial densities and Hugoniots
of explosive at T, and T, ,, as well as the initiation
threshold at one of the temperatures, for example, at
T, (reference point). Having written the explosive
Hugoniot in the form of U = A + Bu it is not difficult
to show that the critical particle velocity uy at T 5 is
determined from the cubic equation
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For the positive solution of this equation to exist it is
necessary that the absolute term is negative. It leads
to the presence of the maximum initial temperature
T,, at which the absolute term of Eq. 7 vanishes and
u, = 0 provides the unique physical solution. Thus,
there exists T, (7) at which explosive is exploded at
nc action of the shock. This temperature can be con-
sidered as an analog of temperature in the thermal ex-
plosion theory, and the value of 7 as the induction
time. In this case in the expression for T, by the co-
efficient A, should be meant the sound velocity ¢

in the explosive at T, = T,

Po1Uy kjui/2+E,  E'(7)
Tp(n) = '

Po242 Cy Po2 Coby

Here T, is the average specific heat of explosive in the
temperature range from zero to Trg‘ To estimate T,
let us use the data for TNT at 291°K listed in Table 2.
In so doing it is necessary to assume ky = 2, that is,
to take into account the total energy per unit mass in
Eq. 3. It is connected with the fact that in the final
stage the matter is not compressed and potential com-
oonent of internal energy equals zero. Therefore, the
total energy of the shock in state 1 converts to the
thermal energy in state 2. Assuming p,y = 1.47 g/cc,
¢y = 1.37 km/sec, what corresponds to the similar
parameters for liquid TNT (15), we’ll obtain Ty, =
1065°K. The corresponding induction time calcu-
lated from TET using kinetic and thermal constants
from paper (4) is about 1 + 2 psec. This value is close
to the equivalent pulse duration of the test used
which is analogous to the known NOL large scale gap
test for which the estimate 7 =~ 1.6 usec is available
(9,10). Thus in this case the inte1 pretation of the
value of 7 as an induction time of the thermal explo-
sion really is made possible. This is likely to be conse-
quence of the fact that there is a connection between
the presented approach to a problem of explosive ini-
tiation and the thermal explosion theory.

The values of P; at different T, for some explo-
sives, for which the experimental data exist, obtained
on gap tests at clevated temperatures (8) and reduced
T, in this paper sere calculated by Eq. 7. The values
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of P; at normal T, are taken to be the reference
points. It was assumed that at the change in T,, the
equivalent pulse duration remained constant, and the
equivalent amplitude of the initiating shock was equal
to P;. 1f the Hugoniot was not known at the required
T, it was considered to coincide with the determiined
one at normal T,. The dependence of specific heat
¢y (T) on temperature for sclid explosives was ex-
pressed with the help of one of the simplest modifica-
tions of Debay theory, in which one Debay tempera-
ture dependent only upon volume was used (20). In
this case the required constants were determined
from the condition that the calculated ¢, would coin-
cide with the experimental one at room temperature
and zero pressure. For all explosives c,, (291°K) =
1.28 j/g * deg was assumed.

The calculated and experimental values for P; are
summarized in Table 2 for cast TNT and in Table 3
for some pressed explosives (3). In spite of the fact
that the equivalent \/7 changes a little as the barrier
lenght varies, an agreement occurs to be good. The
approximation k, =k, =2 was used for pressed pre-
heated explosives, and the approximationk; =k, =1
was used for cast cooled TNT according to a physical
sense of the k function. The change in ¢, weakly af-
fects the calculated results for P;, for example, at
¢, (291°K) = 1.47 j/g * deg the calculated P; for
pressed RDX and NONA are equal to 7.9 kbar and
9.0 kbar, respectively. The calculated values for
PBX-9404 do not agree with the experimental ones in
the gap test as well as in the plane wedge test. As was
noted in (3), in this case the lateral rarefaction leads
to the decrease in 7 and to the increase in P com-
pared to the calculated data.

The obtaining of correct experimental data from
the P; dependence on T, at different 7, for example,
by the foil test, is of interest. Then it would allow to
determine the E” dependence on 7 and to make the
correction of the calculated values of P; on the
change in r. Though the presented theory, strictly
speaking, is applicable to rectangular initiating pulses,
the comparison made for the extended pressure pulse
tests (gap test, wedge test) shows good results. It
means that E" weakly changes with small change in 7.

Above the restrictions were not imposed on the
magnitudes of P; and 7. Therefore one can use the
presented notions to estimate the change in critical
reaction time () at d.. In this case Zeldovich-
Newmann’s model is suitable according to which the
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TABLE 3

Comparison of Experimental and Calculated Initiation Thresholds for
Some Explosives at Elevated T,

AT T AR SR e e e R

RS~

PR S

Explosive parameters at T; = 298°K*
" ’1;02 Pi,exp. Pi,calc.
Type Po P; E'f K kbar kbar
yp g/ce kbar jlem? usec
PETN 1.59 9.1 110 383 6.7 6.3
RDX 1.64 15.2 165 453 7.8 84
NONA 1.60 19.5 205 523 8.8 929
HNS 1.57 23.2 243 533 13.2 12.1
HNS** 1.57 19.0 200 533 9.0 2.0
PBX-9404 1.84 64.5 734 423 64.5 553
PBX-9404** 1.84 15 196 423 15 7.1
*Gap test (8)
**Plane-wedge shots (8)

t+E" is calculated from experimental data at 298°K.

one-dimensional steady detonation wave is character-
ized as a shock wave in the unreacted explosive fol-
lowed by a reaction zone. In so doing one can treat
7. and P, as proper estimates of equivalent duration
and amplitude of initiating pulse, respectively (10).
Then, using the notion of E" (1), the detonation ve-
locity (D) will be estimated at other initial tempera-
ture T but at constant 7=17,;, (k; = ky =2):

[ D2
E” i ~ cl + E = ',
(TLI) Pol Dcl (ncl + 1)2 OIJ Po2 Dc
(8)
(n:: + 1)2 02|
Further, using the notion of E'(T,} at T, we will
obtain
y , D¢
E(Ty2) = pgy Dg 7(:1(—n;:—-;¢lh)7 =po2 Dcy
©)

- —

At low T, 5 about 20°K the value cf E, can be ne-
glected (Table 2). Then, from Eqs. 8 and 9 it follows
that

ropy ~Pot(Me2 * ] (DY [, (er * 12 Eoi ]
™ Y S
¢ " po2\nep 1/ \Dgy DZ, el

Assuming ny =n;, = 4.5 and using the data of
Tables 1 and 2 we will obtain the maximum estimate
(T,7 = 0) of the increase in 7

T2 2113714

Measured in paper (7) and calculated in this work, re-
action times are similar to the ideal reaction time.
Therefore, the comparison of the above estimated
and measured change in reaction time is difficult be-
cause the accurate relationship between 7 and 7, is
unknown. However, the estimate shows that within
the bounds of the hypotheses used we should not ex-
pect considerable change in 7,4 as distinct from pre-
dictions of the thermal explosion theory.
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1t is noted that there is one more interesting conse-
quence. As iy shown in (10), within the boundaries
of the determination accuracy of the critical initia-
tivn energy it is constant for the critical detonation
pulse for pressed TNT at various initial densitics from
0.8 to 1.62 g/cc. It allows to determine the reaction
time vs the detonation pressure (P). From the presen-
tation of E' in the form of Eq. 9 it follows that

re ™ E'(T,)Voolng ¥ D P! v Voo Pp! S

Generalizing the relation to the values of 7, and P at
d > d, and taking into account the fact that the det-

onation pressure is proportional to the square of p, it
is casy to show that

,'-r n, l)-l .25

must be valid, This 7,(P) dependence is in good
agreement with the experimental data for TNT with
various forms and initial densities (2,7), and explains
in a way the weak 7, dependence on P, and, conse-
quently, on the shock temperature,

In conclusion it should be noted that the pre-
sented theory is a phenomenological one. At present
we can not explain the existence of such values as E'
and E" and to calculate them in independent manner.
Probably, their existence is associated with the statis-
tical character of the accurate theory of shock initia-
tion of explosive, Homogeneous explosives may be
considered as the limiting case of this theory: that is,
the case when temperatures of all hot spots are the
same and equal to the temperature of bulk shock
heating, what governs the applicability of the thermal
explosion theory to them.
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MODES OF SHOCK WAVE GROWTH IN THE INITIATION OF EXPLOSIVES

-
J. W, Nunziato and J. E. Kennedy ‘
Sandia Laboratories, Albuguerque, New Mexico '

and ]

D. R. Hardesty ‘
Sandia Laboratories, Livermore, California '

explosives.

The literature on shock initiation has carefully distinguished between the behavior !
of homogeneous and heterogeneous explosives with regard to reaction ignition,

reaction growth, and the modes of wave growth. In this paper we illustrate the ,
differences in shock growth modes in explosives representative of these two classes, "
nitromethane and PBX-9404, through the use of numerical calculations and pre-
viously reported experimental data, We then correlate the observed phenomena J
with some basic properties of the recently introduced concept of critical accelera- '
tion \ for shock front growth, which is proportional to the reaction rate, and a new
concept called the reaction communication distance, which is defined as the ratio
of the sound speed to the reaction rate, This distance, which varies inversely with
A, determines whether the energy released during the decomposition reaction 1
becomes distributed throughout the shycked material or remains concentrated near 5
the point of ignition, As a result, we are able to provide an explanation for such '
distinctly different growth phenomena as superdetonation in homogeneous explo- ]
sives and the strong pressure disturbance and growth at the front in keterogeneous ‘

1. INTRODUCTION

Recent experimental developments have contri-
buted significantly to the understanding of wave
evolution during the shock initlation of explosives in
planar geometry. Lagrangian measurement methods
such as electromagnetic, manganin, and quartz gauges
and laser velocity interferometry have provided
information on the entire shape of the shock pulse as
well as the shock trajectory and amplitude. Conse-
quently, the data obtained are more complete and

more suitable for correlation with analytical predic-
tions.

At the present time there is considerable interest
in the application of wave front (or singular surface)
analysis to extract from experimental data quantita-
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tive information concerning the initiation process. {
Using this type of analysis, it has been shown by
several authors that the particle acceloration (9;u)”
behind the shock front at a given time uvtermines
whether the front will tend to grow or te decay in
amplitude. In general, there exists a critical accelera-
tion X at which the shock amplitude will remain
steady; if (3;u)™ > A the shock front will grow and if
(8¢u)™ <A the shock will decay. The quantity A is .
determined by the physical properties of the material !
and by the reaction kinetics immediately behind the ' .
shock front, Thus, kinetic information nertaining to !
the shocked material can be derived from data {ndicat-
ing the critical acceleration and, conversely, critical
acceleration information can be derived from reaction
rate laws. Both the kinetics and the critical accelera- .
tion are functions of the shock amplitude and, for ) |
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example, for elastic materials undergoing exothermic
chemical reaction, A <0,

Another important factor in the initiation of
explosives is the acoustic communication within the
shocked material which controls the distribution
within the wave profile of the pressure generated by
the reaction as the wave evolves. This effect can be
made precise by defining the reaction communication
distance as the ratio of the sound speed to the reac-
tion rate in the explosive. It is interesting to note
that at the shock front this parameter is inversely
proportional to the critical acceleration .

Our objective in this paper is to discuss the various
modes of one-dimensional shock growth duiing
initiation in homogeneous and heterogeneous explo-
sives and to correlate the observed phenomena with
some basic features of the curves representing the
critical acceleration and the reaction communication
distance as functions of pressure. The literature on
shock initiation has distinguished clearly between the
behavior of homogeneous and heterogeneous explo-
sives with regard to reaction ignition, reaction growth,

. and the modes of wave development. The differences

are caused by the fact that homogeneous explosives
react due to bulk shock-heating while heterogencous
explosives react due to the formation of hot spots,

Here we confine our discussion to input pulses of
infinite duration and {llustrate the effects of these
differences with the use of numerical calculations and
previously reported experimental data for two
materials representative of these two classes of explo-
sives, nitromethane and PBX-9404, respectively, We
then consider the critical acceleration curve for each
material and show how the differences in ignition and
initiation are related to the differences in the shapes
of the curves. Furthermore, by comparing the reac-
tion communication distance in these explosives with
the propagation distance for a given input shock, we
are able to provide an explanation for such distinctly
different growth phenomena as superdetonation in
homogeneous explosives and the strong pressure
disturbance and growth at the front in heterogeneous
explosives.

2. THE CRITERION FOR SHOCK
FRONT GROWTH

In a one dimensional context, it suffices to charac-
terize explosive materials as chemically reacting,
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elastic fluids which do not conduct heat. Such fluids
can be characterized by constitutive equations for the
Helmholtz free energy ¥ and the reaction rate w (1):

V=90,0,8), w=£=d00,8, (1)

where v is the specific volume, 8 > 0 is the absolute
temperature,and £, 0 < £ < 1, is the reaction coordi-
nate of the products. Thus.

Ui, 0)= Y(v,0,0), wi(v,0)=&(@,0,0)
2)

specifies the frozen response of the unreacted fluid
and '

wp(v. 0) = @(un 0, l)y

wp(v,8) = O, 0,1)=0,

(3

specifies the response of the reaction products.

The second law of thermodynamics requires that

the pressure p be given by
p=-0,J “
and that the inequality
(3w <0 (5

be satisfied for all (v, 0, £). We further define the
internal energy ¢ by

e=8(,0,8)=§ -0(3¥) ©)
and the thermodynamic derivatives
E=-(0,8), G=03p, cy=9¢ (7
E being the isothermal pressure-volume modulus, G

the pressure-temperature modulus, and ¢, the specific
heat at constant volume. It is natural to assume

E>0, G>0, ¢ >0. ®)
In view of egs. (7); and (8),, we see that p(v, 0, £)

is invertible and thus the internal energy can be
written as

e=#v,p, §). ®
The quantity Q, defined by

PO

PO
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(17). To carry this out, we first consider the frozen
response and make use of the results obtained pre-
viously by Lysne and Hardesty (7) using impact-
loading techniques. They determined the frozen
equation of state up to 10 GPa and subsequently
extrapolated it to over 20 GPa (the spike point at
detonation ~ 19.5 GPa). In this study, the resulting
thermodynamic surfaces were fit with analytic func-
tions subject to thermodynamic requirements and the
requirement that they match the calculated frozen
Hugoniot pressure-temperature and volume-tempera-
ture curves, py(0) and vy (), respectively. Thus, the

frozen pressure and energy surfaces were expressed
as

WR v +x5) 0,
pr(v, 0) = l 2 (0

(Ry+ 0w+ x)\v 70-) (18)

e1(0,0)= - 2 py(®)[og(®) -vo]

R,0,W
+ —2—1[-oy(®)]
(19)

. Ry(Ry - x3) [(Rz + vH(G))]
Rz - X1 (R2 + U)

. x1(xg - x2) M[ {x; +v) ]
R2 - X1 (X1 +vH(6)) ’

where Ry, R, W, X1, and x, are all constants given
by

R, = (0o +Bofle, Rz =a+ (Buo/ds), (20)
W=1-84, ¥1))

X1 =a -V, X2 = (6R200 + X1 )/w’ (22)

and v, 8, a, and f are the constants appearing in the
Hugoniot fits (8):

PH(6) = ¥(1 + 50X - o), (23)
a(0 -85) "
uy(0) =v, - 0+p (24)
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The experimental kinetic data reported for nitro-
methane has been typically expressed in terms of the
ignition time 7 deduced in shock wave experiments
and the estimated shock temperature 6~. In Fig. 1,
we show the results obtained by Hardesty (9) from
interferometric observation of plate deceleration
behind reacting nitromethane and the results obtained
by Walker and Wasley (10) from streak camera and
photegraphic records. In particular, the data points
shown indicate the actual reported values of the
ignition time and the error bars show the range of
values which could be deduced from the experimental
observations. There are several ways that this data
can be represented. However, recognizing that streak
camera and photographic data tend to be late in time,
we choose to fit the data with a straight line biased in
favor of Hardesty’s data (the solid line in Fig, 1).
Since, during the time of ignition there is little change
in volume and essentially no formation of products
(¢ = 0), this linear fit implies that thermal ignition
theory holds and the frozen kinetics are of the
Arrhenius type;i.e.,

6
wr(v,8) = A exp ( —;—) : (25)

where the frequency factor A and the activation
temperature 0, are rclated to the ignition time 7 by

2.0 —r -
& Watker and Wasley (10)
Lol ¢ Hardesty (9
4 0.0p
OD
b 10 .
@
-
s
2.0 Pid )
/
SF
3.0 - S 4
070 0.85 100 L 1.3
i LY

a7 Y

Flg. 1. Thermal ignition times T and 7 for a single
reaction and two parallel reactions, respectively, as a
function of shock temperature. The error bars
indicate the uncertainty in individual data points,

D TaT T

I S




e s s . v ep———— -

_cy? (aa >
T= ——03 AL exp -ar . (26)

The heat of reaction at constant volume Q, is defined
by

Q,=9;¢ (27)

and, by eq. (10), is also related to the heat of reaction
Q of the shock process through

Yoy

G

Q=- —== (3P +Q,. (28)

It should be evident at this point that we need only
evaluate the heats of reaction Q and Q, in order to
evaluate the kinetic parameters 8, and A and to com-
pute X as a function of shock compression.

The quantities Q and Q, can be determined by
prescribing the mixing rule by which the unreacted
nitromethane goes over to products and the constitu-
tive equations for the products. Here we shall employ
a linear mixing rule such that the free energy Y and
the reaction kinetics w are of the form

(v, 0,8) = Yr@, 01 - £) + Yp(v, 0)%,

(:)(U, 0,86)= wf(”» 0)(] -£)+ wp(v’ 0)¢.

(29)

Note that these are first-order kinetics. Then it is not
difficult to show from eq. (4) and eq. (6) that

Pv, 0, ) = pe(v, 0)(1 - £) + pp(v, 0)%,

80,0, 8) = o5(v, 0)(1 - £) + ep(v, 0.

(30)

The products will be assumed to be in thermo-
chemical equilibrium and to satisfy Abel’s equation of
state in which case

wp(v,08) =0,
]
ppv,0) = ;R%b- , @31

ep(v,9) =cg(0 - ),

Ly uiotr v o HERY

Rg being the product gas constant, b being the
product covolume, cg the gas specific heat, and y the
temperature at which the product gases have zero
internal energy. These constants were chosen to
match the C-j conditions of pressurc, temperature,
volume, and specific heat calculated using the thermo-
chemical equilibrium code TIGER (11). With these
results we can now calculate Q and Q,. In particular,
using eqs. (27), (28), and (30), we have

Qy = {ep(v, 8) - es(v, 6)},
cv
Q= {- r (pp(v, 0) - pr (v, 0)) (32)

+ (¢p(v,0) - ec(o, o»}.

Then eq. (32), along with e¢q. (26) and Fig. 1, yields
a frequency factor A of 6.9 X 104/us and an activa-
tion temperature 0, of 14400 K, We now have all
the data required. It is interesting to note that over
the range of Hugoniot temperatures shown in Fig. 1,
the magnitude of Q is nearly constant and equal to
1.4 keal/g which agrees favorably with previously
reported values (12). The activation temperature 8,
of 14400 K corresponds to an activation energy of
= 29 kcal/mole which agrees well with the value of
31 kcal/ mole deduced by Hardesty (9) from the
data of Berke, et al. (13),

The critical acceleration A was computed as a
function of particle velocity amplitude u™ using
these values and the results are shown in Fig. 2 as the
solid curve. Also shown in Fig, 2 is the maximum
value of A at detonation, as estimated from the
detonation properties and some experimental infor-
mation due to Hayes (14). At detonation, the shock
is steady and by eq. (13), A = (3¢u)”. Thus, the
maximum value of A can be estimated by

uy - Uy
tl‘

Mot = - (33)

where u; is the spike amplitude, ugy is the particle
velocity at the C-J point, and t, is the time duration
of the reaction. For ug =2.78 km/s, ucy = 1.74 km/s,
t, < 0.0015 us, eq. (33) yields A < - 690 X 106
km/s2. The large discrepancy between this estimated
value of A and the solid curve strongly suggests that a

I
'
ks

1
y
|
|
4




ITRS T

Endothermic 'Mechanical Dissipation!
oF- T single. |
Exother mic \ \\\Reactionl
\ PBX-9404
o, \
ks |
= 100} \ 4
OS: 4 i 4
~ [ 1 T
< |
S |
B »
E? '700 o | «
Y
o |
hi |
3 I
T I
) L |
-800+ e Estimated maximum | 4
value of A al |
detonation for |
nitromsthane |
|N:‘\\ tTwo Harailel
| Reactiony!
‘QOO L
0.0 1.5 3,0 4,5

Particle Velocity Amplitude u (km's)

Fig. 2. Critical acceleration for steady wave propaga-
tion as a function of shock amplitude u™ for nitro-
methane and PBX-9404. The right end of each curve
represents the detonation spike point. At the left end
of the PBX-9404 curve, \ slightly exceeds zero.

reaction with a higher activation temperature domi-
nates the kinetics near detonation. In complex
reactions occusring by a free-radical mechanism
involving several elementary reactions, the overall
reaction rate may be controlled principally by one
reaction step at low temperatures and by another
step, with a higher activation temperature, at higher
temperatures. We suggest that the decomposition of
nitromethane is such a reaction, Accerdingly, we
replaced eq. (25) by a kinetic expression for two
parallel Arrhenius reactions,

wi(v, 0) = A exp(- 8,/6) + A* exp(-03/6). (34)
Nitromethane decomposition kinetics with a high

activation temperature have been suggested by
Benson and O*'Neal (15), and we have used their
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value of the activation temperature in the second
term of eq. (34), i.e., 8 = 29700 K. Their estimate
for A* w2 3.98 X 109/us. The dashed line shown in
Figs. 1 and 2 was calculated using A* = 1 X 1010/us,

This choice for A® was not entirely arbitrary. It
provided a value of Age; which was consistent with
Hayes’ datum point and gave us good agreement with
the apparent time of reaction completion from
Hardesty's data (see Section 4). We also found that
the addition of the parallel reaction did not greatly
reduce the values of ignition time predicted by
thermal explosion theory in the range of the experi-
mental data. The dashed curve in Fig. 1 was calcu-
lated using ignition times, 7, for the two parallel
reactions of eq. (34) obtained from the relation (cf.
ref. (16))

Tr* 2a-1 ar*
T = y 1y ' 3
T rtar F(l l a-1 -r+a'r"> (3%)

where 7 is given by eq. (26),

¢ 02 o)
T‘: _.-:_v:o— oxp(—aa—-) . (36)
0, ATIQul
a=0,/0,, 37

and F(+, *; *; *) is the hypergeometric function. This
functjon is evaluated in terms of a convergent infinite
series of its fourth argument.

PBX-9404

Kennedy and Nunziato (6) have previously
determined the critical acceleration A for PBX-9404
by using eq. (13) along with data from experimental
measurements of shock wave evolution. Typical
transmitted wave profiles observed using laser velocity
interferometry are shown in Fig. 3 and from these
data du™/dt and (3,u)” were determined for each
amplitude u~. Combining this information wiih the
known frozen properties of PBX-3404 resulted in the
curve also shown in Fig. 2. Notice that A is slightly
greater than zero (Qw™ > 0, endothermic behavior)
when 0.5 km/s < u~ < 0.6 km/s, which was the lower
amplitude range of the experiments reported. This is
interpreted to mean that mechanical dissipation,
which yields behavior similar to an endothermic
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Q=09;¢=- [E (3¢P) -(até)] , (10)

is called the heat of reaction; the reaction is said to be
exothermic if the net heat release Qw < 0, endother-
mic if Qw >0 (2,3).

Here, a shock front is considered to be a propagat-
ing singular surface (4) across which the motion and
the reaction coordinate £ are continuous but the
particle velocity u, the specific volume v and the
temperature 6 and their derivatives suffer jump dis-
continuities. Assuming that the shock is compressive
and propagating into fluid materizl essentially at
thermochemical equilibrium at the frozen state
(£ = 0) with specific volume v, , we can use eq. (9)
and the familiar Hugoniot relation to define the
frozen Hugonijot pressure-volume curve

P =pyv’) (1)

where ()~ denotes evaluation immediately behind
the front. Then the material shock velocity is given

by
UZ - _vg {PH(U-)‘pH(Uu)} (12)
v -,

and the evolution of the particle velocity amplitude
u” is governed by the differential equation (5,6)

- -1
% =(1 -p) [1+ 1—%—] {(@u)” -2} (13)

where (8,u)~ is the particle acceleration immediately
behind the front,

U2
= 14
N = (14)
2112
C =06 [E?_u] as)
cD

is the sound speed immediately behind the shock
front,
2
K== Z—,U—_" , (16)
vopH(u )
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and

v, UG™Q o™
Az ——— 17)
cg(1 - wyC™)?

is called the critical acceleration. Since the shock
velocity is always subsonic with respect to the fluid
behind the front (2,3), u <1, and thus it is evident
from eq. (13) that the shock front can grow only if
(34u)” > A. Notice from eq. (17) that X is directly
proportional to the net heat release rate Q™w" at the
shock front.

The fact that the critical acceleration A governs
growth of the shock front indicates that it is an
important quantity to evaluate in order to understand
and quantify initiation behavior of explosives.
Furthermore, it is evident from eqgs. (13) and (17)
that there are two methods by which we can evaluate
A as a function of the particle velocity amplitude. On
one hand, we can make observations of a growing (or
decaying) shock front, corresponding to a given
initial condition, to determine du~/dt and (d¢u)" for
various values of u™. This data, along with the known
frozen properties of the material, can then be used
with eq. (13) to determine A(u”). Since X is propor-
tional to w™ through eq. (17), this approach is
particularly useful in that it provides a means of
evaluating the frozen kinetic, i.e., w™ = we(v™,67),
of the explosive from shock wave experiments. Al-
ternatively, if the frozen properties and the reaction
kinetics are known, then A(u™) can be computed
directly from eq. (17).

3. THE CRITICAL ACCELERATION FOR
NITROMETHANE AND PBX-9404

We consider nitromethane (NM) and PBX-9404 to
be typical examples of homogeneous and heterogene-
ous explosives, respectively, and thus we shall con-
sider them in some detail in order to illustrate our
ideas with regard to shock growth modes.

Nitromethane

In the case of nitromethane, there exists sufficient
data to characterize the frozen response and the
reaction kinetics of the material and thus we shall
evaluate the critical acceleration A directly from eq.
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Fig. 3. Particle velocity histories observed in a
window material behind a shock-loaded PBX-9404
sample of thickness 8, The input pulse duration was

1.1 s (6).

reaction, is the dominant effect at low shock ampli-
tudes. It is important to remember that the critical
acceleration X only reflects the net effect (6), that is,

A =Achem + Amech:

Thus, since the individual contribution of Aghem to A
cannot be determined, it would be inappropriate at
this time to advance a kinetic model describing the
chemical reaction of shocked PBX-9404.

4. SHOCK GROWTH MODES

The critical acceleration curves shown in Fig, 2 for
nitromethane (NM) and PBX-9404 are quite different
in shape. We believe that these differences are
representative of the observed differences in reaction
ignition, reaction growth, and shock wave growth
during initiation in homogeneous and heterogencous
explosives, respectively. To correlate these ideas, we
will confine our discussion to the problem of shock
growth when the boundary has constant support and
the boundary pressure is less than, or equal to, the
C-J pressure of the explosive. Thisamountstoa
square input pulse, infinite in duration. In this case,
(3¢u)” = 0 at least initially and thus it follows from
¢q. (13) that

du” _ ]t
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Clearly, then, the initial growth of the wave will be
proportional to the critical acceleration, A.

Nitromethane

The critical acceleration curve for nitromethane
corresponding to two parallel reactions shows two
distinct regions; for u= < 2.1 km/s (p~ <12 GPa), A
is very small in magnitude and changes only slightly
with the shock amplitude u~, and for u™> 2.1 km/s
(p~ > 12 GPa) A becomes large in magnitude and
changes rapidly with the shock amplitude u”. Since
the C-J pressure for nitromethane is approximately
12.2 GPa, it is expected that long-duration shock
pulses with input pressures less thar the C-J pressure
will grow very slowly at the front. This is precisely
what is observed experimentally until the particle
acceleration (3;u)~ behind the front is altered due to
the occurrence of thermal ignition at some point in
the flow field. Just where this thermal ignition
occurs, however, has been the subject of considerable
discussion. Walker and Wasley (10) and Hardesty (9)
have observed thermal ignition at pressures in this
low-amplitude range and their observations appear to
differ from one another. Walker and Wasley per-
formed experiments with an initial pressure of =~ 6
GPa and concluded that the thermal ignition occurred
at some distance from the boundary. It was difficult
to tell from their observations whether superdetona-
tion occurred, although their streak camera results
suggest it did. In Hardesty’s study, plate-impact
experiments were performed in the pressure range of
7.5-9.5 GPa. By observing the deceleration of a
copper plate behind the reaction and measuring the
wave velocity in the nitromethane, he concluded that
there was thermal ignition at the boundary which
subsequently led to superdetonation. To see whether
these various observations are consistent with the
model for nitromethane developed in the previous
sections, we have carried out numerical caiculations
using the one-dimensional Lagrangian wave-propaga-
tion code WONDY IV (17).

This code solves the finite-difference analogs of
the one-dimensional field equations of mass and
momentum and employs an artificial viscosity method
to treat shock discontinuities. The model, i.e., egs.
(18), (19), (29)2, (30) and (31), was introduced into
the code as a special subroutine and an Adams
method, differential equation integrator was coupled
to WONDY to integrate the kinetic law (e.g., egs.
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(29)2, (31)1, and (34)) and the energy equation dur-
ing each WONDY time step (18). This time step At
was taken to be

2% 28]
At—mm{c 'wJ

where AX is the mesh size and Af is the maximum
change in the reaction coordinate permitted during
each time cycle (19).

The numerical results we shall report here concern
waves generated in a plate-impact configuration
similar to that employed in Hardesty’s experiments.
This configuration is shown in Fig, 4 and involves the
symmetric impact of copper on copper with the wave
subsequently transmitted into the nitromethane. The
copper flyer was sufficiently thick to ensure that the
input pulse could be considered infinite in duration,
It is appropriate at this point to first show some
comparison of code results with Hardesty's observa-
tions. Recall that in his experiments, he monitored
the motion of the Cu/NM interface (cf. Fig. 4). In
Figs. 5 and 6 we show his experimental traces of the
particle velocity history at the Cu/NM interface for
shots N4 (p™ = 7.5 GPa, 0" =934 K)and N8 (p™ =
9.2 GPa, 6~ = 1101 K). Hardesty attributed the
observed deceleration to thermal ignition at the
Cu/NM interface and the lower level of particle
velocity to the boundary condition corresponding to
superdetonation. At some later time, after the super-
detonation wave overtook the shock front, the
particle velocity should increase slightly to match the
boundary condition for steady detonation. The igni-
tion time 7 was taken as the time after arrival at
which deceleration began,

-
-
w | Cu——&z__d%user Beam
Reflected
nd NM Light
->

Fig. 4. Schematic of the experimental configuration
employed by Hardesty (9) to study shock initiation
of nitromethane (NM),
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Also shown in Figs. 5 and 6 are the results
obtained using WONDY IV, While the comparison of
the numerical results with the experimental observa-
tions would not appear to be as good as one might

20 v s A . Ad
¥
= 1sp %
3
2 Lop 4
@
=4
@
=
}é osp — Experimentai Data o
«ss0s (VONDY Calculation
00 A a4 A A J .
0.0 1.0 2,0 3.0 4.0 50 6.0
Time {us)

Fig. 5. Comparison of computed particle velocity
history at the Cu/NM interface with Hardesty's
experimental observation (9) in shot N4, where p~ =
7.5 GPaand 0~ =934 K. Velocity levels SD and D
refer to boundary conditions behind superdetonation
and detonation, respectively, independently
calculated using TIGER (11).
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Rg. 6. Comparison of computed particle velocity
history at the Cu/NM interface with Hardesty's
experimental observation (9) in shot N8, where p~ =
9.2 GPaand 6™ = 1101 K. Velocity levels SD and D
refer to boundary conditions behind superdetonation
and detonation, respectively, independently calcu-
lated, using TIGER (11).
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like, the comparison must be considered carefully.
; There is some interesting agreement in timing. In

, particular, the time7 at which the initial deceleration
' occurs and the time at which the minimum particle
N velocity is achieved (i.e., the time at which the

5 reaction goes to completion at the interface) agree

i well with the observations. In addition, the levels of
| interface velocity achieved behind the superdetona-

h

|

tion and steady detonation waves in WONDY calcula-

tions are in excellent agreement with the levels we
have calculated with the use of the TIGER code (11).
These levels are identified as SD and D, respectively,

in Figs. 4 and 5. We believe that the apparent discrep-

ancies in the magnitude of the deceleration between
the calculated wave profiles and those which are
observed are the result of distortion due to index-of-
refraction and velocity dispersion effects (20). It
; should be recalled that the laser beam of the inter-
‘ ferometer passes through the reaction products as
well as the nitromethane as the wave propagates and
initiates the reaction. Thus any reflectivity of the
products or changes in the index of refraction of the
reactant-product mixture must be taken into account
in reducing the data. Hardesty presumed that the
products were gases which exhibited Gladstone-Dale
behavior; however, the calculations suggest they did
not,

some indication of the principal growth mode in
nitromethane, that is, they show the effect of super-
detonation on the motion of the loaded interface. To
explore this phenomenon in more detail, we carried
out numerical calculations for input pulses of = 6, 9,
and 12 GPa. The results shown in Fig. 7 for 6 GPa

‘ were fairly typical. Here we see the particle velocity
histories one would observe in nitromethane at

1 The numerical results shown in Figs. 5 and 6 give
|

1

1

, | propagation distances 8 ranging from § = 0 to 6U,T,
J where U, is the initial value of the shock velocity.
Py Consistent with our earlier remarks, we sec very little

growth at the front until thermal ignition and, in
fact, the growth is slow even until the time when the
thermal explosion is complete. In all vur calculations
involving constant support at the boundary, we

, found that the thermal explosion occurs at the loaded
interface (6 =0) at 3.2574 0.1 7. We note a related
v point in Hardesty’s data (9), i.e. his earliest indication
. : of light cmission occurs at = 2.5 7.

When thermal explosion has occurred, super-
¢ detonation begins to build up and overtake the front.
The buildup appears to continue until the super-
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detonation reaches the shock front. It isto be
expected that the superdetonation will be unsteady
because it is propagating into a region which is non.
uniform with respect to reactant depletion, compres-
sion and compressibility, and this unsteadiness is
evident in the calculations (cf. Fig. 7). After the
superdetonation breaks through the front, the shock
amplitude u~ relaxes back to the spike point of 2.78
km/s. This relaxation process is again governed by

the shock amplitude eq. (13) and the critical acrelera-

tion A. Unfortunately, we canrot check the con-
sistency of this type of analysis with the relaxation
observed in the code results since our computations
tended to step over the spike and thus the spike
amplitude is not determined in these calculations.
This overstepping is due to the thinness of the spike
and the lack of sufficient resolution (small enough
meshing) in our computations.

The results in Fig. 7 for a 6 GPa input pulse differ
somewhat from Walker and Wasley’s observations
(10) in that we see thermal explosion at the wall. We
have concluded that this location of thermal explo-
sion is due to the fact that in the calculations we
maintained constant support at the loaded interface.
Clearly, in the case of unsupported waves, such as
triangular pulses, we could expect thermal explosion
to occur at positions removed from the interface.
Since the input wave in Walker and Wasley’s experi-
ments was not completely supported, this may pro-
vide the explanation for their observations,

Having exhibited the growth modes in nitro-
methane, let us now return to the critical acceleration

. 30 .
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Fig. 7. Computed particle velocity histories during
shock wave growth in NM following a 6-GPa input
shock. Both the time scale and the observation sta-
tions are normalized in terms of the thermal ignition
timeT.
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curve (Fig. 2) and draw some conclusions. As we
have already seen, the A-curve tells us about the
growth at the shock front when (8yu)” = 0 through
¢q. (38). When the input shock amplitude is low so
that it corresponds to the flat portion of the A-curve,
then the shock develops nearly as a growing square
wave (cf. Fig. 7). In this region, the reaction pro-
ceeds so slowly behind the shock front that the
implicit assumption of thermal ignition theory (i.c.,
essentially no reaction until the ignition time T'is
reached) is nearly satisfied. In fact, our calculations
show that the extent of reaction at the loaded inter-
face is 2-4% by the time 7'and perhaps 15% at 3.257,
shortly before the thermal explosion is completed
and superdetonation occurs,

However, it is equally important to point out that
there is another way to look at the A-curve which
provides some information about the flow field
behind the front and indicates the presence of super-
detonation, To do this, we must keep in mind two
facts: (i) that, by eq. (17), the critical acceleration A
is directly proportional to the frozen kinetic law
wr(v, 0), and (ii) that the values of the particle
velocity amplitude u™ have a one-to-one correspond-
ence with values of temperature. These observations
enable us to conclude that, neglecting the effects of
reactant depletion (which appears reasonable for NM),
the shape of the A-curve is a portrait of the kinetic
process in a given wave profile. That is, we can track
along the A-curve in terms of the temperature and -
obtain a qualitative picture of how the reaction rate
changes in the wave profile. Thus, the fact that |A| is
small at lower temperatures indicates that at the
lower temperatures in a wave profile we can expect a
very slow reaction. However, the fact that at some
point on the A-curve the shape changes abruptly and A
becomes large in magnitude indicates that at some
point in the flow field the reaction rate w will change
abruptly and become very high. It is this character of
the A-curve which suggests the presence of super-
detonation in the initiation process.

This shape of the critical acceleration curve,
however, does not guarantee the existence of super-
detonation. For superdetonation to occur, it is also
necessary that the time of reaction completion at the
ignition point be extremely short in comparison to
the time it takes for the resulting pressure disturbance
to communicate with the rest of the wave profile (cf.
Enig (21)). Since the sound speed C governs this
communication, it is useful to compute the ratio C/w,
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which represents the distance over which a weak
pressure disturbance can propagate during the time
required for the reaction to go to completion. We
then compare C/w with the thickness of the shocked
region, i.e., the shock propagation distance. By
assuming that the frozen response of nitromethane
dominates the structure of the wave profile until the
thermal explosion occurs, we can use eq. (17) to
obtain a reasonable estimate of
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for every point in the wave profile. This expression
allows us to determine C/w as a function of pressure
and the results are she /n in Fig, 8. Also shown in
Fig. 8 are two curves representing the propagation
distance 8§ as a function of the shock front pressure p~
and as a function of the pressure at the loaded inter-
face py, both of which were obtained from our
numerical results for the 6-GPa input pulse.

In comparing the reaction communication distance
C/w with the propagation distance & in terms of the
shock front pressure, we sce that there is good com-
munication (C/w > §) until the superdetonation has
overtaken the front. This implies that the pressure
disturbances generated in the neighborhood of the
front communicate well with that portion of the

Pressure p {GPa)

Fig. 8. Reaction communication distance C/w and
shock propagation distance & as functions of pressure.
The argument p~ denotes the shock front pressure
and p; the loaded interface pressure. Points A and A’
correspond to the same propagation distance (and
time) during shock growth in NM.
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wave which is ahead of the superdetonation, How-
ever, after superdetonation has broken through the
front, we see that communication becomes very
limited (C/w << §). This corresponds to the fact
that in detonation the reaction effects are localized
immediately behind the shock front, and conse-
quently as the shock passes over each material plane
the reaction accelerates itself to a prompt comple-

tion. Thus, poor communication suggests a small
reaction zone,

Comparison of tl.e communication distance C/w
with the propagation distance & in terms of the
loaded interface pressure leads to some additional
conclusions. First, disturbances generated at the
loaded interface are well communicated to the rest of
the wave until the shock has propag:.ted a distance
== 3.25 Uy7. This good comm :nication is evident in
Fig. 7 by the small value of the particle acceleration
behind the front as the wave propagates. However,
after the shock front has traveled = 3,25 U,T, the
conununication becomes poor (cf. Fig. 8). It is of
interest at this point to consider the pts. A and A’ on
the two curves of the propagation distance. These
points correspond to the same distance, slightly
greater than 3.25 Uy7, and they show the difference
in the pressure between the shock front {pt. A) anc
the loaded interface (pt. A"). The important thing to
notice here is that the communication ranges from
good at the shock frent io poor at the loaded inter-
faces, This implies that the loaded interface cannot
communicate with the rest of the wave. This effect,
along with an accelerating reaction rate, resultsina
highly localized pressure excursion at the loaded
interface. The result is superdetonation, initiated
essentially at the loaded interface.

It is impostant to note that Fig. 8 is fairly repre-
sentative of nitromethane over the pressure range of
6-12 GPa and we would have arrived at the same type
of conclusions had we used the numerical results for
the 9- or 12-GPa input pulges.

PBX-9404

Now let us consider the shock growth modes in
PBX-5404. Kenn dy and Nunziato (6) have observed
the growth process using velocity interferometry for
an input pulse of 3.7 GPa a.d the measured wave
profiles at propagation distances § of 2, 4, and 6 mm
were shown previously in Fig. 3. There are several
features of these wave profiles which should be n =d.
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First of all. the pa "~le acceleration be....1d the front
at § = 2 mm is small and positive and there is slight
growth of the front by 4 mm. Secondly, thereisa
strong pressure disturbance which develops at some
point behind the front and nearly overtakes the front
by 6 mm propagation distance. From the point of
overtake to detonation at &~ 7 mm, the shock grows
at the front (22).

This type of shock growth behavior can be inferred
from the critical acceleration curve for PBX-9404
shown in Fig. 2. In the case of an infinite-duration
mnput pulse, the initial grcwth of the shock front
amplitude is governed by eq. (38) since (3;u)” =0,
Thus, the growth is proportionat to A and, since A is
small in magnitude at low amplitudes, we would
expect low amplitude waves to grow slowly at first.
This initially slow growth is borne out in the experi-
mental observations (Fig. 3) and closely resembles
the growing square-wave hypothesis considered by
Kennedy (23). By also recognizing that the overall
shape of the A-curve is related to a combination of the
frozen kinetics and the mechanical dissipation of the
material, we can see the reason for the development
of the strong pressure disturbance behind the wave.
That is, since || increases slowly with the amplitude,
and hence with pressure, we can expect that in a
given wave profile the reaction will be relatively
gradual and spread out. Thus, any ‘“‘thermal explo-
sion” in PBX-9404 will not be very vigorous, The
fact that the resulting pressure disturbance remains
spread out over a large time and that it overtakes the
front and does not immediately result in detonation

is a consequence of communication effects.

The effect of reaction communication upon shock
wave growth in PBX-9404 is well illustrated in Fig. 8.
Here the communication distance, C/w, is evaluated
for conditions immediately behind the shock front,
using the frozen Hugoniot (6), a value of the heat
reaction Q of -1.37 kcal/g (24), and the critical
acceleration curve in conjunction with eq. (39). The
right end of the C/w curve represents the detonation
spike point. Using experimental data (6), we have
also shown in Fig, 8 the growth in shock front pres-
sure with propagation distance § for the case of the
supported 3.7-GPa input shock. The right end of the
& curve represents the overtake of the shock front by
the strong pressure pulse from behind.

The significant point to recognize in Fig. 8 is that
rapid growth in the shock front pressure is nearly
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coincident with the onset of limited communication,
i.e., as the shock propagates and grows, we enter a
region where C/w < §. In this region, pressure dis-
turbances generated by the reaction in the neighbor-
hood of the front do not have the opportunity to
communicate with the rest of the wave profile. If,
for the moment, we neglect depletion, then we can
also apply the communication curve to other parts of
the wave profile and conclude that there is limited
communication within much of the wave profile once
rapid growth at the front has begun. This effect,
along with the slow acceleration of the reaction, gives
rise to the slowly growing disturbance which develops
at some point in the body of the wave separated from
the loaded interface. Notice, however, that the com-
munication is not so limited as to result in super-
detonation, as in the case of nitromethane. Rather,
there is still sufficient communication to permit
regions close to the pressure disturbance to be influ-
enced and thus the disturbance remains spread out in
time until it overtakes the front. The fact that the
reaction-generated pressure disturbance migrated
toward the front and that the loaded interface pres-
sure is always lower than the peak pressure in the
disturbance is believed to be due to the effect of
depletion on communication. That is, communica-
tion will tend to be better in partially reacted solid
material than in the gaseous products. Thus, the
disturbance will tend to propagate toward the shock
front where the material is less depleted and to lose
communication with the loaded interface. Finally, it
should be observed that although the communication
is limited, it is still sufficient to permit the disturb-
ance to overtake the ront before its peak achieves
pressures of the order of the detonation spike pres-
sure. Thus, after overtake, growth at the front
occurs.

5. CONCLUSIONS

In this paper we have attempted to correlate
various types of shock growth modes observed in the
initiation of homogeneous and heterogeneous explo-
sives with the behavior of certain physical and chemi-
cal properties, namely, the critical acceleration A and
the reaction communication distance C/w. Through-
out our discussion, we have confined our attention to
input pulse which were infinite in duration and square
in shape.

In the case of the homogeneous explosive nitro-
methane, we found that at low amplitudes, |A| was

— © e e——

small and communication was good. This results in
low amplitude waves growing slowly as square waves.
The fact that the reaction rate, and hence A, changed
abruptly at higher pressures (temperatures) and the
evidence of very limited communication in this pres-
sure range provides an explanation for the occurrenice
of superdetonation. In the case of the heterogeneous
explosive PBX-9404, we found that at low ampli-
tudes, A was less than that of nitromethane. This
correctly suggests that at lower pressures PBX-9404 is
more reactive and is more easily initiated due to hot
spots. Nevertheless, [l is still small enough that the
communication is good; thus, square wave-type
growth again occurs initially. At higher pressures, A
decreases relatively slowly indicating the presence of
slower reaction kinetics than in NM, This, coupled
with better communication than in high-temperature
NM, resulted in the generation of a pressure disturb-
ance which was spread out in time and overtook the
front before the detonation pressure was achieved, It
is only in cases of this nature, when the shock front
becomes unsupported, that one can expect to observe
growth at the front. Growth at the front has also
been observed in the case of initially unsupported
shocks by Dremin, et al. (25).
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DISCUSSION

A. N. DREMIN

Institute of Chem. Physics

USSR Academy of Sciences
Chernogolovka, Moscow Region, USSR

The research of the kinetics of relaxation processes
in shock waves is also being done at our Laboratory.]
The investigation on the determination of TNT
decomposition kinetics behind the shock wave front
has been completed recently.2 The technique of our
investigation can be described as follows. TNT
samples are subjected to a one-dimensional shock
wave and a series of pressure profiles is then obtained
by means of manganin gages located at different
places within these samples. Based on these data, the
dependence of the specific volume change on time
for various coordinates of the sample is determined.
This method, proposed earlier by our Laboratory in
1967,3 as well as the method of two phase velocities,
uses the additivity principle. As shock compressibili-
ties of TNT and its explosion products become
known, one can take into account the time depend-
ences of pressure and specific volume of an arbitrary
sample and find the time rate of change of the explo-
sion products concentration for that sample.

Figure 1 shows the pressure profiles for three
experimental scries, The shock waves with various
pressures and times have been used during these
experiments, Numbers along the lines represent the
gage coordinates in mm. Figure 2 show. the kinetic
curves obtained as the result of the experimental data
reduction. The curves represent the mass change of
the explosion products with time. The curves are
labeled in accordance with Figure 1 indicating the
series and gage iocation.

Some common characteristics about the kinetic
curves are ds follows: immediately behind the shock
fronts, the decomposition rates are almost equal to
zero, the rates increase with the extent of decom-
position and when e pressure change is nct too
large, it reaches a maximum value in the neighbor-
hood of 0.2-0.3. A sharp pressure decrease is respon-
sible for the decomposition rate decrease.
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The following formula represents the dependence
of the decomposition rate on pressure:

-d£=39(a+001)(1 3 p. (1 1 103 sec™!
m . . -a)’ p, —7(; p. sec

Here p is the pressure, p; and vy /v is the pressure
and compressibility at the shock front, with the
extent of decomposition up to @ = 0.6. The rates,
calculated by the above formula, differ from the
experimental data by not more than 30%.
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GEOMETRICAL SHOCK FOCUSING AND FLYING PLATE
INITIATION OF SOLID EXPLOSIVES

J. Q. Searcy and A, C. Schwarz
Sandia Laboratories
Albuquerque, New Mexico 87115

this effect.

Two dimensional hydrodynamic computer calculations suggest substantial en-
hancement of shock temperature and pressure in a hexanitrostilbene (HNS) core
if a flying plate overlaps a metal containment cylinder at impact, Experimental
results on a similar geometry indicate a substantial reduction in flyer kinetic
energy al the inltiation threshold velocity for the overlap case. Shock interac-
tions for this geometry are discussed, and guidelines are suggested for utilizing

In recent years, the desire for inherently safe initi-
ators hus led to experimentation with so-called
“flying plute™ or “‘slupper” detonators. In such de-
vices the flyer is accelerated by hot gases generated
from the reaction of u pyrotechnic material or the
high pressure gases gonerated by vaporizing a metal
foil with an electrical discharge. The explosive de-
tonates if the flyer impinges with sufficient velocity.
It has been previously suggested that “pressure aug-
mentation” results if a metal flyer overlaps the ex-
plosive column and housing (1). Recent experiments
indicated 4 reduction in initiation stimulus when a
small diameter detonating fuse was compared with
large diameter detonating fuse, A shock focusing
effect was postulated to explain these results. This
effect, if understood and utilized, might lead to
more reliable initiation in actual devices. This paper
reports an experimental and computer investigation
of this phenomenon. A more complete description
of the computer study has been proviously
reported (2).

The computer results were obtained with a two
dimensional wave propagation computer code CSQ
(3) developed by 8. L. Thompson, This code solves
Lagrangian equations of motion, but continuously
rezones the problem to the original mesh, Since the

_ code was limited to two materials in any one prob-

lem, the results presented here use the same metal
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for the flyer plate and the containment cylinder. A
porous material option was used to simulate the HE,
and an elastic plastic option was used to simulate the
metal. Known material properties for low density
HNS and the metal containment cylinder were taken
from several sources (4), Reuasonable estimates were
used for those parameters not in the referenced
source. The results are strictly for hydrodynamic
fluw and chemical reaction and detenstion were not
allowed, All calculations were similar in that a per-
fectly aligned, perfectly flat flyer impacted the end
of a metal containment cylinder with an HE core
with perfect contact between the HE core and con-
tainment cylinder assumed.

The experimental technique used in this work has
been explained in an ¢arlier report (5), and only a
cursory explanation will be given here, Figure 1 pre-
sents the basic elements of this approach. A capaci-
tor discharge exploded a foil bridge driving the
Kapton flyer forward. The Kapton flyer was sheared
by the barrel to the desired diameter, and the flyer
continued down the barrel to impact the acceptor
explosive, For g given geometry, the velocity of the
flyer was controlled by the capacitor voltage. Streak
camery records of the flyer were used to determine
a velocity versus voltage curve. This experimental
apparatus was carefully characterized and the error
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Ceramic Head

Bri@e Foil 0.76 x 0.76 x 0. 009 mm
Flectrical Thick Copper

Input Flyer (0.08 mm Kaplon)

Houstng {Polyterethylate)

Barrel (Cellulose Acetate
8utyrate)

Accepter Explosive
(6,35 mm Dia. x 2,54 mm Thick}

1.00 mm Dia, Hole x 3, 38

Fig. 1. Exploded view of the test device.

in flyer velocity for a capacitor voltage greater than
1000 volts was 18 percent,

The computer calculations and the experimental
results were not for identical situations. The com-
puter calculations were limited to two materials,
therefore the flyer had to be composed of either the
explosive or the same metal as the confinement cy-
linder. The experiments used three materials. In
the computer code the explosive was allowed no
reactivity. The real case involved chemical reactiv-
ity during growth to detonation from impact.

The maximum shock enhancement should occur
when the dimensions of the flyer and containment
cylinder are so large that no rarefaction from any free
surface can interferc, With that in mind, the geome-
try in Fig. 22 was chosen for calculations. For com-
panison, the calculation was also performed with a
flyer that can not give shock enhancement as illus-
trated in Fig. 2b. The HNS diameter is 0.78 mm and
the flyer velocity in both calculations was the same.
The outer diameter of the metal sleeve is 4.0 mm.

Figures 3 and 4 give two dimensional displays ol
pressure and temperature as a function of time for
a flyer velocity of 0.1 mm/usec. These calculated
results are for the same geometry as 2a but with ap-
propriate changes in scale so that only the portion
of the problem shown in the unnumbered frame is
displayed. The scale factors relating dots per unit
area to temperature, or dots per unit area to pressure
are held constant throughout this report. Darkest
areas on the numbered frames (i.e., most dots per
unit area) indicate greatest intensity. The frames
on each figure throughout this paper are given at the
same time increments of 3 X 10-8 seconds with the
first frame taken at 2 X 108 seconds after the colli-
sion. The approximate position of the HE-metal
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Fig. 2. Geometries investigated. Each grid dash
represents 0.042 cm,

Fig. 3. Pressure dot plots for geometry 2.A. Each
grid dash represents 0.0156 cm.

Fig. 4. Temperature dot plots for geometry 2.A.
Euach grid dash represents 0.0156 cm.

interface is outlined on all frames as a continuous
dark line.

An examination of Figures 3 and 4 suggests sub-
stantial temperature and pressure enhancement. A
shock moves radially into the HNS from the surround-
ing brass and coalesces to form a strong planar shock.
On the other hand, the shock structure calculated

)

for geometry 2. B (not illustrated here) is basically
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a straight-forward one-dimensional flow with small
perturbations and with a magnitude that is the same
as the lighter center area in Fig. 3 and 4. The ab-
solute magnitude of this shock pressure enhancement
is illustrated on Fig. 5. This figure gives pressure as

a function of positiun along a cylindrical surface
illustrated on the geometry frame as two straight
vertical lines in the HE. The bottom of the geometry
frame corresponds to zero on the abscissa of the
other frames.

The shock interactions for the large flyer can be

explained qualitatively if certain fundamental prin-
ciples of shock wave behavior are considered. At
the instant of impact, pressures are generated at the
interface that can easily be determined by crossing
right-going and left-going Hugoniots on a pressure-
particle velocity graph, There is one pressure for
the metal-metal impact, and another considerably
smaller pressure for the metal-HE impact, A plane
shock wave begins propagating away from the im-
pact surface in both directions. A second pressure
discontinuity is simultaneously created along the

Pressure {Dynesicm 2)

circle formed by the HE-brass cylinder interface on
the impact plane, and a disturbance is propagated
away from the circle. But this time it is not planar.

If for the purpose of illustration we consider
the shock velocity in the HE and brass as identical
and constant, and if we consider a plane through
the axis of the cylinder, the disturbance propagates
in that plane as illustrated in Fig. 6. In addition to
the plane wavas propagating away from the impact
plane, a second radial disturbance is propagated
away from the points of intersection of the different
materials on the impact plane. In the brass contain-
ment cylinder this disturbance is a rarefaction, but in
the HE it is a compression wave. In the flyer it is a
rarefaction for that part of the flyer overlapping
the container, and it is a shock wave in that part of
the flyer that impacts the HE. Figure 6 suggests
geometrical attenuation of the radial disturbance.
However, the real system is not planar, but cylin-
drically symmetrical. The three dimensional dis-
turbance is in fact propagated as a toroid (doughnut
shape) with 4 constant major radius and an ever
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Fig. 5. Pressure versus mesh number for geometry 1.A. The position of the cylindrical surface for these plots is
indicated on the unnumbered frame as two straight lines. Each vertical dash represents 0.010 cm.
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Fig. 6. Idealized shock structure.

increasing minor radius. A second geometrical re-
lationship for the magnitude of the torous is sug-
gested by this symmetry, and geometric convergence
occurs in some region near the axis of ¢ylindrical
symmetry. Even if we could shift Hugoniots around
on a pressure vs. particle velocity graph and deter-
mine the initial magnitude of the disturbance, and
even if the grossly simplified picture on Fig. 6 were
correct, the magnitude of the disturbance would be
some as yet undetermined function of geometrical
parameters.

‘This simple approach has been discussed for ex-
planatory purposes only. The real system has several
complications. In most real systems the disturbance
moves faster in the surrounding metal than in the HE.
With each in¢remment that the metal disturbance moves
ahead of the HE disturbance, a2 new discontinuity is
formed at the interface of the two materials along the
length of the cylinder. Each new discontinuity is re-
lieved by sending rarefactions into the metal and
shocks into the HE. The circular front as shown in
Fig. 6 is clongated in the HE near the HE-brass inter-
face, and truncated in the brass interface, and trun-
cated in the brass. There is some flow from the
plane wave in the metal back toward the HE that
tends to increase the pressure in the brass near the
HE, but this is a small effect in the overall picture.
Except for the elongation of the toroidal front along
the metal interface, there is no evidence from these
calculations that the faster shock velocity in the
metal increases the pressure in the HE significantly,
This elongation does add some to the toroidal pres-
sure disturbance in the HE, but the total added does
not seem to be very substantial since the toroidal
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disturbance is rapidly attenuvated by the porous HE.
Based on these observations there does not seem to
be 4 good reason for necessarily choosing a metal
with a very high shock velocity as the containment
cylinder.

The high velocities for the larger amplitude shocks
also distort the circle in Fig. 6. The circular disturb-
ance Is a larger amplitude shock in the HE than is the
plane shock, and it moves ahead of the plane wave.

It also adds to the plane wave giving a larger ampli-
tude shock. A shock in an already crushed material
(pre-shocked material) moves faster than the same
amplitude shock would move in a distended material.
All these effects combine to produce further, not
eusily predicted, distortions in the pressure front.

An unusual effect is caused by the porous nature
of the HE. The highest temperature does not neces-
sarily correspond to the highest pressure. The dis-
turbance propagating horizontally inwards in Fig, 6
is moving through already crushed HE, and does not
ralse the temperature as much as if the same disturb-
ance were moving through distended material. The
highest pressure occurs along the axis of cylindrical
symmetry, but the highest temperature occurs in
front of the position where the plane wave would
normally be. The maximum temperature is achieved
at the point whate the intersection of the converg-
ing circular disturbance overtakes the plane wave
along the axis of symmetry in the HE. A comparison
of Figs. 3 and 4 illustrates this. Because prcoably
it is temperature that initiates chemical reaction,
the most likely position for detonation is along the
toroidal disturbance after its intersection overtakes
the plane wave. Detonation would most likely be
initiated where the darkest areas of Fig. 4 are main-
tained for the longest time period.

If the flyer is too thin, its diameter too small, or if

the diameter of the confinement cylinder is too small,

rarefactions from a free surface can get back to the
HE quickly and seriously attenuate the focusing ef-
fect. Because rarefactions move considerably faster
in crushed HE than do shocks in distended HE, rare-
factions can completely attenuate the toroidal dis-
turbance before it coalesces. Different geometries
have been investigated in this study that clearly illus-
trate this, although the results arc not presented here.
On the other hand, any overlap at all adds something
to the planar shock.
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Experimental data cousisted of the threshold
velocity for initiation for two geometry series: Geo-
metrical variation was accomplished by changing the
receptor geometry and always using a Kapton flyer
1 mm in diameter and 0.076 mm thick. One geom-
etry series used receptors consisting of aluminum cy-
linders with an outside diameter of 6.3 mm and con-
taining a core of superfine hexanitrostilbene (HNS-SF)
at several diameters. The second geometry series
was aluminum sheathed mild detonating fuse contain-
ing HNS-11. All HNS was held at a density of 1.60
Mg/M3. For reference free standing pellets of HNS-SF
and HNS-II were tested. Data for each geometry is
presented on Tables 1 and 2. Following the Walker-
Wasley approach (5) a P27, threshold was deter-
mined for the free standing pellets. Pressure and time
are indicated by P and 7, respectively. An apparent
P27 for each geometry was calculated using only the
one-dimensional shock parameters obtained by cross-
ing pressure vs. particle-velocity Hugoniots at the
threshold velocity. The ratio of the apparent P27
divided by P27, is also given on the two tables. Fig.7
gives a plot of P27/P2r,, versus (flyer diameter)/
(explosive diameter).

If the experimental configuration could be com-
puter modeled, a general trend similar to that shown
in Fig. 7 as a dotted line would result. The computer
code would predict no change in P27 until the flyer
overlapped the metal confinement cylinder. For
larger and larger overlap, the apparent P27 would de-
crease sharply until the overlap exceeded twice the
thickness of the flyer. For this 0.076 mm thick by
1 mm diameter flyer this would occur at a ratio of

TABLE 1

Data for HNS-SF Core Pressed into an
Aluminum Cylinder

OD, ED, FD, and FV represent aluminum cylinder
diameter, explosive diameter, flyer diameter, and flyer
velocity, respectively.

FV 2.2
OD/ED FD/ED cm/us Pér/Per
-/0.63 0.16 0.246 1.0
0.63/0.31 0.32 0.252 1.05
0.63/0.16 0.64 0.274 0.87
0.63/0.08 1.28 0.221 0.76
66

TABLE 2
Data for HNS-II Mild Detonating Fuse

Symbolism is identical to Table 1

OD/ED | FD/ED ci‘/'us P2r/P2r
J063 | 016 | 0274 1.0
028/0.12 | 068 | 0236 | 068
0.20/0.089 | 114 | 0238 | 070
0.12/0056 | 190 | 0218 | 057
0.881/0.036 | 308 | 0198 | 044
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Fig. 7. Reduction in flyer energy fluence required at
threshold vs overlap (flyer dia.[explosive dia. ),

about 1.44 in Fig. 7. At overlap ratios greater than
this, rarefactions moving in from the back side of
the flyer substantially attenuate the shock in the
HE before rarefactions from the flyer perimeter get
to the explosive. At smaller ratios, rarefactions
from the perimeter are the primary attenuation
mechanisms. The apparent discrepancy between the
computer suggested trend and the experimental ob-
servations is no doubt real. The computer ighores
effects such as minimum critical diameter and any
enhanced reactivity due to extra confinement.

It should be pointed out that the computer code
predicts a substantially greater shock focusing effect
if the flyer is metallic. Calculations have been done
using the explosive material as a flyer in order to
approximate the experimental arrangement. These
calculations predict a pressure and temperature en-
hancement, but much less than that shown in Fig.
2, 3, and 4. If our experiments had been conducted
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using an aluminum flyer, we would expect a much
more dramatic effect than shown in Fig. 7 or the
Kapton flyer.

Figure 7 clearly indicates that the flyer has a
lower kinetic energy at the initiation threshold for
the overlap cases. Since the same flyer is used
throughout, a lower value of P27/P3r,, indicates less
kinetic energy. This suggests that the over-all relia-
bility of a flying plate device can be improved by
utilizing shock focusing. The degree of improvement
depends on the materials.

Calculations were made with a number of materials’

including a high shock impedance flyer (gold), a low
shock impedance flyer (the aluminum). While the
calculations were too expensive and time consuming
to do complete parameter studices, certain guidelines
can be suggested for making good use of the shock
amplitude in the HE and the containment cylinder
at the instant of impact. This simple guideline re-
quires consideration of the flyer velocity and subse-
quently the flyer mass. In most cases the best choice
for the flyer material would be a low density metal
such as aluminum or beryllium. The containment
cylinder usually would be a high shock impedance
material. The maximum possible shock focusing ef-
fect would occur in an infinitely large flyer and
containment cylinder. On the other hand, most of
the possible shock enhancement can be utilized if the
following geometrical restrictions are observed. The
minimum flyer thickness should be chosen so that
twice the shock transit time through the flyer is at
least as great as the shock transit time through a
length of explosive equal to the radius of the HE
column, The radius of the flyer should exceed the
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radius of the HE column by twice the minimum flyer
thickness, and the diameter of the containment cylin-
der should not be less than the diameter of the flyer.
Any dimension can be greater than that suggested

by these guidelines, but additional shock focusing

is not very substantial with increased dimensions.
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CRITICAL CONDITIONS FOR SHOCK INITIATION OF
DETONATION IN REAL SYSTEMS

R. H, Stresau
R, Stresau Laboratory
Spooner, Wisconsin

J. E. Kennedy
Sandia Laboratories
Albuquerque, New Mexico

which an adequate data base exists.

An heuristic model of the shock initiation of heterogeneous explosives is described,
To initiate detonation, we hypothesize that a shock must exceed some minimum in-
tensity required to obtain thermal ignition at hot spots and to offset heat transfer
losses. Thus, shock strength is the parameter controlling initiation when the pulse
duration is long, but shock energy fluence, or a related quantity, controls when the
pulse duration Is short. From this approach we develop alternative forms of initia-
tion criterig which are hyperbolic in shock energy-shock power coordinates. This
model is compared with existing criteria for the one explosive, PBX-9404, for

INTRODUCTION

The shock initiation process in granular explosive
charges of limited dimensions is considered here in
terms of reaction kinetics, hydrodynarnics, thermo-
dynamics, and heat transfer. It is assumed that the
threshold conditions for initiation in such systems
are those for equilibrium between energy liberated by
the reaction and that lost from the “reaction nucle-
us,” the segion so affected by an external stimulus as
to react at a significant rate. The following heuristic
model of the reaction nucleus seems to apply to a
wide range of situations of practical as well as theo-
retical interest.

From a macroscopic viewpoint, the reaction nucle-
us may be considercd to be that region bounded at the
front by the shock jump induced by the initiating sti-
mulus, at the rear by a surface of the following rare-

faction wave and at the edges by the peripheral
boundaries of the shock wave or the explosive
charges. Energy is lost through all boundaries except
the shock front. Considered microscopically, the re-
action nucleus is only that part (the “hot spots”) of
this reglon in which the temperature has been raised
sufficiently to result in self-sustaining reaction before
the pressure drops due to the encroaching rarefaction
waves or the hot-spot temperature is reduced by con-
ductive redistribution of the heat.

As has been pointed out by many investigators
(1-3), the concentration of energy in hot spots is es-
sential to initiation of detonation of porous ex-
plosives under threshold conditions. The total shock
energy density under threshold conditions for
initiation of many explosives, if uniformly distri-
buted in the form of heat, would be sufficient to
raise the temperature only a few degrees. A number
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of mechanisms, including compression of interstitial
gases, friction between grains and at shear surface, im-
pact between particles, and viscous friction within de-
forming grains, contribute to a greater or lesser extent
to the nonuniformity of temperature in a shocked
porous medium.

It does not appear to be possible at present to con-
struct a rigorous and detailed model of the distribu-
tion of hot spots and their individual responses to
shock loading. The initiation criteria which are cur-
rently most useful in a quantitative sense are macros-
copic in nature. We believe that a major advance in
the understanding of initiation of heterogeneous ex-
plosives will requirc a reasonable treatment of the
propagation of reaction from the hot spots into the

surrounding heterogeneous explosive, such that the re-

action may be shown to decay or to accelerate to de-
tonation. Qur objective in this paper is less ambi-
tious; it is to examine the macroscopic consequences
of certain types of microscopic behavior,

In this paper we discuss certain mechanisms of hot
spot formation in solid explosives and relate them to
the shock parameters of pressure and particle veloc-
ity. We then propose several alternative initiation cri-
teria based on the idea that some minimum stimulus
is necessary to begin the processes that eventually lead
to detonation. A comparison of one of these propos-
ed relations with experimental data and with existing
initiation criteria provides encouragement for further
study of minimum-stimulus initiation criteria.

MECHANISMS OF HOT SPOT FORMATION

Shock pressure was viewed as the controlling para-
meter in the shock initiation of detonation some
years ago. However, Gittings (4), Trott and Jung (5),
and recently de Longueville (6) have clearly shown
the shock initiation threshold for solid explosives to
be dependent on both the shock pressure, P, and du-
ration, 7. Data from a variety of sources suggest that
the threshold conditions for shock initiation can be
expressed by the equation (7, 8)

P?r = constant 4))

Walker and Wasley (7) used such information in 1969
to develop their concept of a critical energy fluence,

P?r
c poU

= Pur = constant, )

where U is the shock velocity and p, is the initial den-
sity, as an initiation criterion.

Macroscopic todels, such as Walker and Wasley’s
concept of critical energy fluence and Pastine,
Bernecker and Bauer’s (9) concept of critical thermal
energy, do not explicitly address the point that the
concentration of the energy in hot spots is essential
to initiation, nor its consequence, that the tempera-
ture of the hot spot plays a significant role in the
initiation process. It seems that the distribution,
rather than the density, of the thermal energy should
be expected to be decisive in the initiation process.
To relate the temperature of the hot spots to the
shock-wave parameters, it is necessary to consider
the mechanisms of hot-spot formation.

Seely (3) has postulated the following mechanism
of hot-spot formation:

As a shock wave propagates through a granular ex-
plosive, *. . . the shocks are randomly oriented
within the grains. On leaving the grain surfaces,
the shocks cause material to move off, and because
the surfaces are randomly oriented to each other,
this material interacts in various ways, producing
jets in some cases. The projected material, which
apparently must be broken up and must act hy-
drodynamically rather than as particles, collides
with the surface directly ahead. ... the jetted
material stagnates ..."”

Although, as Seely points out, “the actual conditions
are difficult to calculate,” stagnation temperature, in
general, is proportional to the square of the velocity
of the flow which is stagnating. The mean effective
jet velocity should be proportional to the particle ve-
locity change at the shock front, thus the hot-spot
temperature rise, Ty, can be expected to be propor-
tional to the square of the particle velocity u imme-
diately behind the shock front:

T, =2Zu?, 3)

Other suggested mechanisms of hot spot for-
mation, such as collision of the walls of implosively
collapsing pores, also result in the relationship ex-
pressed in Eq. (3). The notion that the particle veloc-
ity plays a decisive role in the determination of criti-
cal conditions for shock initiation is supported by
data given by Roth (10). He showed that the criti-
cal particle velocity u, immediately behind the shock
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front was nearly independent of loading density for
each of four high cxplosives. Examination of the
small-scale gap-test data given by Bauer (11) in sup-
port of the concept of a critical thermal energy, ET,
reveals that u, varies as little as Et for a given ex-
plosive pressed to various densities,

Another mechanism for the concentration of en-
ergy in hot spots, proposed by Taylor (12), is the
plastic work done upon the explosive surrounding the
pores as the pores implosively collapse behind the
shock front. Taylor derived Eq. (1) by using this as-
sumption together with established elustic, rheological
thermodynamic, and reaction kinetic relationships,

MINIMUM STIMULUS INCENSITY
FOR INITIATION

A number of workers in explosive initiation be-
lieve, on the basis of intuition or empirical evidence,
that some minimum shock amplitude must be exceed-
ed before reaction can be ignited with sufficient vigor
to grow to detonation, Napadensky (13) conducted
probably the largest well-characterized experirents in
which shock initiation occurred at minimum shock
inputs. In experiments in which a large steel plate im-
pacted a 76-mm diameter cylinder of unconfined
PBX-9404, she found that the minimum impact ve-
locity for attainment of shock initiation during the
first pass of the wave was independent of the im-
pactor thickness. That minimum impact velocity was
0.18 km/s, which drove a wave with P = 0,94 GPa,
u=0,16 km/s into the PBX-9404, and detonation
was observed after 10-26 us in three separate experi-
ments.

In the same sense that Pu7 is an expression of en-
ergy, Pu is an expression of power. If it is accepted
that a minimum shock pressure, Pyy,, is necessary for
initiation, the power, Ppyum= My, , associated with
this minimum can be assumed to be that necessary to
replace the losses which make this minimum shock
strength necessary. The rate at which euergy accu-
mulates in the reaction nucleus is thus given by

dE
Et_= Pu_'"m» (4)

which, for a square input pulse of duration 7, inte-
grates to

E, = (Pu—m,)r. (5)

TR

By analogy, Eq. (1) becomes:
(P2 - P,zn)‘r = constant . (6)

Each of the mechanisms we have discussed for the
concentration of energy at hot spots involves relative
movement with respect to ‘he macrostructure of ma-
terial adjacent to interstitial pores. That relative
movement is probably related to the excess of stress
(or strain) beyond the failure or yield point., For
pressed powders this point must be related to the
pressure used in consolidation, which may be several
kilobars. The equation derived by Taylor (12) for the
thermal energy, Wp,, deposited as a result of plastic
deformation of the explosive surrounding a pore is

C

W, =3—2’;(P-—Y)27,P>Y, )
where 7 is an effective coefficient of viscosity and Y
is the pressure at which pore collapse begins. Taylor
suggested that the sensitivity of such explosives can be
characterized in terms of a critical value of Wp. In
Eq. (2), this yield point can be taken into account in
an equation of the form

2
gr = &N ®)

poU

In terms of the heuristic model which has been
described herein, the shock initiation process requires
the formation of hot spots and subsequent reaction at
a rate sufficient to maintain them. The formation of
hot spots requires stresses beyond the yield point and
their maintenance requires a minimum rate of energy
input. Thus, Egs. (5) and (8) should be combined s

B = (L%;%z - nm> . )

While discussing effects of the mechanical strength
of an explosive charge on initiation processes, we
thould point out that the hot-spot temperature is also
affected. If we denote by uy the particle velocity as-
soclated with elastic deformation of the explosive
matrix, only the velocity difference (u —uy ) contri-
butes significantly to the movement into the pores,
so Eq. (3) becomes
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T, = Zu-u,)?, (10)
where
Uy = Y/pyc 00))

and ¢ is the longitudinal sound speed of the explosive.

INITTATION CRITERIA BASED ON
PARTICLE VELOCITY

The only difference beiween the P27 criterion and
critical energy fluence, P2r/p U, is the shock imped-
ance terms in the denominator of the energy {luence
expression. Shock impedance varies rather slowly,
and initiation threshoid data usually are not suffici-
ently extensive or accurate to d*stinguish which of
these forms more closely descril os the data in the
regions where both provide gord correlations with
observations. We .vould like to consider a criterion
of the basic forin u27, which corresponds to P27/
p3U% and also to Tr/Z.

Ore may postulate forms corresponding to the
piessure criteria which arz written instead in terms of
particle velocity, and which fit the data equally well.
By analogy t. .q. (6) we may write

(u? -u2)r = constant , u > Uy, Q2

where u,, refers to the miniraum value of t: e par-
ticle velocity jump behind which the reaction can
grow with sufficient vigor to lead to detonation. Al-
ternatively, by analogy to the Taylor argume..i (12},
but in the context of pore clos: . as mentioned in
conrection with Eq. (10), we may postulate

(u- uy)z'r = constant ,u>u, , (13)

V..ier€ Uy represents the yield pcint value of the par-
ticle - -locity as givea by Eq. (11). Probably uy, >uy.

Both of the expressions ahove have the following
desirable characteristics:

(1) At relatively high shock strengths such that
u>> um and u >> uy, the criteria reduce to u’r=~
constant.

(2) The presence of the ug and uy terms provide

that the shock must exceed a certain amplitude
before initiation -vill occur, as discussed above.

b, A LY . FREIPPIIT-3S SO

(3) u? terms represent speific kinetic energies
which can Lecome concentrated in pores and create
hot spots upon {low stagnation,

(4) Based on Roth’s (10) and Bauer's (11) obser-
vaticns discussed previously, a particle-velocity jump

criterion has a chance to describe the initiation thresh-

old of a given expiosive over a range of loading densi-
ties, which pressure criteria cannot do.

indeed, it might be necessary for the shock pulse
to exceed both the yield condition and the minimum
vower level discussed in connection with Eq. (4). If
the quantity uy were subtracted from both u and up,
in Eq. (12) to account for the yield or failure condi.
tion, the criterion would become

[(u—uy)2 (U —uy)2]7 = constant,
u>up >uy. (14)

Further, if we assume, following de Longueville, et
al. (14), that the hot-spot temperature 7, determines
the time required for a thermal explosion, which will
develop into detonation, to occur, the expression for
the critical pulse duration 7¢ (15) can be written as

2
oy Ty P@ﬁj
g = AQT, ex T.) (15)

where A and T, = E,/R are the Arrhenius frequency
factor and activation temperature, respectively (E, is
the activation energy), cy is specific heat at constant
volume and Q is the energy of react 1. With Ty ex-
pressed according to Eq. (10), Eq. (15) becomes

2
cvZ 4 : 2y
T, = AQT, (u—uy)" exp[T,/Z(u—uy}°] . (16)

Application of this relation requires kinetic data cn
the explorive materia: as well as knowledge of ihe
coupling facto. Z which refates kinetic energy tc hot-
spot temperature. Thus, wirile we are not ready tc
test Eq (16) as an indtiatior, criterion, seme data are
available which permii examination of Egs. (5), (6),
(N.(12),(13) and (14).

With aigebraic manipulation, Eq. (£) can be shown
to b that of an hyperbola in coordinates of energy
fluence E (where E = Pur) and puwer flux 7 (where n
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= Pu), with asyrptotes of E; and 7. The hyperbola
can be readily recognized when Eq. (5), is rewritten
as

(B~ EL) (n— ) = ELm, - (17)

Similarly, Eq. (6) is an hyperbola in coordinates of
P27 and P2, Egs. (7), (8), (10), and (12) are also hy-
perbolas in appropriate coordinate systems and Eq.
(9) and (14) are those of generally hyperbolic curves
(although proof that they are hyperbolas as strictly
defined is not immediately obvious). This hyper-
bolic relationship between the magnitude of a critical
stimulus for initiation, defined as the time integral of
a rate, and that of the rate is a consequence of the as-
sumption that the threshold conditions for initiation
are those for equilibrium between energy liberated by
the reaction and that lost by dissipative processes. Ob-
servations which have been made of the wide applica-
bility of such relationships to explosive initiation phe-
nomena (16-19) may be taken as empirical justifica-
tion for this view.

COMPARISON OF INITIATION
CRITERIA WITH DATA

The minimum-stimulus criteria proposed above ex-
hibit asymptotic behavior. As the pulse duration is
extended indefinitely, the required value of pressure,

power or particle velocity approaches its minimum
value Y, m, up OF Uy, respectively. As the shock
pressure is increased, the effect of the minimum sti-
mulus is reduced and the criteria more closely ap-
proach the critical energy fluence form, in tie case of
Egs. (5) and (9), and P27 and u?7 forms in the other
cases. Thus, the critical energy would be expected to
be least at high shock pressures and to increase as the
pressure is decreased. Such behavior has been ob-
served by de Longueville et al. (14) for homogeneous
and some heterogeneous explosives.

In the preceding discussion, the shock parameters
u and P have been treated as single-valued quantities
rather than as functions of time, as they might be in
real systems. The criteria may be adapted to more
general input pulses, but this is not done here in the
interest of brevity. In seeking to compare the behav-
ior of various existing and proposed criteria with that
of data defining the initiation tiireshold, we found
that the only data with well-characterized loading his-
tories are for step input pulses. Close examination of
available data revealed that the widest range of useful
information on initiation of detonation existed for the
heterogeneous explosive PBX-9404 (20).

Table 1 contains the PBX-9404 data base which we
considered for purposes of comparing the various ini-

TABLL 1

Initiation Parameters Near De*onation Threshold for 1.8k Mg/m3 PBX-Ghok
(¥ = 0.1 GPa, I, = 0.7 GPa)

E T por Pur [(u-u )2-(u -0, )2]1" Response Ref.
(cPa) (us) (GPa® - s) (kPa-m) (51’0'%2/3)’
12.2 0.035 5.21 566. 598, Threshold (4)
10.8 0.048 5,60 635, 690, Threshold ()
10.2 0.04k2 L,37 504 556, Threshold (4)
9.0 0.065 5.26 630. 718. “hreshold (&)
8.3 0.07, k.79 596. 695. Go (22)
8.0 |  0.090 5.76 713, 836. Threshold (5)
7.4 0.088 k.82 609. 727. Threshold (4)
k.5 0.139 2,81 Lok, 526. Go (22)
3.7 0.28 3.83 572. 760. Go (23)
0.61 10. 3.72 700. < 0. No Go (13)
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tiation criteria. The data marked *threshold” are
conditions intermediate between a closely spaced pair
of “go™ and “no go” experiments. The other condi-
tions are considered to be marginal “go” or “no go”
results. Certain data have not been used because the
sample thickness was too small to determine thresh-
old conditions, e.g., in Liddiard’s underwater tests
(21) which led to a burning reaction, the samples
were not thick enough to run to detonation. Trott
and Jung’s data (5) below 8 GPa were also rejected.
Their values of the threshold pulse duration were
much larger than those of Green et al. (22) and
Kennedy and Nunziato (23) in the region of 3-5 GPa,
apparently for the same reason.

We were unable to use long-duration loading infor-
mation in any way which would permit consistent es-
timates of the pulse duration required for threshold
initiation. Thus a datum point by Napadensky (13)
indicating shock initiation of detonation with a sus-
tained input of 0.94 GPa was used, together with her
0.61 GPa result (which we called a “no go” because
detonation occurred only after wave reflections and
crushup of the explosive) only to estimate that the
minimum pressure Py, for shock initiation of PBX-
9404 is ~ 0.7 GPa. We estimated that the yield
strength is equal to the pressure used in compacting
the pressing, 0.1 GPa.

In Table 1, we have included two existing criteria,
P27 and Pur (7) and one of the minimum-stimulus
criteria. We chose to use the form in Eq. (14),

[(u = uy)? = (upm—uy)?] 7, because it is the most gen-
eral particle-velocity criterion we have proposed. In
comparing the representation of threshold data by the
criteria, we note that the relative spread between max-
imum and minimum values is slightly less for [(u ~ uy)2
- (um— uy)?] 7 than for P27 of Pur. But the most in-
teresting point is that use of the minimum stimulus of
Py = 0.7 GPa causes a well-defined prediction of fail-
ure for the 0.61 GPa experiment, while failure cannot
be predicted from the P27 or Pur values for that ex-
periment.

We do not claim that this comparison shows that
[(u- uy)2 —(uy — uy)2]‘r is a better initiation crit-
erion than critical energy fluence or P27 for PBX-
9404 or other explosives. It appears that [(u -- uy)2—
(um — uy)?]7 and the other forms of minimum-
stimulus criteria can do essentially as well as the exist-
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ing criteria, and thus are worthy of further study.
The minimum stimulus criteria, even if physically well
well-founded, will be of practical value only if a rath-
er general method can be found for evaluation of the
yield parameters and minimum power for initiation.

CONCLUDING REMARKS

The real value of minimum-stimulus initiation crit-
eria may lie in their close tics with physical models
of the processes which control reaction development.
The work of Howe et al. (24) points to ignition at hot
spots followed by grain burning as the dominant en-
ergy-releasing mechanism in the shock buildup to de-
tonation. Analysis of ignition might be done by ba-
lancing heat transfer losses against reaction energy,
ana buildup can be considered as an interplay be-
tween cooling due to the release wave and heat con-
duction into grains and adiabatic self-heating due 1o
surface burning. These processes involve certain phy-
sical properties—the porosity, particle size (specific
surface), and the explosive’s mechanical strength,
which is related to the compaction pressure—and che-
mical properties, e.g. the burning rate law and amount
of gas generation per unit of reaction.

Some comprehensible reversals in behavior pat-
terns results from these interactions. It is well known
that fine-particle powders are often harder to ignite
than coarse powders, but reactions in fine powders
grow to detonation more rapidly once ignited. The
fine powders thus may have a higher value of Py, be-
cause of their high compaction pressure, which must
be exceeded, and high energy losses into the particle
surfaces. But they can have a lower value of E.
TNT pressed to 1.55 Mg/m3 showed such behavior in
work by Taylor and Ervin (25). This behavior is also
exhibited in Fig. 1 using data from gap tests of vari-
ous charge diameters, hence various pulse duration,
generated by the Stresau Laboratory (26, 27) for
PBXN-5 of both fine and coarse granulations. These
interchanges are directly related to the parameters of
the minimum-stimulus criteria,

We are presently developing a data base on initia-
tion of pressed explosives by arbitrary shock pulses
through computer studies of gap tests of various
types, and plan to use these data to test the applicabi-
lity of the various forms of these criteria,
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Fig. 1. Crossover in sensitivity to gap-test peak shock
pressure P, for 1.80 Mg/m3 PBXN-5 (HMX/Viton A,
95/5 by weight) of two particle size distributions.
Here 7 denotes the computed time for pressure to de-
cay to Py/e. The curves suggest that Py, is smaller for
coarse than for fine powder (at large 7), but E. is
smaller for fine than for coarse powder (at small 7).
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A Pt DETONATION CRITERION FROM THERMAL
EXPLOSION THEORY*

D. B. Hayes
Sandia Laboratories
Albuquerque, New Mexico 87115

" Existing data on the growth of shocks in the explosive PBX-9404 are combined
with thermodynamically complete equations of state for the unreacted high explo-
sive and for the completely reacted high explosive to deduce the chemical reaction
rate behind the shock. Such rate information allows wave propagation calculations
on shock initiation of that high explosive; these calculations lead to a detonation
criterion based on shock heating and subsequent thermal explosion at the impact
interface. A separate analytical calculation of the thermal explosion time as a func-
tion of initial shock pressure leads to a criterion of the well-known form, Pt =
const., with n about equal to 2. The effect that accounting for the actual hetero-
geneous shock heating would have on these results is discussed.

INTRODUCTION

For the explosive PBX-9404, introduction of a
plane shock wave of pressure amplitude P and pulse
duratjon t will lead to a detonation whenever the prod-
uct P2t exceeds some critical value (1). In the
approximation that shock impedance of the explo-
sive is constant, the product P2t has been shown to be
proportional to the energy fluence transmitted to the
explosive. Hence, critical energy fluence has been pro-
posed as a detonation criterion.

We have examined an alternate hypothesis, namely,
that shock initiation has its origin in shock heating and
and subsequent thermal explosion at or near the
boundary where the plane shock is introduced by thin
lyer impact. The results of this study indicate that,
for the explosive PBX-9404, n must be chosen about
equal to 2 in a shock initiation criterion of the form
Pt = const. Thus, our result is essentially in agree-
ment with the previous model on shock initiation by
short duration, square pressure pulses. However, by

*This work was supported by the U.S. Encrgy Research and
Development Administration,
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using this model, substantially different results will
be achieved when calculating an initiation criterion
for a pressure pulse which is not square.

This study has three important parts:

1. Development of a constitutive relation. for
chemically reacting materials. To develop such a
constitutive relation, we must have thermodynamically
complete equations of state for the snlid unreacted
high explosive and for the reacted products. In addi-
tion, it is necessary to make an assumption which
allows definition of the rules describing the thermo-
dynamic properties of a mixture of unreacted solid
ard reacted gas for those instances when the high
expiosive is partially reacted.

~

2. information on the kinetic rate governis:g the
chemical reaction. Kennedy has measured the spon-
taneous growth of pressure at the impact interface in
the explosive PBX-9404 (2). We have used those
results in conjunction with both our constitutive
relation for chemically reacting materials and with
the theory of shiock propagating in Maxwellian ma-
terials to determine the chemical reaction rate

e
A NPT RNTTIRADP \t CURCRL RV I

L IS RS T DO Y

R e i Gar e K Ay & e oL

- AT, A

— - =TT Al

JrUND,

Py

- .L ——




immediately behind the shock. This experimentally
based chemical reaction rate is the one which is used
in subsequent calculations.

3. Development of an analytical model for shock
initiation. In essence, it is assumed that the shock
passage heats the high explosive which subsequently
thermally explodes. The criterion is that this heated
region must thermally explode before the arrival of a
release wave which would cool it and hence quench
the reaction. Certain approximations are used to
show that, for a criterion of the form Pt = const., n
should be chosen about equal to 2. That is in agree-
ment with what has been previously observed in
initiation of the explosive PBX-9404 by square pres-
st « pulses.

CONSTITUTIVE RELATION

We have developed a semiempirical, analytical,
free-energy function to describe unreacted PBX-9404,
The analytical form that we have chosen for the
Helmholtz free energy as a function of temperature
and volume is shown in Eq. 1.

F(T,V) = Cy [(T - Te)(! +%(v0 -V)

Ky Vo

+ Tlog(TO/T)] + m (1)

T b o)

This analytical form was actually arrived at by assum-
ing specific functional forms for three second-
derivatives of the Helmholtz free energy, and
obtaining Eq. | through integration. The analytical
forms given in Eq. 2 completely define those three
second-derivatives:

Cv = Cy, = const.;-;y—,-=<-z,—>0 = const,

(2

The first assumption is that the specific heat at con-
stant volume remains constant. The second assump-
tion is that Griineisen’s ratio divided by specific
volume is constant. Thermodynamic compatibility
of second derivatives in conjunction with these first
two assumptions requires that the isothermal bulk
modulus, Ky, be a function of volume only. We have
chosen the function of volume, as shown in Eq. 2, so
that the reference isotherm would have the form of a
Murnaghan solid. Hence, specifying five parameters,
Cyy» (v/V)p, Vo, K1), and N, uniquely defines the
Helmholtz free energy. Unfortunately, available
thermodynamic properties are in a form which is not
directly usable. For instance, what is available is in-
formation on the thermal-expansion coefficient at
zero pressure and the specific heat at constant pres-
sure, Cp (3). In addition, the experimentally deter-
mined shock Hugoniot for unreacted PBX-9404 is
available (4). We obtained our five parameters from
the above information in the following way: Consider
the two thermodynamic identities

7
'VCI) = aKs (3a)

and

Cp = Cy(1 +avT). (3b)

At reference conditions, Kq can be determined from
the intercept of the shock Hugoniot at zero pressure
in the shock-velocity /particle-velocity plane. Thus at
reference conditions all quantities in Eq. 3a required
for calculating (y/V) are known. From this value of
(v/V), Eq. 3b can be used to evaluate Cy, at reference
conditions. The procedure thus far is sufficient to
determine four of the parameters. However, we need
to specify the value of the fifth parameter, N. That
was done by calculating the shock Hugoniot for vari-
ous values of N and finding that value of N which
most closely reproduced the known shock Hugoniot
of the form (4):

U = 0.269 + 1.72 u (cm/us). 4)
This procedure gives us the following five parameters;
Vg = 0.5435 cm®/g

Kty = 0.126 Mb
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Cvgy = 111X 10"5cmz/usz/K

= 1.976 g/em’

z <[
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5.6

The well-known JWL equation of state is available
for the gaseous products of the explosive PBX-9404
(3). Its shortcoming for this study is that it is a
(P, V, E) equation of state, henice thermodynamically
incomplete. We have extended it to thermodynamic
completeness by assuming constant specific heat, Cy.
When this is done, the following expressions for
thermodynamic quantities result:

Cy = const.
W = const. (v - Grlneisen’s ratio in
our notation)
2 (%)
Kg = (14 W)P = D A1 =RV +W)

i=1
exp (- R;V).

In these equations, standard JWL notation has been
retained (3).

The process of shock initiation of high explosives
is known to be closely related to the production of
hot spots or hot regions within the shocked solid.
Hence, initiation depends strcngly upon the hetero-
geneous nature of the temperature distribution. In
the analysis which follows, an assumption of homo-
geneity of the shucked state must be made since we

have no information about the nature of that tempera-

ture distribution, The procedure here will be to

make an incorrect assumption, that is, one of tempera-

ture uniformity in the shocked solid, and then dis-
cuss the kinds of errors which are thereby introduced
in the analysis.

Kirkwood and Wood (5) have developed a consti-
tutive relation for a mixture of unreacied and reacted
high explosive under the condition that the constit-
uents of this mixture are at equal temperature and
equal pressure. The mixture is not assumed to be in
thermodynamic equilibrium. That constitutive rela-
tion is given as Eq. 6.
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KS, x
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aT P, x T P, x
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All of the symbols in Eq. 6 have their usual thermo-
dynamic meaning. The symbol x denotes the mass
fraction of chemically reacted material. Thus, when
x = 0, the material is in the unreacted state, The
quantity AV is the difference between the specific
volume of the gaseous products and the specific
volume of the solid while ag  denotes the isentropic
sound speed for the frozen mixture.

()

KINETICS OF THE CHEMICAL REACTION

Kennedy (2) has used the front and back quartz-
gauge technique to study pressures at the impact and
downstream surfaces in the explosive PBX-9404. Of
particular interest are the measurements which he
reported on the pressure variation after impact at the
impact interface. Kennedy’s experimental results are
used here to evaluate the time rate of change of pres-
sure at the impact me and the impact interface.
The equation.

(91’) = 192 P3( Mb,us) (7)
at ),

fits the initial pressure variation ovar nearly four
decades in the pressure/time derivative.

It is a well-known approximation (6) that, neglec-
ting hydrodynamic attenuation because of nonzero
pressure gradients behind shock fronts, shocks grow
or decay in Maxwellian solids according to

DP  Fx
Dt x=U

where the operator D/. ., is the time derivative along
the shock front which is assumed to lie along a C*
characteristic and Fx is the last term on the righthand
side of Eq. 6. Assuming that the pressure wave grows
along 4 single growth curve (i.e., as a growing square
wave), an assumption which was used by Kennedy
and later expounded by Cowperthwaite (7), it is
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obvious that the pressure growth rate along the shock
front must equal the pressure growth rate at the
impact interface. We only need to apply this result

at early times to get an estimate of the initial chemical
reaction rate at impact time. Eq. 9 shows the way in
which the chemical reaction rate was deduced using
this analysis.

384
k== p3 (g, cm, ps) ©)

where F is calculated from the constitutive equation.
It should be emphasized that the values of X obtained
from Eq. 9 are inferred from experiment. Fig. 1
shows those values of chemical reaction rate, X, versus
the reciprocal of the average shock temperature.
Since experiments were conducted at pressures below
5 GPa, the chemical reaction rates for shock tempera-
tures in excess of about 425 K must be obtained by
extrapolation of Eq. 9. That extrapolation is also
shown in Fig. 1.

ANALYTICAL MODEL FOR SHOCK INITIATION

Using the techniuges outlined in the previous
section, we are able to calculute the chemical reaction
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Fig. 1. The measured chemical reaction rate behind
the shock front, Also shown is an Arrhenius fit in
the region where data were taken.

rate along the shock Hugoniot for the unreacted ex-
plosive (i.e., for x = 0). For these results to be useful,
it is necessary to know the chemical reaction rate

at all possible states, including those different from

x =0, so we arbitrarily extend the measured chemical
reaction rate information to all degrees of reaction by
assuming that the reaction rate is zeroth order and is
a function of temperature only as shown in Eq. 10.

%(x, T) = %(0, T). (10)

The constitutive equation, Eq. 6, and the kinetic
equation, Eq. 10, are sufficient to allow calculation
of shock initiation of PBX-9404. That has been
accomplished by means of finite-difference, wave-
propagation calculations using established techniques
(8). Numerous calculations on the shock initiation
of PBX-9404 have been performed during the course
of this study but will not be reported in detail here.
What was seen in the calculations was that for low-
impact stress, in order to achieve a detonation, the
flyer plate producing the shock had to be of sufficient
thickness to prevent a rarefaction from reaching the
impact interface before the completion of reaction at
that interface (9). If the flyer plate was thin enough,
rarefactions arrived before that time and cooled--
hence quenched—the reaction. Of course, reaction
completion did not constitute immediate detonation
in the calculations, since the pressure produced at the
instant of completion lies approximately at the point
on the Hugoniot for the reacted products, where the
impactor Hugoniot crosses in the pressure/particle-
velocity plane. Nonetheless, reaction completion was
always seen as the first step in a complicated sequence
of building and overtaking waves culminating in a
steady detonation,

In summary, we have a detonation criterion in

which the explosive is shock heated. The reaction pro-

ceeds in the heated region, liberating additional heat
and hence increasing the temperature. The process
proceeds in an accelerated manner. At a time ap-
proximately equal to the thermal explosion time,
reaction completion is achieved. If the pressure is
released before reaction completion, in this simple
model we will fail to achieve initiation of detonation.

We can be quantitztive with the above model
since all the necessary ingredients o perform such a
calculation are at hand. The weli-known Todes
formula relates the thermal-explosion time, t, to the
initial temperature, T, to the total temperature rise
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associated with the chemical reaction, AT, and to the
coefficients which appear in the Arrhenius kinetic
law, the frequency factor, A, and, the activation
temperature, E° /k. Todes formula is shown in Eq. 11.

T3 .
t = _AKT_(E——“’/IQCXP[E /kTO]. a1

In order to apply Eq. 11, the chemical reaction rate
must have the Arrhenius form. However, the chemi-
cal reaction rate, X, is not described well by the Arr-
henius form over a large temperature range. In the
region covered by experiments, however, one can fit
a straight line on the data and that is shown in Fig. 1.

From Eq. 11 we can estimate the value of P2t
necessary to initiate PBX-9404 using our model and
the following data: at 5 GPa, the shock temperature
is 421 K according to our calculations. The adiabatic,
constant-volume burn temperature, as calculated from
our complete equation of state, is 2280 K leading to
avalue for AT of 1980 K. In the vicinity of 5 GPA,
the reciprocal of the slope of the straight line fit in
Fig. 1 is 3940 K, hence the time to thermal explosion
as calculated by Eq. 11 is 0.14 us. Accordingly, the
critical value of P2t is calculated to be 3.4 GPaZ us.
This is in surprisingly close agreement with the
observed value of 5.5 GPa2 us. Values of thermal
explosion time versus shock pressure are plotted in
Fig. 2.

Although the Arrhenius equation fits the reaction
rate data fairly well in the same region as Kennedy's

p-GPa
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Fig. 2. Calculated and measured values of Pt Jor the
explosive PBX-9404,
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experiments, the discrepancy is fairly large for higher
temperatures, Fig. 2 shows the thermal-explosion
time calculated using the measured and the extra-
polation of the measured chemical reaction rate.
Note that the two calculations bracket the observed
result (1) that P2t = 5.5 GPa? us.

It is of interest to carry the approximation of Eq.
11 one step further, Since the shock temperature
and shock pressure are nearly linearly related, we can
estimate n in a criterion of the form Pt = const.

-dlogt [ TDO][E° ]
= 1o || = -2| (2
"= egr o U Tl (12)

The quantity T g is room temperature. Asis
obvious from Fig. 2, n is nearly equal to 2 for a large
range of shock pressure in agreement with what is
calculated by using Eq. 12. However, Eq. 12 predicts
that for a material with a larger apparent activation
temperature, E° /k (i.e., a stronger variation of X with
Ty), the value of n in a criterion of the form Pt =
const. will be larger than 2,

DISCUSSION

It is widely recegnized that shock heating of solids
does not produce homogeneous heating. Rather, be-
cause of heterogeneous plastic flow associated with,
for instance, shear banding, certain regions of a
shocked solid are preferentially heated.

We can examine the nature of the constitutive
equalion for a mixture of two components of the
same material at different temperatures in the fol-
lowing way. Let the subscript 1 denote regions
which are cold and let the subscript 2 denote regions
which are hot. Then the following relations must
hold:

P| = K¢, + FiX,
(13)
Py

We have changed the density variable, p, in Eq. (6)
to strain, ¢, in an attempt to condense the notation
in the following analysis. Eq. (14) shows how the
total strain, €, is related to the strain in each region,
while Eq. (15) shows the way that the average chemi-
cal reaction rate is related to the reaction rates in
those regions.
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The variable w denotes mass function. Assume that
Xy = 0; that is, in the cold regions the chemical reac-
tion is not proceeding. We can develop the constitu-
tive relation for the entire mixture. Combining Egs.
13, 14, and 15 with the assumption P; = P,, we ob-
tain the following result,

Equation 16 shows that a two-temperature mixture
of constituents, with one component reacting, is

i

wiep + wae

WiX) + WaXao

P = Ké + Fx

(14) treatment of preferential shock heating would lead to
a much larger variation of shock temperature with
(15) pressure in the hot regions than is calculated by the
homogeneous calculation. Such a variation would
lead to proportionately larger values of Tg, A, and E°/
kin Eq. 11, These larger values could, when used in
Eq. 11, lead to similar values for the thermal explo-
sion time, t. At the same time a larger value of E°/k
would explain the large discrepancy between activa-

tion temperatures observed in shock loading and

observed in zero-pressure thermal-explosion experi-

ments.
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DISCUSSION ON SHOCK INITIATION AND P27

(SESSION I)

1. COMMENTS BY F. E. WALKER, LAWRENCE LIVERMORE LABORATORY

Several misconceptions regarding the critical energy concept and shock initiation have appeared in the wru-
ing and the discussions on this topic. It may be appropriate at this time to review the development of this con-
cept and the assumptions and factors which affect its application.

As shown in the original publication (1), the critical energy criterion was shown to provide a very good cor-
relation of several sets of data on the shock initiation of solid explosives. It was observed that initiation or non-
initiation in PBX-9404, LX-04, and TNT correlated very well with the kinetic energy of a flying foil or plate that
impacted the test explosive. The data could be plotted as a hyperbolic function as shown in Figure 1a or, analog-
ously, as a function of shock wave pressure P and duration t, as shown in Figure 1b. (These are representative
plots to illustrate the analogy.) Algebraically and physically P and V are directly related, as are m and t.

The critical energy equation was derived from the kinetic energy expression E; = mV2/2 where E; was the
critical plate kinetic energy for initiation in the original data sets discussed (1). Substntutlon of the followmg
relatlonshlps —~m= Apw, t =2w/Uy, P - Po = pUgUp, and V = 2U, — gave E; = Atp? /pUs and, for a unit area,
E, =tP /pUs Smce for each specific explosive p is a constant ané’ U, changes slowly with P, the equation can be
written as E; = aP?t, where a isa constant. In fact, this P2t relationship was pointed out by the author in early
discussions of the critical energy concept. It was also pointed out very soon that unless the explosive was well
characterized the confidence limits were fairly wide, and even with very well characterized HEs the usual initia-
tion probabilities as seen in gap tests, drop hammer tests, etc. must be considered.

There were several assumptions that seem obvious in the application of the critical energy concept, but

these have all been abused by critics. The criterion applies most ideally to the pure chemical explosive compound.

Each specific explosive has a specific critical energy over a large range of initiating shock pressures and times. (It
was stated clearly in early discussions that it probably would not be a constant value at very low or very high
initiating pressures.) The critical energy in the equation represents only that energy that is transmitted to the
explosive by the flying plate. (A discussion was given in the original paper (1) on this point. Also, it was pre-
sented as a correlation.)

Relative to these assumptions, the following factors can affect the critical initiation energy: 1) binders and
other inert additives generally reduce the energy that gets into the explosive, particularly at the lower pressures;
2) when the physical and mechanical properties of the test explosive are changed, the critical energy is likely to
change; 3) additives with chemical effects may change the critical energy of the pure explosive; and 4) other
energy inputs or energy sinks will influence the critical energy. Any factor that reduces the energy that acts on
the pure explosive will cause an apparent increase in critical energy and vice versa.

The author proposed several years ago that the shock initiation process could be discussed helpfully by
reference to the graph given as Figure 2. The sigmoid curve shows a probable relationship between percent
decomposition and the reaction time in a thermal decomposition. The points on the curve described by Py and
P, separate the initiation process into three regimes. Shocks with pressures between Py and P, will probably
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initiate with a nearly constant critical energy, for the process is primarily thermal. (E; = pU2Ay is another form
of the equation which shows a relationship to the internal energy increase.) When P < P}, there is a very low level
of initiation reaction (few radicals), and the long delay times and poor “communication” between reacting
molecules allow energy losses. The apparent critical energy will then be higher than normal. When P = P5, there
is a very high level of initiating reaction with almost instantaneous “communication” between reacting molecules
and initiation sites (many radicals). In this regime there is probably very little “equilibrium thermal” character to

the initiation process and greutly reduced delay times. Here there could be an apparent decrease in critical energy.

%| DECOMPOSITION

§=1(P3)

) el

ty TIME

€" = o . e — . - = e - -

(gl N .

Fig. 2. Explosive decomposition as a function of time

It is important to note that these changes in critical energy in the three regimes do not invalidate the critical
energy concepts, but this understanding can extend its utility into regions of very high and very low initiating
pressures, since curves such as those given in Figure 3 can be determined rather easily.

Experience in the application of this concept has shown that the natural initiation probability factors can
not be ignored. The spread of initiating pressures in a gap test for the 50% initiztion values warns us to expect
fairly wide confidence limits on specific critical energies, and since it has been suggested (2) that the critical
energy holds relatively constant over two to four orders of magnitude in very unrelatea tests on several explosives,
it would seem prudent to maintain some suspicion of data that scem to select the P2t criteria as superior to the
energy fluence concept or to show radical changes in critical energy values for a well-characterized explosive.
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Fig. 3. Critical energy and initiation regimes
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2. COMMENTS BY M. COWPERTHWAITE, STANFORD RESEARCH INSTITUTE

The empirical p2t criterion for the initiation of detonation formulated by Walker and Wasley is an important
relationship for assessing the behavior of condensed explosives in many engineering applications. The acceptance
of this criterion for all shock initiation problems is not realistic however until conditions for its validity have been
identified and established. A consideration of the shock initiation process in an explosive by the impact of a fly-
ing plate is presented here to establish conditions imposed by the validity of the p2t criterion and give some
understanding of its significance.

The pizt c(i) criterion specifies for each initial shock pressure p; produced by a flying nlate in an explosive of
a given length a critical time t.(i) for the onset of detonation. The time t.(i) is the time taken after impact for
the rarefaction from the free surface of the plate to reach the explosive-flier interface. It can therefore be regarded
as the time the shock-induced reaction initiated at pressure p; must proceed to ensure detonation. In other words,
a criticality condition is established at the explosive-flier interface in a time tc(i) such that the initiating shock is
not appreciably influenced by the energy liberated in the vicinity of the explosive-flier interface after the time
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4 T =n(Tye - To) + To, (1)
where T is the hot spot temperature, Ty, is the bulk temperature computed by the Walsh-Christian technique,
and T, is the initial temperature. In Figure 1, we show the effective activation energy which gives the best least
square fit to the P2t criterion as a function of the parameter n. The calculation assumes that t is the thermal
explosion time as computed by the standard formula (see Frank-Kamenetskii, “Diffusion and Heat Transfer in
Chemical Kinetics,” Plenum Press, New York, 1969). This equation has the form

.h.

' t = (constant) T ex E

E “P\RT
, where: T is the temperature; t is the thermal explosion time; and E is the activation energy.
! 86
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t.(i). Moreover, since t.(i) is in principle a function of charge length, it should be remembered that the p;t.(i)
criterion represents a sufficient but not a necessary condition for the onset of detonation.

In the event that the piztc(i) criterion is a fundamental relationship for explosives it must be possible to
identify the criticality condition at the explosive-flier interface, and express the critical time in terms of explosive
parameters, such as the eciuation of state and the energy release rate. A theoretical study along these lines is
required to validate the p;’t (i) criterion and put it on a firm foundation. A criticality condition for the different
types of buildup to detonation must be considered because the pizti(c) relationship takes no account of the
mechanism of initiation.

It is my conjecture that the different modes of initiation that proceed without the formation of a second
shock will exhibit the same criticality condition. Such a criticality condition is the formation of a reactive rare-
faction fan centered on the explosive-filter interface that contains the characteristic that eventually becomes the
Chapman-Jouguet (CJ) characteristic and the line of complete reaction in the self-sustaining wave. The critical
time t (i) is thus the time the reaction at the interface must proceed in order to ensure the formation of the CJ
characteristic in the detonation wave. The family of characteristics emitted from the explosive-flier interface
before t;(c) influence the shock, but the family emitted after t;(c) do not.

Further investigation of the p2t criterion is, in my opinion, necessary before its full significance can be
established. More experimental evidence is required to support the criterion, and theoretical evidence is required

to place the criterion on a firm foundation by establishing conditions under which it is valid or approximately
valid.

3. COMMENTS BY R. FREY AND P. HOWE, USA BALL’STIC RESEARCH LABORATORIES

The papers by Hayes, de Longueville et al, and Howe et al all discuss the p2t criterion for the initiation of
detonation. The three papers agree on one point: If thermal explosion theory is used to explain the p2t criterion,
and if the shock temperature is computed on the basis of equilibrium thermodynamics, a very low value for the
activation energy is required. Hayes and de Longueville, et al, suggest that a more reasonable activation energy
will result if the hot spot temperature is much higher than the bulk temperature. This is true, but we do not

think this approach is adequate to explain the p2t criterion. In this regard, we wouid like to add the foilowing
comments to those already made in our paper.

In our paper we introduced the following relation to account for hot spot temperawre:




Even for n = 20 (shock heating at hot spots is iwenty times as great as predicted by the Walsh-Christian
technique), the activation energy which best fits the criterion is only 17 Kcal/mole, which is considerably lower
than the values of 30 to 50 Kcal/mole which were determined by Lee, et al (Fifth Detonation Symposium) or
' Rideal (Proceedings of the Royal Society A-195, 135 (1948). The best fit frequency factor is also low by many

orders of magnitude, and the fit of theory to experiment is not very good. With n = 20, the temperature of PBX
9404 at 5 GPa is already about 3300°K. In the light of Mader’s calculations on nitromethane hot spots [Physics
of Fluids 8, 1811 (1965)], a temperature of 3300° at 5 GPa seems to be a reasonable estimate of an upper limit.
It is probable that the effective activation energy is a function of temperature and that the values determined
from thermal explosion experiments at 500 to 1000K do not apply at higher temperatures. However, the
expected direction of change would be for activation energy to increase with increasing temperature, thus causing
a greater difficulty for this approach.

We have also considered the possibility that a distribution »f hot spot temperatures might explain the
result. Let us assunie that the hot spots are distributed with respect to temperature with a density distribution
function which has the form

1 T
e p —
F aP* | aP®

where T is temperature, P is shock pressure, a and a are arbitrary constants, and p is an arbitrary function having
the properties of a distribution function.

Thus, the natuze of the tempevaiure dependenice can be quite general. Let us also assume that the criterion
for detonation is that some criticai number of hot spots must react in order for buildup to detonation to occur.
Then the following equation must hold:

= T dT
J N(P, t) = f P I:—}(-——) = constant
i Tty LaP®J\aP

| where N is the number of hot spots which react in time t, t is the duration of the shock pulse, p is the density dis-
- . . .
tribution function, and T; is the temperature which gives a thermal explosion in time t. If we evaluate the deriva-
tive dP/dt defined by this relation and the equation for thermal explosion, we find

dar P 1

ot E
RT,

where E is the activation energy. On the curve p2t = constant, this derivative has the value - P/2t. Fora=1,
these derivatives cannot be equivalent unless T; = 0.25 E/R. On the basis of existing kinetic data (see earlier
reference to Lee or Rideal) T(t) will not be this large. If it is this large, it presumably will be so only for a nar-
row range of shock durations, so we are forced to reject the thermal explosion model.

T

An additional problem with the thermal explosion model is that only a small fraction of material can attain
the necessary high temperature. The fraction of material involved cannot be greater than 1/n, where n is the
parameter in equation 1. After this reacts, one must still account for the reaction of the remainder of the
material. For these reasons and for the reasons presented in our paper, we concluded that the dominant imode of
heat release must occur in a grain burning fashion.
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4. INVITED DISCUSSION OF SHOCK INITIATION MECHANISM
BY C. MADER, LOS ALAMOS SCIENTIFIC LABORATORY

The papers we have heard contribute very useful data to help us describe the explosive sensitivity to shock.
Perhaps the experimental studies of Titov will be extended to furnish us Pop plot data for TNT at different
initial temperatures in addition to the gap data. Pop plot data (distance of run as a function of plane wave initia-
tion pressure) is the most useful type of data for shock initiation as it is essential for engineering or modeling
studies.

The embedded Manganin gauge measurements of Wackerle exhibit curious maxima in the pressure histories
which, if real for PETN or 9404, are poorly undersiood. We need to know more about this experimental tech-
nique under these conditions.

The mechanism of shock initiation of heterogencous explosives is one of debate as evidenced by Howe's
assumption of grain burning with heat conduction, Wackerle’s assumption of the plastic work model, and by Titov
and Nunziato/Kennedy’s hydrodynamic flow modeling.

How important are transport mechanisms such as heat conduction, viscosity, elastic-plastic flow compared
to the hydrodynamic flow? Are there pressure ranges where one transport mechanism may dominate and others
where it is not important? Can the mechanism of adiabatic corapression of the air in holes be important?

When heat conduction has been included into hydrodynamic calculations of hot spot propagation (1) or hot
spot formation and propagation (2), it has been found to be negligible. The encrgy transfer accomplished by
shocks and rarefactions is several orders of magnitude faster than energy transfer accomplished by heat conduc-
tion. If shocks are present and the time scale of interest is of the order of microseconds then heat conduction is
not an importan® energy transfer mechanism. A grain burning model using heat conduction for its energy transfer
mechanism is therefore of little interest for describing shock initiation phenomenon.

The adiabatic compression of gas bubbles to high temperatures and the transfer of the heat to the explosive
by heat conduction has been investigated both experimentally and theoretically as a mechanism of explosive shock
initiation. The classical experimental studies of Seely and Scay3 showed that changing the gas in the voids of
PETN from one that would give low temperatures to one that would give an order of magnitude higher tempera-
tures had no effect on the shock initiation properties. Several other experimental studies have confirmed this
observation. Since the iast Detonation Symposium the Joint Services Explosive Program sponsored some useful
studies of this problem. Experimental studies of Craig4 of the shock compression of various layers of gases in
contact with explosives showed that the nature of the gas did not matter. Detailed numerical modeling3 of the
experiment showed that plane surface heat conduction across the compresssd gas-explosive interface could not
give a high enough temperature for a sufficient amount of time to result in any significant amount of explosive
decomposition for systems experimentally observed to decompose. The gzp initiation problem is still unsolved
and apparently some other source of initiation energy is required such as shock interactions with surface irregulari-
ties or with internal voids to explain the experimental observations. It is surprising that the mechanism of initia-
tion that is probably important in the accidental premature initiation of explosives in shells in unknown. We do
know that some phenomenon other than plane surface heat conduction and adiabatic gas compression is dominat-
ing the initiation process.

The heating that results from viscous and elastic-plastic flow has hcen suggested (6) as a source of energy
for ‘nitiating explosives at low shock pressures (~ 1 kbar) and long times (~ milliseconds). If realistic viscous or
yield coefficients are used, the amount of heating has been found to be insufficient to produce initiation. How-
ever, the notion that hotspots result from plastic work at void peripheries is being studied by groups led by John
Taylor and by Jerry Wackerle at LASL. While it is a great hund waving model, it has so far required what are
probably unrealistic material properties to result in sufficient heating to be of interest in explosive initiation.
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However at this stage of our understanding of very low pressure shock initiation mechanisms it is unwise to ignore
the possibility that viscous and elastic-plastic heating may be important for some applications.

For higher pressure ("v 10 kbar) shock initiation of heterogeneous explosives we have found the heating
from shock interactions at density discontinuities to be more than sufficient to result in initiation. The “Hydro-
dynamic Hot Spot” concept includes all the effects that can occur when shocks interact with discontinuities or
with each other such as jetting, void collapse, shock separation and collision, mach and regular shock reflection
and anything else one might observe in a reactive fluid dynamical numerical simulation of the flow. The develop-
ment of this concept may be followed by studing the papers in previous Detonation Symposiums. Perhaps the
most convincing experimental and theoretical demonstration of the hydrodynamic flow mechanism was the
observed agreement between the computed (8) and experimental induction times (9) resulting from the shock
interactions for med in nitromethane by corners of Plexiglas, gold and aluminum. An important consequence (2)
of the hydrodynamic hot spot model is that the hot spot continues to decompose after the initial shock wave
passage thus reproducing the experimentally observed decomposition behind the shock wave such as Dremin burn
in addition to the shock front build-up.

The major mechanism of hot spot formation and energy transport in the shock initiation of heterogencous
explosives is hydrodynamic flow. The correlation of initiation properties with surface area, particle size, density
and other physical properties can be interpreted as the necessary consequence of a hydrodynamic mechanism and
one does not need to invoke transport mechanisms.

As we have previously mentioned, the details of the hydrodynamic flow for many problems of practical
interest are still unknown. Those attempting to investigate a shock initiation problem should concentrate first on
the hydrodynamics of the problem and then add transport or material properties as needed.
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5. RESPONSE TO C. MADER BY R. FREY AND P. HOWE,
USA BALLISTIC RESEARCH LABORATORIES

Mader’s objection to a grain burning mechanism is that the process can not be fast enough to release
significant energy in the few microseconds available during shock initiation. In considering the reaction rate

which may be achieved in a grair burning reaction one must consider the rate per unit surface area and the total
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ignited surface area per unit volume of explosive. In the examples Mader cites, hot spots are formed as the result

' of void collaps: by hydrodynamic processes. The resulting hot spots have a size and shape similar to the original
void. In this case the surface arca available for grain burning is small, and significant heat release by a grain burn-

, ing mechanism is unlikely. However, the total ignited area available for grain burning may be much greater if hot
spots arise from frictional processes associated with void collapse. Friction could occur as a result of grains sliding
past one another or as a result of grains cracking and sliding along the cracked surface. The former would be 1
more likely in low percent theoretical maximum density materials, such as our TNT, the latter in high percent

i theoretical maximum density materials. In either case the surface to volume ratio of the heated and ignited area }
would be very great. At the high strain rates which exist under shock loading, we feel that such processes are more f
likely than viscous and/or plastic flow. In fact, it is commonly recognized that many materiais, including most
explosives, fracture extensively under shock loading. (Incidentially, we certainly agree with Mader that adiabatic !
compression of gas in voids cannot be responsible for shock initiation.)

For our TNT samples, the intergranular surface area was of the order of 2 X 103 ¢cm?2/gr. It is not unrea- ’
sonable to take this as the ignited arca. Burning rates for explosives are not known above a pressure of about 1
GPa. However, burning rates for many explosives seem to vary in an approximately linear fashion with pressure

up to the maximum pressures which have been employed. By extrapolating data reported by Wachtel (1), we ]
infer that a burning rate of 120 ¢cm/sec is not unreasonable for TNT at 2 GPa. Combining this burning rate with J
the surface area of our samples, we conclude thet about 37% of our explosive at 1.55 gr/em3 could react in one 1

microsecond. This is clearly sufficient to cause shock acceleration.

In this regard, it is interesting to consider the reaction rates reported by Mader and Forest in LA-6259 (2)
and employed in the calculations reported by Mader in this Symposium. The calculations are a very impressive
demonstration of hydrocode techniques., The rates were obtained by an analysis of *“Pop plots” and partially
reactive Hugoniot relations with an additional assumption. The derived reaction rate for PBX 9404 varies
approximately as P?, where P is pressure and n is between 2.6 and 2.8. If this is translated into a temperature
dependence using the temperatures calculated in LA-6259, an extremely weak dependence on temperature is
observed. This is consistent with our observations. This weak temperature dependence, as well as the surface
area and porosity dependencies discussed in our paper, are consistent with a grain burning model and are incon-
sistent with homogenzous kinetics.

Hydrodynaimics is obviously very important in the initiation of detonation. However, hydrodynamics is
closely coupled with kinetics, and to say that one must be completely understood before considering the other
scems unrealistic. In some cases, consideration of the kinetics may lead one to an imiproved understanding of the ]
hydrodynamic processes which are involved. We believe that the evidence presented in our paper and in our |
other comment in this session can be explained more easily in terms of grain burning than in terms of homogene-
ous Kinetics. If this is so, hydrodynamic descriptions of void collapse must be altered to include fracture or some
other process which increases the surface to volume ratio of the hot spot.
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6. COMMENTS BY C. FAUQUIGNON, FRANCO-GERMAN RESEARCH
INSTITUTE OF SAINT LOUIS

J I would like to point out that we made no attempt to explain the so-called p2t criterion because our experi-
ments have shown that it can only apply in a limited range of pressure and only in the case of heterogeneous
explosives.

Concerning the thermal explosion model, it has been found that it fits correctly the experiment when
applied to homogeneous explosives and it supports the decrease of the energy threshold when pressure increases.

1 agree that one might suspect the p2t applicable to heterogeneous explosives; the earlier the energy is
released the better it fits. I think that the fact that the (T’ - T,)/T, function (see Fig. 12 of our paper) tends to
zero, is in favor of this applicability; but the higher the pressure the more prrticles which will be initiated early,
therefore, the more homogeneous the behavior,

COMMENTS ON “INITIATION OF SEVERAL CONDENSED EXPLOSIVES BY A GIVEN DURATION SHOCK
WAVE,” Y. de LONGUEVILLE, C. FAUQUIGNON, AND H. MOULARD BY JJHN B. RAMSAY,
LOS ALAMOS SCIENTIFIC LABORATORY, LOS ALAMOS, NM, USA

One facet of the initiation of heterogeneous explosives by short-duration shock waves which needs more
discussion is the interaction of the rarefaction wave with the shocked zone and the leading shock. The approach
presented by de Longueville, Fauquignon, and Moulard considers this problem and provides an excellent starting
point for the problem. I would like to present a brief and clementary consideration based on an extremely
simplified model (Note: after the session C. Fauquignon commented that he has published a paper using the
same simplified model but with a somewhat different emphasis). (1)

In the model used it is assumed that a shock wave enters the explosive and travels to the point (X*, t¥)
where it transforms to a detonation wave. This point is a function of the initial shock pressure and is experi-
me. uily determined using shock waves of long duration. The experimental data can be represented by either of
two &::ua<jons:

PAX*=d,or

Pdi* =,

where P is the initial pressure, X* and t* are the distance and time to detonation and 3, ¢, a, and V¥ are adjust-
able parameters determined from the experimentai data. It will be assumed that a detonation occurs if the rare-
faction wave does not catch the shock front before the transformation occurs and that it will fail to transform if
the rarefaction wave catches the front before (X*, t*). The time in the case where the rarefaction enters the back
surface and just catches the shock front at (X*, t*) is defined as 7 and is given implicitly by

t*

t* T
X* = f Uy(t)dt = f updt + (c + u)dt, i
0 0

T

where Uy is the shock velocity us a function time, up, is the piston velocity which is considered constant over the
time of interest, and (c + u) is the sum of the local sound and particle velocities at the head of the rarefaction
wave.
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This equation canuot be solved explicitly for 7 because we do not have a complete understanding of the
wave structure. By making extiemely simplifying assumptions, it is possible to obtain solutions which provide
some insight into the behavior of 7 with P.

Consider a wave in which the state behind the shock wave is constant and the wave velocity remains
constant. Then 7 is given explicitly as
C + U= Us
T=t* ( ) .
c

Assuming the material follows a Walsh equation of state (the adiabat is 2 reflection of the Hugoniot) then

¢ =V/V.(@+ 2bu),

where a and b are the coefficients of the linear relationship between shock and particle velocities. Since only the
lead characteristic is considered, V/V, is determined from the chock relationship and

bu
= ¥ I
7=t <a+2bu>'

Now multiplying by P" and substituting for t* we get

bu
N, = pR-oy .
pir=Fp (a + 2bu>

A comparison of this relationship with the experimental data for PBX-9404 is shown in Fig. 1. Also shown is the
relationship

P27 = 5.5 X 104 (Mbar? usec)

0.300 ] T | T ] I
0.100 —
. 0.050 -
e
S 0030 .
=
5 ooo— Gittings ]
Fig. 1. Critical pulse duration vs. A 9 Walsh EOS
pressure calculated for PBX-9404 @ 0005 + Trott and Jung - |
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as reported by Taylor (2). Variation in the parameters of the Uy - Up rela't.ion do not appear to #ffect the shape
or position appreciably, while & and ¥ have a stronger effect. Using a Gruneisen equation of state for the material
and a more complex model as proposed by Kennedy (3) does not make significant changes in the coniparison of
the experimental data and the models.

However, in trying to make this comparison 1 became acutely aware that the proper data for modeling
“thin shock wave” initiation does not exist. Most of the previously available data were obtained on this pellels
with excess transit time as a function of initial pressure. What are needed are shock histories before and after the
rarefaction has caught the front and data indicating whether longer runs will still lead to detonation.
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DISCUSSION ON NITROMETHANE DECOMPOSITION KINETICS

(SESSION I)

1. COMMENTS BY R. F. CHAIKEN, BUREAU OF MINES

There is a seriou ;roblem in attempting to match model reaction rate calculations, or results inferred from
such calculations, to detonation data (such as induction times) obtained from actual experiments. The problem
lies with our ability to predict (or measure) reaction temperature, and the fact that reaction rates can be extremely
sensitive to temperature. This is easily recognized when the rate of reaction, S, is expressed by some Arrhenius
type function, ¢.g.,

moles

cm 3 -S€C

§ v AcLART

By differentiation with respect to temperature, T we obtain the following error relationship:

Eﬂ
(63/8) == (T/T),

where 85 and §T are the errors in the respective parameters.

For detonation reaction mechanisms involving bond scission as a rate controlling step (e.g. the C-N bond in
nitromethane), E, ~ 50 kcal/mole. At a reaction temperature of ~ 1500°K, E,/RT isabout 17. Thus,a 10%
error in temperature will lead to a 170% error in S. Under these circumstances, the significance of the agreement
(or lack of agreement) between computed and measured reaction rates, or those parameters inferred from reaction
rates, may be questionable.

On the other hand, one might effectively utilize the temperature sensitivity of S in the other direction, i.e.,
to determine temperature accurately from experimental Arrhenius rate constants. The problem here is that
reliable experimental kinetic constants are generally unavailable for the high pressure and temperature conditions
encountered in detonation. Extrapolation of low pressure and low temperature data could be misleading due to
changes in the rate controlling step or even the possible effects of pressure on reaction rate. This latter point is
referred to in the paper by D. J. Pastine, M. J. Kamlet and S. J. Jacobs (this conference).

In this same connection, | would like to refer to the work that I carried out a number of years ago on the
shock initiation of nitromethane (NM) (1,2). Utiliziag activated complex theory (3), the rate constant for NM
decomposition can be expressed as

K = kT e_Ap+/RT - _l_(I e-(AE++PAV+-TAS+)/RT
T

h h
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where AF? is the standard free energy of formation of the activated complex (see references for further definition
of teris). Comparing this to the more frequently used Arrhenius rate constant, i.e.,

Kr = A—EH/RT ,
we have
A= -ﬂ eAS+/R
h *
and

E, = AE' + PAV?

The quantity eASTIR , which is sometimes referred to as the steric factor, is usually of the order of unity for
small molecules. For bond scission (e.g., the C-N bond), AV corresponds to ~ 10% extension of the bond (or
approx. +2.8 cm3/mole for NM). At 1 atm, where most isothermal decomposition kinetic studies have been
carried out, PAV? is negligible compared to AE*. However, at 105 atm, the PAV* term can account for ~ 20
fold decrease in the nitromethane reaction rate. It is interesting to note that for an equation of state which results
in shock conditions where P/T = coustant, the PAV+ term will not lead to an effective increase in E, but rather an
effective decrease in the Arrhenius preexponential factor, A.

It should be further noted that biomolecular decomposition reactions would be expected to have Avt <o,
which will lead to a high pressure enhancement of the reaction rate. Whether or not this is significant in the sensi-
tization of NM by amine catalyst can be speculated upon. It is known that a tautomeric aci-form of NM can
exist, ie.,

CH; - NO3 = CHy = NO - OH,
and a strong organic base such as an amine would tend to stabilize the aci-form. If the rate controlling step of the
catalyzed NM decomposition in detonation is the formation of the aci-form, the reaction could be bimolecular
with respect to the concentration of amine and NM, and the AV for the formation of the activated complex
would in this case probably be negative.

REFERENCES

1. Chaiken, R. F., “The Kinetic Theory of Detonation of High Explosives,” MS Thesis, Polytechnic Institute
of Brooklyn, Brooklyn, N.Y. (June 1958).

2. Chaiken, R. F., “A Kinetic Approach to Detonation of Homogeneous High Explosives,” Eighth Symposium
(International) on Combustion, Williams and Wilkins Co., Baltimore (1962), pp. 759-767.

3. Glasstone, S., H. Eyring and L. J. Laidler, “The Theory of Rate Processes,” McGraw-Hill Book Co., N.Y.
(1941).

2. COMMENTS BY L. C. SMITH, LOS ALAMOS SCIENTIFIC LABORATORY

Kamlet has suggested that the decomposition of nitromethane (NM) behind a shock wave proceeds through
the aci form implies, among other things, that the isomerization reaction is rapid on a microsecond timne scale.
That seems unlikely to me, since it is generally agreed that the jsomerization involves a two-step, base-catalyzed
proton transfer:

96

k-




FERRS

¢

k ky
CHNO, + B —> CH,NOj + BH' > CH, =NO,H +B.
k| k.y

Indeed, Maron and La Mer (1) found that even under favorable conditions (aqueous solution, strong bases), k;,
the rate-detsrmining step, is only 200 to 300 £/mole-min. In “pure” NM B is another NM molecule. Presumably
the reaction is subject to the Brgnsted general catalysis law, and since NM is an extremely weak base, the reaction
as written would, I believe, be much too slow in spite of the favorable effects of the high temperature and pressure
behind the shock wave (22).

In partial support of Kamlet’s thesis we may note that Eyster, Smith, and Walton (3) did find a weak cor-
relation between the gap seasitivities of NM solutions of various amines and the base constants of the amines
determined in water (values deterimined in NM were unavailable). This could imply that the shock sensitivity of
NM depends in part on either the concentration of the CH;NO3 ion or, as Kamlet suggests, the rate of formation
of the aci form.

REFERENCES
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2. E.L.Lee, R. H. Sanborn, and H. D. Stromberg, Proc Fifth Symp (Int') on Det’n, p 331.
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3. COMMENTS BY R. FREY AND P, HOWE, USA BALLISTIC RESEARCH LABORATORIES

Kamlet has suggested (on several occasions) that the dependence of the time to detonation upon inclusion
surface area in the nitromethane experirnentc is a result of a wall catalyzed conversion of the nitroriethane to the
aci form. Kamlet’s suggested mechanism is qualitatively consistent with the data. However, we are unable to use
the wall catalyzed isomerization reaction to explain the quantitative differences in efficiency demonstrated by the
glass, copper, and aluminum oxide inclusions. In another paper (1) we had developed an equation of the form:

st =pe2E
where

t is the time to detonation;

s is the inclusion suzface area per unit volume of mixture;
E is the internal energy density behind the reflected shock;
a, b are constants;

which we used to reduce the data for all the nitromethane experiments onto a single curve, as shown in Figure 7
of our paper, this Symposium. The physical propertics of this inclusion material we assumed to be manifested
through E, the internal energy density, behind the reflected shock. The magnitude of E, of course, depends very
strongly upon the sheck impedance of the inclusions. Relevant values are shown below (2).
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Material Density pC

Cu 8.93 35.18 .
glass 2.5 11.17 |
Al,03 397 3142

The copper and aluminum oxide have very similar shock impedances and lead to very similar values of E.
These data are therefore already scaled with respect to each other (see Figure 6) and the copper data were not !
replotted in Figure 7. The fact that we are able to scale all the data by considering shock impedance effects is, }
we believe, a strong argument in favor of the mechanism we proposed, The fact that the particle size effects -
obscrved here were also observed in the TNT studies lends additional support to this mechanism.
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4. COMMENTS BY R. SHAW, CONSULTANT A
The activation energy for reaction Eq. (1) in the homogeneous gas phase :

CH3NO, -+ CH, + NO, ()

O’Neal (2), and measured to be 58.5 kcal/mol by Glanzer and Troe (3). The activation energy for the shock ]
initiation of liquid nitromethane from 60 to 105 kbar measurec. by various workers and plotted on a single graph

by Walker and Wasley (4) has an activation energy of 13.5 kcal/mol (5) using shock temperatures calculated (4)
assuming C,, (nitromethane) = Cp (nitromethane). 1f a C, (T) equation of state is used (6) the activation energy

1 has been calculated to be 59.8 kcal/mul by Seely, Tegg, Shaw, and Berks (1), 59.0 kcal/mol by Benson and
!
{ becomes 21.6 kcal/mol which is still in very poor agreement with the gas phase value.

Chaiken (7) has drawn attention to the effect of pressure on the activation energy predicted by transition j
state theory. The activation cnergy for reaction (1) at high pressures is equal to o: greater than that in the first 4
order region of the ideal gas state unless the volume of activation is negative. Reaction (1) is very unlikely to ‘

have a negative volume of activation because the volume of transition state is probably between that of the initial
and final states. ‘

It has been observed that nitromethane is made more sensitive to shock initiation by the addition of some
acids and bases (8). For bases, the sensitizing effect is approximately linear with the pKa of the base (see Figure
1). The most likely explanation of this effect is that nitromethane undergoes an acid-or base-catalysed
decomposition (9). Nitromethane is itsclf a weak acid (10). Therefore it is reasonable to expect nitromethane to K
undergo autocatalytic decomposition by an ionic mechanism. For example I have estimated that reaction Eq. (2) ‘

is 36.9 kcal/mol exothermic.
HO\ .
/N =CH, + CH3NO, » HON = CHCH,NO, + H,0 ) ) ;
(0]
acid form
nitromethane
68
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Snme results on transient detonation phenomena in the two isomers, 1,1-dinitropropane (1,1-DNP) and

; 2,2-dinitropropane (2,2-DNP) at 60°C are relevant. The physical properties of the two liquids and their Arrhenius
parameters for decomposition in the gas phase are very similar (see Table 1). However, 1,1-DNP has a smaller
p failure diameter, lower pressure for shock initiation, and slower failure wave velocity than 2 2-DNP. These

differences in transient detonation phenomena indicate that under shock initiation or reinitiation during detona-
tion failure 1,1-DNP decomposes significantly faster than 2,2-DNP. 1,1-DNP has an alpha hydrogen atom and so
can decompose in the liquid phase by an ionic intermediate [RC(NO,),]~. 2,2-DNP has no alpha hydrogen atom -
and can not decompose via the same ionic intermediate. ’H

I conclude that the chemical mechanical mechanism of decomposition of pure nitromethane during shock
initiation contains an ionic component in addition to the free radical component. ’
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Fig. 1. The sensitizing effect of various based on the card gap value of nitromethane (8). (The gap determined by

this test is the thickness of cellulose acetate by which the test sample, contained in 1-inch diameter schedule 40 :
aluminum pipe, must be separated from a 50 gram tetryl booster to reduce probability of detonation of the

sample to 50%) (8). The circles represent bases whose pKa's have been measured (11). The squares represent : :
bases whose pXa's have been estimated (9). The key is: 1. Diphenylamine, 2. Aniline, 3, Butylamine, ' '
4. Dibutylamine, 5. Pyridine, 6. Triethylamine, 7. Furfurylamine, 8, Triethylenetetramine, 9. Diethylaminetriamine, :
10. Ethylenediamine, 11. 2-Dimenthylamino-2-methyl-1-propanol, 12. 2-Amino-2-methyl-1-propanol,
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TABLE 1

Physical, Thermochemical, Kinetic, and Transient Detonation Properties

of 1,1-Dinitropropane and 2,2-Dinitropropanz1213

Chemical Name 1,1-Dinitropropane 2,2-Dinitropropane
Chemical structure HC(NO,),CH;CH;3 CH;C(NO,),CH,
Molecular weight 134.1 134.1
Specific volume/(cc/g) 0.833 0.819
at 60°C

Sound speed/(km/s) 1.33 1.24
at 60°C

Heat of formation/(kaci/mol) =399 -42.3
of liquid (nominally 25°C)

Arrhenius A factor/(s—1) 17.5 17.5
for C-N fission (gas phase)

Activation energy/(kcal/mol) 49 49
for C-N fission (gas phase)

Arrhenius A factor/(s™!) 11.5 11.5
for HONO elimination (gas phase)

Activation energy/(kcal/mol) 43 39
for HONO elimination (gas phasc)

Lead block failure 7 27
diameter/(inm) at 60°C

Peak initial shock pressure/(kbar) 93 116
for initiation in 1 usec

Failure wave velocity/(km/s) 2.966 5.022
at 60°C
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COMMENT ON CHAIKEN’S CONTRIBUTION BY ROBERT SHAW

Suppose that there is a single rate-determining step in the decomposition of nitromethane under static high
pressure (1). Chaiken’s remarks and the observed (1) increase in rate of decomposition with increase in pressure
at constant temperature strongly suggest that the rate-determining step is second order in nitromethane.
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5. COMMENTS BY J. E. KENNEDY AND J. W. NUNZIATO, SANDIA LABORATORIES

Our paper made the point that the nitromethane (NM) detonation profile (which determines the critical
particle acceleration behind the shock front) cannot be described by the simple Arrhenius kinetics which appear
to be appropriate for shock initiation of NM. We should emphasize that this conclusion is based on the assump-
tion that the particle velocity profile is concave upward in the reaction zone, i.e., that there is no “plateau”
immediately behind the shock front.

The cheinical reaction mechanism is undoubtedly quite complex, probably involving a free-radical chzin
reaction as described in Shaw’s comments above, and highly reactive intermediates such as the aci- form of nitro-
methane. We wanted to choose reaction kinetics with minimum complexity beyond the single-step Arrhenius
model, and which would be compatible with the above mechanisms. Our choice of two parallel first-order reac-
tions from NM to products seems to fit these requirements, It is simpler than any scheme involving reactions in
series.

To be more specific about the chemistry, the high-activation-energy step in our calculations is Shaw’s
reaction (1) in his comments above. If we accept Kamlet’s suggestion that aci-NM is formed in the shocked NM
and the aci-NM quickly decomposes to products, our second parallel reaction could then be taken as

normal NM -+ aci-NM (low activation energy).

This pair of reactions is consistent with our mathematics.
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On the other hand, let us consider Smith’s argument above that any aci-NM reacting within a few micro-
seconds in the shocked NM must have beer present before shock loading, in a small concentration relative to that
of the normal NM. Shaw’s reaction (2) might then be taken as the low-activation-energy step, and thus the con-
trolling initial reaction in shock initiation. This appeals to us because of the partial heat relvase (about half) in
reaction (2), for the following reason. The shape of the deceleration profiles measured in Hardesty’s NM initia-
tion experiments suggested to us that a reaction liberating a significant fraction of the energy might be going
essentially to completion soon after thermal ignition, with tetal reaction completion controlled by reaction (1)
occurring at a later time. However, since depletion of the aci-NM would occur earlier than depletion of normal
NM, we should point out that these kinetics would differ somewhat from the parallel reaction scheme we adopted.

The additional point made by Kamlet (paper by Pastine et al. in these proceedings) and Chaiken (above)
concerning the volume of activation, and hence a pressure-dependent activation energy, is well-taken and further
complicates the matter. However, since this effect tends to reduce the reaction rate as the shock pressure is
increased, it cannot by itself reconcile our finding that detonation kinetics must be faster than the simple
Arrhenius kinetics which describe shock initiation observations.
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INITIATION OF SEVERAL CONDENSED EXPLOSIVES BY A
GIVEN DURATION SHOCK WAVE* -

Y. de Longueville,t C. Fauquignon, H. Moulard
French-German Research Institute of Saint-Louis
68300—Saint Lonis—France

threshold " concept.

The response of granular, pressed, cust, and liquid explosives to shock waves of
given intensity and duration has been experimentally investigated by use of flyer
plates. The sensitivity is quantitatively given by a “critical”’ curve in the pressure-
time plane. The kinetic energy transferred to the explosive is calculated for each
point of this curve; this permits examination of the validity of the “energy-

A possible interpretation of the critical shock duration as related to the reaction
kinetics of the explusive is given. The application of this model to heterogeneous
explosives leads to an “‘efficient temperature” essentially higher than that which the
equation of state gives for the same shock pressure.

1. INTRODUCTION

The sensitivity of an explosive under shock load is
usually investigated either by the gap test or by the
impact of a flyer plate, tiie velocity and thickness of
which determine shock pressure and duration, respec-
tively. It has already been pointed out (1) that this
second method can determine the sensitivity of two
quantities: the sensitivity is described by the curve
separating the detonation from the nondetonation
region. It has been proposed (2) to characterize the
sensitivity by the minimum amount of mechanical
energy transferred from the projectile into the explo-
sive. We will show how this concept of energy holds
for different homogeneous and heterogeneous explo-
sive compositions we have studied. Finally, we pro-
pose an interpretation of the critical shock duration
as the minimum time required for the exothermic
chemical reactions to lead to an immediate or delayed
transition to detonation. The application of this
crude model to heterogeneous explosives needs the

*Work performed under contract of the Societé Nationale
des Poudres et Explosifa, Paris, France.

tPresent address: Centrs de Rechetche du Bauchet—S.N.P.E.,
91719-Vertde-Petit, France.
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use of a temperature, which has been called “‘efficient
temperature,” higher than that given by the equation
of state at the same shock pressure.

2. EXPERIMENTAL METHOD

The response (detonation or not) of a cylindrical
explosive is investigated under the action of a plane
shock wave with a rectangular pressure profile charac-
terized by its pressure p and time duration t produced
by the impact of a metal plate on the front plane.

2.1. Choice of the Impacting Plate

The shock intensity p is dependent on the impact
velocity and the Hugoniots of plate and explosive ma-
terial. t is the time needed for the shock to be re-
flected from one face to the other in the flyer plate.

Figure 1 shows the space-time diagram associated
with the pressure-velocity curves of both materials as
well as the derived pressure-time profile at the en-
trance side of the explosive. The plate material must
satisfy the following conditions:




LXPLOSIVE RECEPTOR
FLYER PLATE

b pressure
AL ALLOY
RECEPTOR
Py
FLYER PLATE
(Al Alloy)
P2 .
particle
4‘\vF ) Vy — T velocity
P3 u
0prcssurc
P
p
Z = gu time
P3

Fig. 1. Principle of generation of rectangular pressure pulses.

® High sound velocity in order to obtain very
short shock durations (t).

® Weak Hugoniot slopes so that pressures p,,
P3. - . . are negligible with respect to p; .

® Sound velocity, which is only a little dependeut
on pressure in order to obtain a rarefaction fan
as narrow as possible.

For the present investigations, ST-aluminum was
chosen because it meets the above conditions.
2.2. Experimental Setup

On the basis of their physical properties, the ex-
plosives under study can be classed into three groups

with increasing sensitivities:

a. Liquid explosives (melted TNT and nitro-
methane)

b. Cast or pressed explosives (Comp B, plastic-
bonded RDX and HMX)

c. Granular explosives (RDX).

Flyer plates are accelerated by a plane explosive layer
detonating along the plate (3).

Figure 2 illustrates the experimental setup for
rather insensitive explosives [groups (a) and (b)]. It
should be recalled here that the plate after the deflec-
tion by an angle ¢ is in an expanded state, is plane,
and travels at a velocity v, the normal component vy,
given by:

vN = Dsin ¢

and given by the Richter formula

_l.. = b + c p ¢ ’
¢ Pex * €
where D = detonation velocity,
b, c = parameters of the explosive,
Pm»Pex = density of metal and explosive, respec-
tively,
¢, € = thickness of metal and explosive.

The velocity, which the generator of Fig. 2 is able to
cover, has a lower limit at about 600 m/s, due to the
fact that the plate tends to spall when the explosive
layer is too thin. The upper limit is given by the
energy efficiency of the system, which decreases for
¢ > 20° and corresponds to a velocity of about 2500
m/s.

For sensitive explosives (like granular RDX), im-
pact velocities lower than 600 m/s are needed. To
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Hg. 2. Experimental {one stage) setup.

L1 = Linear initiation
TRX = Probe for triggering, with delay, the x-ray
flash
PM = Photomultipiier for control of the instant of
the x-ray flash.

obtain these, the experimental arrangement of Fig, 3
was used.

The explosively accelerated plate is made of s high
impedance (brass) metal impacting a barrier of the
same material. The rear side of this barrier is covered
with a ST-aluminum plate. Because of the impedance
mismatch, the aluminum plate separates from the bar-
rier and, after a sufficient path of flight, impinges on
the explosive. Figure 4 shows that the impact veloc-
ity of the duraluminum can be reduced from 600 m/s
to 425 m/s because the high-density brass can be ex-
plosively accelerated to velocities as low as 300 m/s
without risking spallation. The usefulness of this
method is limited at low impact velocities by the con-
straints imposed by the thicknesses of the barrier,
brass, and ST-aluminum plates. Moreover, the angle
¢ must be determined with high accuracy in order to
obtain acceptable conditions of flight for the alu-
minum plate.

The measurements and checks performed are
based on a flash radiograph taken a few microseconds
prior to impact (Fig. 2). This x-ray flash record al-
lows us to:

® verify the flatness of the flying plate,

@ check the accuracy of the assumed projection
angle ¢ (simultaneity of impact),
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Fig. 3. Two-stage setup for the study of granular
explosive.

'FP = Flyer plate

TP = Momentum transfer plate.

? BRASS AL.ALLOY

EXPLOSIVE UNDER
TEST

£
“\CAl.Alloy

\ .

,\\\'\ —
(a) &VL vy u
brass

Fig. 4. Principle of the two-stage setup.

Z = Zone of pressures to be explored
{a) and (b} = minimum velocities reached by one
stage setup, respectively, with brass and
Al-alloy flyer plates.

® derive from the preceding observation the
exact value of impact velocity Vyy using the for-
mula VN =D sin ¢,

@ caiculate the time of flight remaining, knowing
Vy and the actual position at the time of the
flash x-ray picture, and
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® discriminate between initiation and failure. The
latter is possible since the transit time necessary
for the wave to run through the cartridge is
known,

To this end, the time interval between the instant
when the radiograph is taken and when the wave exits
from the cartridge end is measured.

Depending on the length of the cartridge, the tran-
sit times vary at 4 ratio of 1 to 2, whether initiation
takes place or not.

As far as the accuracy of the shock generator is
concerned, densitometric measurements performed
on the flash x-ray records show that the flatness error
does not exceed 0.3 mm in a rectangular area of 90 X
60 mm. Besides, the error in the evaluation of angle
¢ remains below 2%, which is negligible. Thus, im-
pact velocity Vy is known to less than 3% error. This
is compatible with the accuracy with which the Hugo-
niots of non-reacting explosives are evaluated.

2.3. Diagnostics of Homogeneous Liquid Explosives

We see from a streak camera record (slit along a
diameter of the setup) that:

® initiation originates from the plane part of the
induced shock and not from the walls, and

® induction time could be measured for nitro-
methane and corresponds approximately to the
critical shock duration for a given prassure.

3. RESULTS
3.1. Explosives Tested—Presentation of the Results

The experimental method described above has
been applied to the following compositions:

® granular explosive = RDX at a density of 1.55
g/cm3 with two grain sizes (40/80 u and 200/
400 ),

® cast explosives = Comp. B3 and RDX/poly-
butadiene (86% RDX),

® pressed explosive = HMX/nylon (89.5% HMX),

® liquid explcsive = TNT at 81°C and nitro-
methane.

The results are stated as follows: Velocity of
impact-thickness of plate diagram (characteristic of
the shock generator) or shock pressure-shock dura-
tion diagram (characteristic of the receptor explo-
sive). As far as the latter is concerned, the Hugoniot
of the receptor must be known. Although the possi-
ble reaction of the medium limits the reliability of
the experimental results achieved, the various sensi-
tivity curves are, nevertheless, plotted in a pressure-
duration diagram, because this property is character-
istic to the explosive, It allows us to define the
Kinetic energy transferred into the explosive by the
plate during the impact process. Linear relationships
between the velocity of the wave and that of the ma-
terial are adopted and shown in the following table.
These relations have been taken from published
papers or established by computation according to
A. K. Hopkins' method (4).

U=c+su(mm/fus) Origin 57::1?)
Granular RDX U=11+424u Ref. 5 and computed 1.54
Composition B3 U=271+1.86u Ref. 6 1.73
RDX-polybutadiene U=23+18u Computed 1.60
HMX-nylon U=24+24u Computed 271
TNT (molten) U=214+157u Ref. 7 1.47
Nitromethane U=154+1.68u Ref. 15 1.12
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Each rectanguiar pressure profile corresponding to
the impact of a thin plate can be associated to a value
of the kinetic energy transferred into the explosive.
Computation of this value is derived from the dia-
grams shown in Fig. 1. If the residual pressures (too
low for initiation of the explosive) are neglected, the
loss in kinetic energy of the plate during time interval
t can be written as follows:

i
Ae =5ppy * eS(vp? -VFZ),

where o, is the density of the plate, e = thickness of
the plate, S = entrance area of the shock in the explo-
sive, and vy, vj: = impact and residual velocities of
the plate. Since

and

VN+VF;=2u1 VN~VF=2Ud,

the loss in the kinetic energy per surface unit becomes

Ae

S 2 ppl euy uy.

As the shock duration is written in the form 2e =
t; * U, where U is the velocity of the shock in the
plate at pressure p;, we have

Ae
'§" = (ppl U ud)ultl .

Writing Pp1 U uy = py, representing the pressure
value, we get

Ae _
—g"—p] Uy tl'

And, u; being a function of py, a value of the kinetic
energy transferred per surface unit of the plate into
the explosive, is simply associated with each pair
(py.t1). Since the value Ae/S is established, the
foregoing relation defines in the (p,t) diagram an iso-
energetic curve. Thus it is possible to relate and com-
pare the experimental results to a network of iso-
energetic curves.

trates the increasing homogeneity of the composi-
tions used.

(a) Granular Explosive: pressed RDX (p =1.55
g/cm3)

For this sensitive explosive, critical impact veloci-
ties are of the order of 400 m/s, and the mode of op-
eration described in Sec. 2 is applied. Furthermore,
due to the compression necessary to reach the density
of 1.55 g/cm3, the critical grain-size distribution is
changed. The grain-size ranges 200/400 um and 100/
200 um are obtained by seeving and show, after com-
pression, two maxima corresponding to an asyni-
metric rupture of the grains. The grain-size range
40/80 is obtained by pulverizing and undergoes only
a reduction of its mean grain size. The distribution
curves plotted after compression are obviously the
only representative ones for the RDX investigated.

The sensitivity of the ranges 40/80 um and 200/
400 um is shown in Fig. 5. We observe essentially an
inversion of the sensitivity as a function of the shock
duration. None of the curves confirm the criterion of
a constant energy threshold. It is seen, however, that
the two curves pass through an identical maximum
energy value (18 kbar and 750 ns). The energy trans-
ferred per surface ynit is then 68 J/cm2,

(b) Explosives with Binder

In this class of explosives. we have to mention the
composition B3 and the two inert binder composi-
tions that are, therefore, more homogeneous than
RDX.

® For Comp B3 the criterion of the energy thresh-
old holds remarkably well. Over the whole
range of shock duration, the threshold curve lies
between 125 and 148 J/cm2. The curve corre-
sponding to an ignition energy of 140 J/em?
divides the two regions of ignition and non-
ignition (see Fig. 6).

® RDX-polybutadiene shows a quite different be-
havior. For shock durations ranging from 600
to 2100 ng, it is initiated by a constant mini-

3.2. Results mum energy supply of 325 J/cmZ. It appears to :
be more sensitive for short shocks. For a dura- §
The explosives investigated are granular, homo- tion of 160 ns, a shock of 85 kbar (i.e., approxi- %
geneous, or contained binder. The representation mately 175 J/cm?2) sufficies to provoke initia- i
given below considers this classification and illus- tion (see Fig. 7). ;
1
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Fig. 5. Sensitivity of granular RDX. J
+ detonation ® no detonation
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® The H!.WX-nylon composition has a sensitivity, Fig. 7. Sensitivity of RDX-polybutadiene.
which is analogous to that of the composition
B3. The energy threshold of initiation, which is + detonation ® no detonation
constant and equal to 150 J/cm? for shock
duration between 160 and 1200 ns, increases ;
thereafter, and exceeds 180 J/cm? if the in- {
duced wave has a duration of 2100 ns (see
Fig. 8). corresponding to a shock duration varying from 300 ;
to 1700 ns. The streak camera was used (Sec. 2) to
(c) Homogeneous Explosives observe the points located in the vicinity of the sensi-
tivity curve in order to ascertain that the detonation .
Nitromethane and liquid TNT (T, = 354°K) were achieved was actually due to the plane part of the i
investigated over a relatively limited pressure range wave. :
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Fig, 8. Sensitivity of HMX-nylon.

+ detonation ® 1o detonation

The energy threshold for both explosives varies
along the sensitivity curve (Fig. 9).

3.3. Validity of the Concept of the Energy Threshold

Except for granular RDX and liquid explosives, all
of the other compositions show a certain pressure
range in which the sensitivity curve coincides with an
iso-transfer curve.

Figure 10 illustrates the energy threshold as a
function of shock pressure.

Except for the composition B3, the energy re-
quired for initiation is seen to be lower for intense
shocks.

It is presently impossible to answer the question of
whether the phenomena observed are of a physical
nature or can be related to an erroneous extrapola-
tion of the Hugoniot data determined at lower pres-
sures.

4, INTERPRETATION BY USE GF REACTION
KINETICS

It has just been shown that the sensitivity can be
interpreted as the minimum energy to be transferred
to the explosive. This energy is, in general, a function
of the shock pressure.

ﬂl P ikb)
125 \,\\. 3 TNT (liquid)
\&. >~
~ - T,
100 4 ; -~ equation 1
\ N \'T,‘k
. N ~
75 | N ~
500 J/em? 509 1500 J/am?
50 |
2 TNT (solid)
L 142 J/em? 3% _
<l -~
0 i
0.5 1.0 1.5 2.0
t{ius]
dp k)
N+
N
ool 1\
754 _
N ~
\‘ \ AN 2000
\ 1500 .J/cm?
(K 500 J/cm? 1000 J/cm?
0 0.5 1.0 1.5 t(ps]

Fig. 9. Sensitivity of liquid and solid TNT (a), and
nitromethane (b),

+ detonation ® no detonation

Another viewpoint related to an assumed role of
the critical shock duration is now presented. It is
supported by the following assumptions:

® Chemical reactions are initjated at the shock
front, and the corresponding critical shock dura-
tion is the shortest time needed to establish a
self-sustaining process: the reactions can >
longer be quenched by cooling due to release
waves arriving from the rear face,

® More precisely, it is assumed that a sufficient
number of particles are initiated so that a subse-
quent transition to detonation is only governed
by the energy they release.
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Fig. 10, Energy threshold vs shock pressure.

B = HMX-nylon

C =RDX-TNT (60/40)
D = RDX-polybutadiene
E =PBX 9404

® This .undition is always fulfilled by homoge-
neous explosives (8); it may be a reasonable ap-
proximation for heterogeneous high explosives
that are heated by a volume process rather than
at a surface as occurs for granular explosives,
which will not be considered for this reason.

® A comparison at a given initiation pressure be-
tween build-up times both experimental (9) and
computed (19,11) and the critical shock dura-
tion would give interesting information on the
possibility of quenching reactions before grain
burning or any energ’ transfer procsss has oc-
curred.

® The initiated particles are assumed to behave
according to the thermal explosion model which
is used for the first time with the critical shock
duration assumed to be the build-up time (5,8).

Main Features of tlie Thermal Explosion Model
Based upon the Armrhénius Law (12)

(a) The shock of pressuré p heats the explosive at
a temperature T,.
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(b) The instantaneous temperature is equal to
T, + AT where AT corresponds to the self heating by
the chemical reactions.

(c) The numerical application of the Arrhénius
law shows that a significant fraction of the explosive
has reacted only during the very late stage of the total
process.

Correspondingly,, without knowing the minimum
reaction rate for a self-sustaining regime a negligible
error occurs when we assume that the critical shock
duration 7 is equal to the induction time t, which cor-
responds to a complete reaction.

Let us write

7=t =0t TE (T T exp (T/T) (1)

where

v = collision frequency,

Eﬂ
T, "R E, = activation energy,
Tq= E:Q .. . C, = specific heat, assumed constant.
v

Equation (1) expresses the sensitivity (p,7) of an
explosive as a function of its chemical composition
(E,, », Q) and of properties (T = f[p]).

It is important to note that the following results
and remarks are restricted to the case where the
Arrhénius law is used.

RESULTS
Homogeneous Explosive = Liquid TNT

The numerical values of », E,, Q, C, are given
by (13) = .

v=1012°2 sec]
E, =182 105 J/mole
Q=3.87-10° J/kg

C, =137+ 103 J/kg.
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where
T, = 354°K,

u(p) is deduced of the momentum equation p = p, U,
and of the linear relationship

U=C+Su
where

Py = 1.47 g/em?

and
C, = 2.14 mm/us
S=1.57.

Figure 9a shows that the relationship 7(p) given by
Eq. (1) is well within the domain (limited by dotted
lines) where the experimental sensitivity curve is
present.

An interesting conclusion is that the thermal ex-
piosion model supports a decrease of the energy
threshold as the pressure increasss.

Heterogeneous Explosives

On Fig. 9a are also reported experimental points
relative to the sensitivity of solid TNT (2).

Equation (1) cannot match this region simply by
changing the temperature T, the density p,, and the
values of the parameters C and S.

It is possible to get a good fit between Eq. (1) and
experiment by using an activation energy about ten
times lower than the one given in the literature. This
has been checked for TNT and several compositions
containing RDX and IMX.

It seems better tc consider that the chemical con-
stants must be kept but that the temperature previ-
ously calculated by assuming 2 uniform energy dis-
tribution is no longer correct. Due to the large
dependance of Arrhénius law on temperature, the
temperature of the hot spots or, more generally, the
highest local tempereture responsible for the initia-
tion of the chemical reactions mnust be considered.

Later on this temperature will be called “efficient
temperature” and noted Ty. The prior calculation of
T, as a function of p is quite impossible and it will be
determined by using Eq. (1), in which 7 is a known
experimental quantity.

The calculatiotis have been performed on composi-
tion B3 (where it is assumed that only the RDX is re-
sponsible for the initiation), RDX-polybutandiene,
HMX-nylon, PBX 9404 (the sensitivity curve is given
by Refs. 2 and 14),

In all cases, the reaction energy per unit mass is
multiplied by the mass fraction of the explosive in
the compaosition.

Figure 11 represents the “efficient energy” C, T,
vs the pressure. It can be seen that the *“efficient
energy”’ is a slowly increasing function of the pres-
sure.

More interesting observations can be drawn from
Fig. 12 which represents the relative degree of hete-
rogeneity of the explosive expressed by the ratio
(Tg - TITy:

[ Yoo [x108J/kg]

|10 "
v

o
[ 0.9 /ﬁ
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0 50 100
Fig. 11. Efficient energy vs shock pressure,
B = HMX-nylon
C = RDX-TNT (60/40)

D = RDX-polybutadiene
E =PBX 9404-03
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Fig. 12, Relative degree of heterogeneity =
(T~ Tg)ITg
(See legend on Fig. 11)

® The degree of heterogeneity is at the most equal
to one which corresponds to an efficient tem-
perature equal to twice the bulk temperature.

o The higher the shock pressure, the morc homo-
geneous is the explosive behavior.
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, 1 INITIATION OF DETONATION IN INSENSITIVE LIQUID EXPLOSIVES
‘ BY LOW-AMPLITUDE COMPRESSION WAVES

J. E. Hay and R. W. Watson
Pittsburgh Mining and Safety Research Center
Bureau of Mines
Department of the Interior
Pittsburgh, Pennsylvania 15213

: An experiment devised to simulate the development of explosive reaction in a large
mass of cavitated liquid is described in which a massive steel piston is propelled into
a container (diameter 10 cm) filled with a liquid explosive into which bubbles have
| been introduced. In this experiment, transition to “detonation’ has resulted using
nitromethane and other marginally detonable liquids at initial piston velocities of
24 to 90 meters per second. With further increase in scale size, abrupt accelerations
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of the order of those occurring in transport may suffice to produce explosion.

A mathematical model is described by which the hazard potential of deflagration-
to-detonation transition in lirge masses of a reactive liquid subjected to cavitating
conditions and pressure surges can be assessed from burning rate data or from
small-scale experiments such as that described.

INTRODUCTION

The accidental explosion of marginally explosive
materials has been of concern for many years.
“Marginally explosive materials” is here taken to
mean substances not intended to be used as explo-
sives and which are insensitive to detonation by a
No. 8 blasting cap. Such substances include, for
example, nitromethane (NM). Most of these sub-
stances are also assesscd as “nondetonable” in the
card-gap test since they have a critical diameter
greater than the diameter in which the card-gap test is
normally performed, usually 2.5 cm. (1) (In this
paper, the discussion will be limited to those
miaterials that are liquids as normally handled and
used.) Even those substances that are known to be
detonable, however, have been involved in accidental
explosions in which no stimulus that would be con-
sidered adequate by the standards of normal
sensitivity tests appears to have been present.
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This situation is analogous to the problem
encountered with nitroglycerine (NG) and related
materials, which although acknowledged to be
detonable, to have a small critical diameter, and to
be “sensitive” by the standards of experience, and
handled accordingly, nevertheless have been involved
in numerous accidental explosions resulting presum-
ably from very weak stirauli. The nature of this
problem was clarified by the elucidation of the
mechanisms of low-velocity detonation (LVD)as a
quasi-steady-state process in which the fluid is
cavitated by a precursor shock. The cavities are
subsequently collapsed by the reaction pressure
field, causing local heating sufficient to ignite the
liquid at the cavities; the resultant burning of the
liquid releases sufficient energy to sustain both the
precursor and rezction wave. (2, 3,4,5,6,7) A
theoretical description of LVD has been given by
Chaiken. (8) In this treatment, theoretical calcula-
tions of the LVD parameters for various iiquid
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explosives, including nitromethane (NM), were per-
formed; the results obtained tend to indicate that
the possibility of LVD in NM is marginal. This result,
however, is attributad to the large value of the
calculated cavitation rate constant, which results in
low values of liquid volume fraction and detonation
pressure and consequent decoupling of the cavitation
and reaction processes. However, interest in
explosive reactions of this type is not limited to
“stable” LVD, in which the cavitation is itself main-
tained indefinitely by the propagating reaction. 1t is,
for instance, valid to stipulate that a significant por-
tion is already cavitated as a result of a variety of
processes that can occur in a mass of liquid in transit.
In the following discussion, no attempt will be made
to distinguish between gas-filled bubbles and vapor-
filled cavities, although the former are more sensitive
to initiation by compression, since it will be assumed
that a compression wave adequate to initiate either
type is present. It is then reasonable to suppose that
the reaction rate is dominated by the time constant
for the burning of the bubbles, given by Chaiken as

K [g_n_\\_']‘/z o AHV/RTE,

6 E e——
2Nt‘)/ 3 [RT;

where K is the evaporation accommodation
coefficient, Ny the bubble concentration, W the
molecular weight, R the universal gas constant, T the
flame temperature, and AH, the heat of vaporization.
This equation presupposes a pressure sufficiently high
that the deflagration reaction zone is of essentially
negligible thickness so that the liquid sutface
temperature can be considered approximately equal
to the flame temperature. For the constants given by
Chaiken for NM—viz K=1, W = 61 g/mole, Ty =
2700°K, and AHy = 8 kcal/mole~this results in a
linear burning rate of ca 5.5 X 103 cm/sec. Elemen-
tary calculations show that such a burning rate is
adequate to support a bubble growth rate of about
104 cm/sec at a pressure of a few Kbar; these

values are “typical” at least for the system in which
they have been measured (the nitroglycerine/cthylene
gycol dinitrate system). (4) However, the assump-
tion that the liquid surface temperature is equal to
the flame temperature is questionable at lower pres-

sures and may not apply to the early stages of develop-

ment. Moreover, the kinetic parameters for many
substances of interest are unknown. If burning rate-
vs-pressure data over the entire range of pressure

were known, it should be possible to couple such a
relationship to the overall hydrodynamic constraints
and to predict the susceptibility of a given system to
LVD, given the charge size, confinement, etc.; an
attempt to do this is sketched in a later section of
this paper.

Unfortunately, burning rate data for liquid
explosives and monopropetlants at pressures beyond a
few hundred bars do not exist to the best of the
authors’ knowledge, nor can they be obtained by
extrapolating data obtained at lower pressures, since,
as is well known, (9,10) for many liquid explosives
and propellants there occurs an abrupt increase in
the slope of the effective burning rate-vs-pressure
curve due to hydrodynamic enhancenient of the
burning surface; neither the pressure at which this
occurs nor the magnitude of the increase ii the slope
can be predicted from low-pressure jata.

The continued introduction of new materials in
industry makes it desirable to have some kind of test
that can be used to predict the possibility of the
development of explosions from weak stimuli which
might occur in the handling of large masses of
material, That this cannot be done on the basis of
tests presently considered standard is shown dramati-
cally by the explosion of a tank car of aqueous
monomethylamine nitrate solution at Wenatchee,
Wash., in 1974, (11) and by the explosions of two
tank cars of NM at Mt. Pulaski, 111., and Niagara Falls,
N.Y., in 1958, (12)

The purpose of this paper is to duscribe a test
devised for the study of the develop.nent of explo-
sive reactions from weak stimuli in large masses of
marginally explosive liquids. It is not pertinent to
the purpose of this paper to differentiate precisely
between high-velocity detonations, low-velocity
detonations, non-ideal detonations, etc. An “‘explo-
sion” will be considered to be any chemical reaction
that releases gases and energy rapidly enough to
cause rupture of the confinement and displacement
of surrounding objects. A marginal explosive is any
material not intended to be used as an explosive and
that cannot be detonated by a No, 8 blasting cap,
but that is at least theoretically capable of reacting
in the way just described. A weak stimulus is
arbitrarily defined as one that produces pressures
less than 1 kilobar.
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DESCRIPTION OF THE EXPERIMENT

A schematic drawing of the experiment is given
in figure 1. The marginally explosive liquid (MEL)
is contained in a steel cylinder of 10.2-cm inside
diameter, 15.2-cm length, and 1.27-cm wall thickness,
with a 20.3-cm-square, 5.1-cm-thick steel plate welded
to one end and a 0.0076-cm-thick polyethylene
diaphragm fastened across the other end. Air bubbles
are introduced into the liquid by means of a 15-cm
length of polyvinyl chloride tubing (0.24-cm outside
diameter, 0.04 cm wall thickness) which is closed at
the end but which has two rows of pinholes (.023-cm
diameter) spaced 0.3 cm apart along the entire length.
Air is supplied to the bubbler tube at a gage pressure
of 0.55 to 1.4 bars, depending on the properties of
the liquid, to maintain a bubble field as nearly uni-
form as possible from one liquid to another.

The initiating stimulus is provided by the impact of
a steel projectile 9.84 cm in diameter, and 13.3 cm
long, weighing 8.1 kg. The projectile is provided with
two bands of rubber tape 1.9 cm wide; one of the
bands is at the rear of the projectile, and the other is
dightly forward of the middle of the projectile. The
bands are just thick enough to produce a snug fit in
the projector barrel. The projectile is propelled down
a steel barrel (10.2-cm ID, 3.3-m length) by com-
pressed air from a 72-liter reservior. A quick-opening
*“valve” used to admit the air to the barrel, consists
of a multilayer diaphragm made from cellulose
acetate sheets 0.025-cm thick across a pipe flange at
the breech end of the barrel. The number of layers

Fig. 1. Experimental arrangement
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needed depends on the pressure used: approximately
one layer for each three bars is typical. The diaphragm
is burst by a No. 8 electric blasting cap. The projec-
tile velocity is measured electronically by the contact
of the projectile with two pairs of fine copper wires
stretched across the diameter of the barrel spaced

50 cm apart. As would be expected, the velocity
attained varies roughly as the square root of the
pressure: at 21 bars, approximately 90 m/sec is
attained. The sample (acceptor) is approximately

4 cm from the end of the barrel and is aligned
co-axially with it to a precision of about £0.04 cm.

It should be noted that the projectile diameter is less
than that of the sample container by 0.32 cm; this is
to allow some margin for misalignment so that the
projectile does not touch tke walls, and also to pro-
vide some relief for the internal pressure, since the
experiment is intended to simulate realistic situations
in which there is some possibility of venting and in
which the confinement is provided primarily by the
mass (inertia) of the material itself, In this experi-
ment the inertia is provided by the projectile, which
must be deccelerated and repulsed in order to relieve
the pressure in the sample,

The occurrence of explosion is based on the rup-
ture of the sample cylinder, the blast produced, and
the consumption of the liquid. Although the
muaterials tested vary greatly in their explosive output
and the impact pressures are occassionally sufficient
to crack the weld joint, the minimum criterion for
assessing the occurrence of explosion is that the
cylinder be essentially completely unfolded into a
strip or broken to pieces, that significant blast be
produced, and that the material be completely
consumed. Only one material, liquid dinitrotoluene,
was found to be consumed without container damage
or blast, and one other, 52/48 nitromethane/1-
nitropropane, was consumed and produced blast
without container damage; these were assessed as
“deflagrations.”

It was found to be quite difficult to either control
or characterize the bubble field in the sample.
Photographic observation suggests that the diameters
of the bubbles are in the range of 0.05 to 0.2 ¢cm, and
the density of the bubbles appears to be in the range
of 0.5 to 10 cm™3, depending on the viscosity and
surface tension of the liquid. .The importance of
bubble size and density was established in the earliest
experiments with nitromethane, wherein it was found
that initiations could not be obtained at the highest

U P71




velocity available when only one or a few large
bubbles were present. This observation also lends
weight to the supposition that the compression of

the bubbles is the initiation mechanism, rather than
friction due to possible contact of the projectile with
the acceptor walls, or viscous heating of the liquid
flowing between the projectile and the acceptor walls.

The pressures produced by reaction cannot be
stated withi certainty. Several experiments using NM
were instrumented with piezoresistive pressure gages,
(13) and the response of these suggests pressures in
the range 1-10 kilobars, but it is not certain whether
the calibration of the gages for normal shock waves
should be applied in a situation where th:  zage is
subjected to non-uniform pressure fields tnat increase
over a time scale of about 10~4 seconds. Since the
impact of the projectile at the highest velocity pro-
duces about 2.5 kilobars and this normally only
slightly bulges the acceptor and/or cracks the weld,
the pressures involved in those cases assessed as
“explosions,” which completely unfold or shatter
the acceptor, would seem to be much greater. How-
ever, since deliberate initiation of high-velocity
detonation in NM in these acceptors by means of a
tetryl booster produces smaller fragments than the
reaction induced in this experiment, the latter prob-

ably cannot be considered a fully developed Chapman-

Jouguet detonation,

RESULTS AND DISCUSSION

To date, most of the materials tested have been
those that are, or have been, transported in large
bulk quantities (e.g., 38,000-liter railroad tank cars).
The results are given in table 1. The “threshold
velocities™ given in this table are the mean between
the highest velocity at which no explosion resulted,
and the lowest velocity at which explosion resulted.
The error interval given is the differcnce between
these values. No inversions (negative result at a
higher velocity than a positive result) were observed
in this experimsant. In one case (52/48 nitromethane/
I-nitropropane) a negative and positive result were
obtained at the same velocity.

Referring to this table, it will be noted that the
two materials that have **detonated’ without obvi-
ously sufficient stimulus in tank cars, namely NM
and the amine nitrate solution, are those that have

the lowest threshold velocities for explosion in this
experiment, namely 24 m/sec. Because of differences
in scale size, confinement, etc., it is of course not
possible to state that the velocities in the table can be
identified with impact velocities that are likely to
cause explosion in realistic situations; it does, how-
ever, seem reasonable to believe that the velocities
reported give relative rankings of the safety of a
particular formulation in a large-scale bulk transport
operation. Since the LVD model assumes that the
reaction at the walls of the bubbles is a monopropel-
lant burning, it would be tempting to attempt to
correlate the results obtained with burning rates.
Only limited success would be expected with sucha
correlation, since the dependence of burning rate on
pressure is in general not known, and the pressures in
the bubbles arc probably much higher than that
attainable in a strand-burning apparatus. Neverthe-
less, such a comparison is set out in table 1, from
which it can be seen that rough correlation exists;
namely, that those systems that have burning rates
less than about 0.13 cmy/sec at 11 Mpa do not seem
to explode at the highest velocity attainable in this
experiment, and those that have burning rates sub-
stantially greater than 0.13 cm/sec at the same
pressure exploded at lower impact velocities.

THEORETICAL DISCUSSION

A detailed description of the dynamics of a field
of bubbles that are burning at their surfaces requires a
twofold, three-dimensional hydrodynamic treatment
(the neighborhood of any bubble is a three-dimen-
sional problem, and the motion of the whole liquid
in response to the collective motions of the bubbles
is another such problem); such a treatn.ent is quite
beyond the scope of this paper. What is presented
here is an extremely simplified model; it is believed,
however, that the assumptions made do not invali-
date the predictions of the model, but only limit
their accuracy.

The first such assumption is that the liquid may
be considered as essentially incompressible. This
obviously limits the applicability of the model to
pressures less than the order of a few kilobars, that is,
to the early stages of deflagration-to-detonation
transition. With this assumption, the radial velocity
u of the liquid at a distance r from the center of a
bubble of radius ry, is




2
T Up
u= , Q)
r2
where Uy, is the radial velocity of the liquid at the
boundary of the bubble.

One notes that the growth of the bubble is due to
the flame eroding the liquid at an effective velocity
Ug, as well as to the outward motion of the liquid,
ie.,

drb
_dt— = Ub + UB' (2)

Equation (1) can be differentiated with respect to
time, and substituting equation (2), one has

du

—

dt

du,
1t T+ 2U(Us + Up)

TABLE1 -
Comparison of Experimental Results with Liquid
Strand Burning Rates
Threshold | Burning rate
Material velocity, | at 11 MPal/
m/sec cm/sec
—
NM 2412 27
Amine nitrate aqueous® 24%6 1.5%
solution 88%
Amine nitrate aqueous®* 5916 605
solution 69%
Nitrate ester aqueous® 535 ¢7.5 28
solution 75%
Nitrate ester aqueous®* 6112 31
solution 50%
n-Propyl nitrate 915 £1.5 21-123/
Dinitrotoluene 52.5 +4.54 29%
NM/1-NP 52/48 904 0265/
Nitrate ester aqueous® >113 6/
solntion 38%
WM/Toluene 70/30 >122 10
NM/Benzene 70/30 >114 A2
NM/2-NP 53/47 >119 028
NM/Cyclohexanone >92 04
75/25
NM/Dioxane 65/35 >91 .03
NM/Methanol 5§5/45 >91 031
NM/Methylchloroform >92 08
70/30
NM/Butylene Oxide 60/40| >74 0155
*Proprietary compositions.
1/Data reference.
2/Moasured at 7 MPa.
3/Unstable burning.
4/Defllagrations.
5/Measured at 9.5 KPs.
6/Cannot be ignited at this pressure,
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One then defines a “vicinal pressure,” Py, as the
pressure at a large distance, ry, from the bubble under
consideration (ry >> rp); it should be remembered
that, for the bubble field as a whole, Py is still a local
pressure, not to be confused with the pressure exter-
nal to the entire system. The hydrodynamic form of
Newton's second law may then be integrated from ry,
to ry, using equation (3) and neglecting terms in

1/r, (since 1/r, << 1/1p), obtaining

dUy,
Pp=Py+p frp —= + 2Wp(Up + UB)J v (4)

where Py, is the pressure in the bubble and p is the
density of the liquid. Setting the volume of the
bubble equal to the volume of the combustion
products, using the Abel equation-of-state, and
assuming isothermal expansion for the sake of
simplicity, one obtains

4n 3 RT
— = —_
3 f[p=n ( Pb b) s (5)

where n is the number of moles of gas contained in
the bubble, R is the gas constant, T is the absolute
temperature, and b is the average covolume. Dif-
ferentiating equation (5) with respect to time and
using equation (2), one obtains

RT  \dn aRT P
4m2(U,. + =<—+b)—————
m(Up + Up) P, dt”opz & ©)
but
d
z =41mopr§UB, Q)

dt

where n, is the number of moles of product gases
produced per gram of liquid consumed Inserting this
into equation (6) and rearranging, one has

dP

RT nRT b
={[ — - -, (8
Ub [(Pb +b)n°p l] Ug %P% m @)

Before proceeding further, other simplifying assump-
tions will be made. First, the quantity (bngp - 1)

- s m e cm——_—————- —————
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may be neglected in comparison with RT/Py; this is
1 good assumption for values of Py, less than the
order of tens of kilobars. Second, the effective burn-
ing rate Up will be considered a linear function of
the pressure Py, i.e.,

Up = APy 9

where § is a constant. Inserting equation (9) into
equation (8), dropping the term (bngyp - 1), and
rearranging, one has

dP,  4miP}

& - nRT (RTn,pp - Up). (10)

Inserting equation (9) into equation (4) and rearrang-
ing yields

ﬂj—b--l{" 28U, | Py - 2U2 PV} an
R PR LS

(In the solution of equations (2), (10), and (11),r, P,
and Uy, are found to be slowly damped oscillating
functions of time.)

It remains now to consider the vicinal pressure and
the system as a whole. Consider a spherical mass of
reactive liquid of radius ry and a spherical shell of
radius r within the liquid, enclosing a constant mass.
Due to the expansion of the bubbles contained
within it, this shell will expand with a velocity given
by

1 dv
Us — —, (1 2)
4m? Gt
where dV/dt is the rate of expansion of the volume
enclosed.

If the liquid is incompressible, then dV/dt is just
the rate of increase in the volume of the gas minus
the volume rate of consumption of the liquid and
by the arguments used in developing equation (10) it
is just

V T
% = 16n2p J- r22u, dr, a3)
(]
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where v is the number of bubbles per unit volume of
liquid. Thus

r
2.2
r 'bUb dr
(4]

= 4y ————— 14
U=4mw 5 (14)

r

For simplicity it will be assumed that the spherical
mass of liquid consists of 2n inner region of radius ry,
containing uniformly reacting bubbles, and an outer
shell of radius r,, in which the bubbles, if present,
are nonreactive. Then equation (14) may be rewritten

2
ar 3 "6
U= — —
3 vri " (15)

Differentiating equation (15) again with time and
noting that vr? is invariant (creation of new cavitics
is not a feature of this model), and using equation (2),
one has

, 4Us
du 4n 4 fb -a-(— + Z'bUb(Ub + UB)

——:-——p
@& 3

5 .
' (16)
Using equation (9) for Up, the resulting expression
for dU/dt may be substituted into the hydrodynamic
form of Newton’s second law and integrated to give

v dUy
Py=P, + 3 pmlrb{tb T

r
+2U(Uy, + UB)}<1 - 7'—) N Y))

[¢]

where P, is the pressure external to the entire mass of
liquid. Noting that p times the quantity in brackets
is just Py, - Py by equation (4), one can write

4n n
Py =Py + == vifry(Py - Py) (1 - T)‘ (18)

(V]

This can be rearranged to yield

n
P, + %—” vrferb (l - T)
P, = 2, (19)

4 2 y
1+ "5“ Vrlrb (l - ‘—)

[+]

This shows that, as the quantity 47/3 vr%rh(l -1/
r,,) increases, the value of Py approaches that or Py,
The effect is to reduce the outward acceleraticn of
the bubbles, given by equation (11), which is precisely
what would be expected. The bubble volume thus
cannot increase as rapidly as product gases are
formed, and the internal pressure increases much
more rapidly than in the case of a single bubble.
Equations (2), (10), and (11) may be integrated
numerically using equation (19). Results for various
values of the parameters are illustrated in figure 2,

These curves show, as expected, that the develop-
ment of explosive reaction is very sensitive to the
burning rate parameter § (compare curves A and B,
which show an order of magnitude increase in the
pressure at any time with a factor of 2 increase in ),
somewhat sensitive to the radius rq of the cavitated
portion (compare B and C), slightly sensitive to the .
radius r,, of the entire mass (compare curves C and D),
and somewhat sensitive to the bubble density »
(compare curves D and E). These calculations were
started with atmospheric pressure in the bubbles,
with initial bubble radius 0.1 cm, and with initial
value of Uy, = | cm/sec. The value of the quantity
RTn,p was taken as 1010 dyn/cm?2. The “hook” at
the end of some of the curves is due to the fact that
the outer boundary of the liquid is now expanding so
rapidly that the reaction can no longer sustain the
pressure.

v v v
r
(]
<
» b
]
s tl. ' . v -
DY N s
MM o = @ W
A 10 “w % 1
4
[ ] 3 ®w 1% 1]
c 3 LU i
» » » w» 1
[} L} » w [}
Fl A ' i T A
[13 ] ? 4 i H] s "
t {milltese?

Fig. 2. Calculated bubble pressure vs time for various
values of parameters
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It is obviously not possible at present to test in detail
the validity of this model, since realistic values of the
pertinent parameters are largely unknown, as are the
results of the type of experiment that would be

3 required to test it. Furthermore, the limitations of
the model at this stage are obvious; namely, the use
of the Abel cquation-of-state, and the assumptions
that the liquid is incompressible, that the bubble ex-
pansion is isothermal, and that increases in the
surface area of the bubbles due to hydrodynamic
effects can be accounted for simply by using an
enhanced value of the effective burning rate. These
simplifications require future elaboration. What is
offered here is a framework of a model for a process
which the authors feel deserves considerably more
attention, both theoretically and experimentally, for
its inherent scientific interest as well as its relevance
to hazard prediction.

CONCLUSIONS

A test has been described that demonstrates that
cavitated, marginally explosive liquids, when sub-
jected to relatively weak shocks under the confine-
ment provided by the inertia of a large mass, can
react in a way that resembles a low-velocity detona-
tion. A simplified theoretical model of such an event
has been developed which, in principle, permits the
prediction of the development of explosive reaction
in large masses of such material. The theoretical
model indicates, in agreement with experiment, that
the development of explosion is critically dependent
on the dependence of burning rate on pressure, and
also increases both with bubble density, and impor-
tantly, with scale size. The results of both the
experiment and the model indicate that the hazard
potential of a large mass of marginally explosive
“ﬂ liquid can be estimated from experiments of the type
described herein, or from the basic properties of the
liquid, in particular, the burning rate-vs.pressure
relationship. :
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The effects of an asymmetric collapse should be
taken into account when the bubble in question is
subjected to shock compression. These effects appear
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basically due to the shock-to-surface reflection inter-
actions when asymmetrical bubble surface velocity
distributions are generated before the gas sphere
begins to collapse. Finally, this can result in an
accumulating liquid jet which develops and propagates
in the direction of the shock wave.




CELLULAR STRUCTURE OF DETONATION IN NITROMETHANE
CONTAINING ALUMINUM PARTICLES
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ENSM.A, Unijversité de Poitiers k

86034 Poitiers, France

The detonations of NM-PMMA[Al mixtures (PMMA is added as gelling agent) have 1
been invesiigated, The detonation velocity in tubes of various diameters has been 4
measured to determine the “infinite diammneter velocity ™ D, in terms of Al concen-

tration. The detonation waves have been observed with the high speed framing
camera technique. The observation through side tube wall has shown the regular 4
repetition of failure and reignition processes revealed owing to aluminum combus-
tion. The butt-end record has demonstrated the origin and mechanism of these y
processes. The failure and reignition processes have been interpreted on the basis of
cellular structure. It has also been shown that the increase of Al concentration sen-
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sitizes the explosive mix tures.

INTRODUCTION

The complex structure of the detonation wave can
be expected for detonating media such s liquids and
solids, since it is well known in gaseous mixtures. A
survey paper (1) has been presented recently to em-
phasize the progress made in this field through the
preceding works of Campbell et al. (2), Dremin et al,
(3,4,5), Watson (6), Persson et al, (7), Urtiew et al.
(8) and Presles et al. (9,10). Morcover difficulties
have appeared because the attention was focused at
first on phenomena described as dark waves and fail-
ure waves, and later, on the fine structure left on
heavy walls. One of the aims of this work is an at-
tempt to continue, on the idea of Urtiew’s paper (1),
bringing experimental support to the postulate that
the failure process and cellular structure are strongly
connected. The difficulty in studying the detonation
in heterogeneous explosives has also led us to investi-
gate the liquid explosive-metal particles system (NM-Al)
which may give us the advantage of simulating solid
explosive. This system is particularly interesting for

reactivity of metal particles in detonation processes.
The thermodynamic-hydrodynamic code calculations
(11,12) have been performed for the detonation in
solid explosive-Al system assuming two extreme cases
(Al stays inert or Al reacts completely to Al,05 at
C-J plane). The results show the strong dependence
of the C-J temperature on the Al reactivity.

Recently, Teychenne de Blazi et al. (13) have
measured the brightness temperature of the detona-
tion in NM-PMMA/AI mixtures. The measured bright-
ness temperature is slightly higher than that measured
when adding inert particles instead of Al. At the
present stage, it is not clear whether or not this is en-
tirely due to the combustion of small part of Al at
C-J plane. Finally, we want {o determine, with higher
precision, the detonation characteristics of NM-
PMMA/Al mixtures: the infinite diameter velocity,
diameter dependence of detonation velocity, the ef-
fect of Al addition on detonation sensitivity (14,15),
and the effect of Al addition on brightness tempera-
ture,
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1. Characteristics of the Explosive Mixtures

We realised the charges of nitromethane (NM) con-
taining aluminum particles (Al) in the range of con-
centration 5-15% in mass. The addition of 3% in mass
of polymethylmethacrylate (PMMA) to NM increased
its viscosity sufficiently to obtain stable suspension
of Alin it. To avoid air bubbles, the explosive mix-
tures were prepared by mixing Al with homogeneous,
viscous NM-PMMA mixture at least several hours
before the shot.

Because of the opacity of the explosive mixtures,
the uniformity of Al distribution was not verified
accurately, but checked to be unvarying.

‘The composition of the explosive mixtures NM-
PMMA/AIl was defined by the mass fraction x of Al to

NM-PMMA. The main physical properties of the com-

ponents are given in Table 1. We have measured the

initial density p of the explosive mixtures as a func-
tion of x. The measurements were performed within
0.1% at the temperature range 10-25°C.

o T A s = = v T r

Table | also gives these measured initial densities
atT, = 288°K, with those computed assuming ideal
mixtures p.y,. It must be emphasized that the meas-
ured initial densities are about 0.5% higher than those
computed assuming ideal mixtures,

2. Measurements of the Detonation Velocity

To determine the “infinite diameter velocity” Dee,
we investigated the influence of the charge diameter
on the detonation velocity when all other parameters
are known (mechanical and geometrical configuration
of tubes, position of the ionization probes). The
standard detonation tube, as shown in Fig. 1, is 4 hol-
low, internally polished brass cylinder (290 mm in
length, 0.5 mm in thickness) with the jonization
probes very accurately set inside polypropylene hold-
ers. The upper part of the tube is capped by a cylin-
dricaliy confined donor charge, initiated by an cx-
ploding detonator. The detonation tube has 5
jonization probes, separated by 50 min from each
other, so that 4 propagation times at different test
zone lengths are measured successively in one shot.

TABLE 1

Some informations about the components of the explosive mixtures

Nitromethane

CH3NO,, 96% commercial grade
main impurities: CoHgNO,(2 - 2.5%), C3HyNO,(1.5 - 1.7%)
initial density: 1.140 g/cm3 (at T, = 288°K)

+  Aluminum

99%, main impurities: Cu, Fe, Mn and grease
particle form: sphere, particle diameter 8-15 um
initial density: 2.70 g/cm3

PMMA (C5 - H8 - 02),,, initial density: 1.180 g/cm?

Vig g s e

Initial densities of the explosive mixtures T, = 288°K.

p, (8/cm3) Pen (8/cm3)

x=0 1.147 1.141
0.05 1.180 1.175
0.10 1.216 1.211
0.15 1.251 1.249
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th.'z. Detonation velocity of NM-PMMA /Al mixtures versus d-1;

T, = 288°K; NM values are cited from (16).

The details of the ionization probes has been de-
scribed in (16).

Propagation times were measured to within 10 ns
with a “time interval electronic counter” connected
with pins through a signal converter (17), so that the
detonation velocity is computed to within 0.1% at
150 mm test zone length, Thus, detonation velocity
measuremenis in tubes of various diameters (d = 11,
13, 18, 25 and 31 mm) for different values of x have
yielded the variation of D versus 4-1, and thanks to
the loast square linear approximation, we obtain
finally the D_ values. The maximum deviation of the
g0 defined measured values from linear approximatier
does not exceed 1 m/sec in the case of x = 0, and
6 m/sec in the case of x =0.05,0.10,0.15. The D,
values may be considered to be known to within
1 m/szc in the first case, and 6 m/sec in the latier
case.

The results, given in Fig. 2 (Detonation velocily
versus d~!) and Fig. 3 (variation of D, value in func-
tion of x) show the following particular features.

1. We observe a deviation of megrured values from
the linear approximation at small diameter (d = 11

Dum/s
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Fig. 3, Infinite diameter velocity D, of NM-PMMA/Al
mixtures versus x; T, = 248°K.

and 13 mm) in the case x = 0. In other cases (x =
0.05,0.10, 0.15), we distinguish slight deviation at
diameterd = 11 mm. These measured values were
neglected in the least squars approximation to deter-
mine D,.




2. The D, value of NM-PMMA mixtures is 25
m/sec higher than that of commercial grade NM (16).

3. The addition of Al noticeably diminishes the
slope [3D/a(d=1)I.

4. Within the measured x range, the detonation
velocity decreases in proportion to Al fraction x.

5. The linear extrapolation of D (x) tox =0
gives 6277 m/sec as D, (0). This value is evidently
different from the measured value 6315 m/sec within
the experimental error (Fig. 3).

It may be emphasized that the precision of veloc-
ity measurements has been improved with a new ex-
perimental set-up. Taking into account the higher
measured initial density shown in Table 1, the fact de-
scribed in (2) seems to be the result of a molecular in-
teraction between NM and PMMA. The accuracy of
the whole results seems to us to confirm the Al distri-
bution uniformity in the mixtures.

According to the author’s knowledge, there are no
exactly comparable data for aluminized explosives.
Cited by Price et al. (18), Coleburn et al. have studied
the effect of Al on the detonation velocity at a fixed
diameter (d = 50.8 mm) of TNT, RDX and TNETB.
Their results show that in aluminized TNT, the deto-
nation velocity decreases proportionally to Al con-
centration, but not in proportion to Al concentration
in aiuminized RDX and TNETB.

We cannot apply the empirical equations suggested
by Kamlet and Jacobs (19) to NM-PMMA/AI mix-
tures owing to the difficulty cited by Kamlet and
Ablard (20).

3. The High Speed Framing Camer= Observations
3.1 The butt-end observations.

We observed the detonation waves through end
Jlass plate with high speed electronic framing camera
IMACON (107 frames/sec, exposure time 20 ns®.

The detonation tube was a 100 mm long polished
brass cylinder (inside diameter 18 imm, wall thickness
1 mm), or 140 mm long polyvinylchloride (PVC)
cylinder (inside diameter 18 mm wall thickness
4 mm). One end of both tubes was covered with a
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6 mun thick glass plate. The explosive mixtures were
initiated by a 50 mm long, cylindrically confined
donor charge through a 2 mm thick teflon barrier.
The camera view was directed along the axis of the
tube normal to the detonation wave front. Because of
the opacity of the explosive mixtures, we observed
the evolution of detonation phenomena in the thin
layer of explosive in contact with end glass plate.

Qur observatione time was limited to about 1 usec.
Mallory and McEvan (21) have studied the trans-
parency of glass and certain plastics under shock
attack, and they have shown that these materials stay
transparent uniil shattered by tension waves. Our ob-
servations confirmed their experimental results.

Figure 4 shows the sequence of the buti-end record
of the detonation wave in NM-PMMA/AIl (x = 0.10)
confined in PVC tube. Figure 5 shows the enlarge-
ment of 4th frame in Fig. 4.

As shown by Persson and Sjolin (22), the detona-
tion light loses its intensity rapidly upon impact on
end glass plate.

1 3 5

Fig. 4. Sequence of the butt-end record of the
detonation in NM-PMMA /Al (x = 0.10) con-
fined in PVC tube, tiine interval is 100 ns; the
detonation front is curved and its upper part
{1st and 2nd frame) is disturbed by ionization
probe located 5 mm from the end glass plate
triggering the camera, the dark point in the cen-
ter of each frame is due to the defect of photo-
cathode of camera IMACON.
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With certain delay, the luminous zones cotrespond-
ing to aluminum combustion appear. Particular fea-
tures are observed on the charge periphery. In the
2nd frame, we obseive the failure waves in half-
circular band shape which are produced at the wall,
and behind them, reinitiation waves. In the srd
frame, the light of reinitiation waves is quenched
upon impact on end plate. In the 4th frame, the
luminous zones due to aluminum combustion appear
in the same place where reinitiation waves have buen
generated just before. The penetration of the failure
waves is limited to charge periphery.

Figure 6 shows the sequence of butt-end record of
the detonation wave in the same explosive mixture
confined in brass tube. The general aspects are similar
to those described for Fig. 4. However, considering
the resolving power of polaroid film, we cannot ob-
serve any failure wave in this case.

3.2 The observations through lateral window.

To get additional information, we observed the
detonation waves through a side PMMA wall with a
high speed framing camera C14 (106 frames/sec, ex-
posure time 0.3 usec). The experiments were carried
out with a 100 mm long, cross-section (20 x 20 mm?)
tube composed of 1.5 mm thick upper and Jower
brass walls and 6 mm thick PMMA side walls, PMMA
was used because it has about the similar shock impe-
dance of PVC. Figure 7 shows the sequence of devel-

Fig. 5. Enlasgement of 4th frame in Fg, 4,
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opment of the detonation wave in NM-PMMA/AI

(x = 0.10) mixture, The very fine, regular criss-cross
pattern composed of bright and dark lines is charac-
teristic of records. Comparing with Fig. 4 we can
identify the dark lines to be the traces of failure
waves generated at the wall and the bright lines corre-
spond to aluminum combustion initiated in the re-
initiation waves, Persson and Bjarnholt (7) have suc-
ceeded in demonstrating the long life failure and re-
ignition processes in NM detonation confined in

glass tube with the open-shutter aquarium tech-
nique. In our experiments, the regular repetition of
failure and reignition processes was revealed owing to
the aluminum combustion. It is also remarked that,
near the detonation front, the traces of failure waves
are straight and their angle between charge axis are
constant, but far behind the front, they are slightly
curved toward charge periphery along the expansion
of the tube. These facts lead us to the conclusion
that the transverse velocity of the failure waves is con-
stant, and also give us the possibility of measuring the
trangverse velocity of failure waves.

Figure 8 shows the effects of aluminum concentra-
tion on the failure and reignition processes. In the case
of x = 0.05, the criss-cross pattern size is rather en-
larged and the dark lines are predominant. On the

Fig. 6. Sequence of the butt-end record of the deto-
nation in NM-PMMA/AL (x = 0.10) confined in brass
tube; time interval is 100 ns and exposure time is 20
ns, on the top of the charge, the luminous point due
to shock wave in air bubble is observed, the dark
point in the center of each frame is due to the defect
of photocathode of camera IMACON.,
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Vg, 7. FFraming camera views of the development of the detonation wave in NM-PMMA AL (x = 0.10) and scheme
explaining the framing views; time interval | ps and exposure time 0.3 ps.

Fig. 8. Effect of Al concentration; (¢) x = 0.05, (b) x = 0.10, (¢) x = 0.15.
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contrary, in the case 6f'x = (.15, the criss-cross pat-
tern size is indistinguishably small, and bright lines
are prevalent,

To estimate the critical conditions of NM-
PMMA/Al (x = 0.10) mixture, the experiment was
performed with a tube of the same size except cross-
section (4 x 20 mm?). The records show that the
detonation wave propagates at constant velocity. We
also confirmed that the criss-cross pattern appears
just after the initiation behind teflon barrier.

3.3 Tentative interpretation,

Recently, Urtiew (1) has clearly interpreted the
failure process described us dark waves or failure
waves on the basis of the cellular structure of the
detonation front. Our explanation is based on the
model proposed by Urtiew.

Because of the weak shock impedence of PVC
tube, the elementary triple-wave intersection falls to
reflect off the wall (a rarefaction wave penetrates in-
side the reaction zone). This lack of reflection gener-
ates the failure wave which concentrically propagates
inward at the constant velocity weakening the next
triple-wave intersection, Because of high sensitivity of
NM-PMMA/A! mixtures, the reignition sites appear
after short induction time in the shock compressed
mixture and catch-up the leading shock. In this reini-

’1 [N e i

fallure waves

tiation wave, the aluminum combustion takes place
on the charge periphery. Because the reinitiation wave
takes place in overdriven mode, the failure wave does
not appear immediately after the catch up of leading
shock by reinitiation wave, as shown on Fig. 9. The
failure and reignition processes are repeated, thus
printing the regular pattern observed in lateral obser-
vations.

In a brass tube, the elementary triple-wave inter-
section can be reflected owing to higher shock im-
pedance of the wall. After the reflection from the
wall, the triple-wave intersection is in overdriven
mode, 80 aluminum combustion takes place and no
failure wave is generated on the charge periphery. 1

The effect of Al concentration shown in Fig. 8
also may be explained as follows; 1

In the case of x = 0,05, the induction time in *
shocked condition is longer than in the case of x >
0.05, so, the fallure waves can propagate over a b

rather long distance before the reinitiation waves
catch-up the leading shock waves. On the contrary,

in the case of x = 0.15, because of the very short
induction time, the reinitiation wave catch-up the
leading shock waves much sooner. From this fact, it
seems that the increass of Al concentration diminishes
the induction time in shocked condition and increases
sensitivity of explosive mixtures. 4

Flg. 9. Scheme of the regular repetition of failure and reignition processes.
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4. Discussion 5. A.N. Dremin, 12th Symp. (Int.) on Combustion,
pp. 691-699, The Combustion Institute, Pitts-
We have explained the failure and reignition proc- burgh, Pa., 1969.
esses of the detonation in NM-PMMA/AL mixtures on
the basis of celflular structure. We believe that our ob- 6. R.W. Watson, 5th Symp. (Int.) on Detonation,
servations support the postulate by Dremin (3) and pp. 169-174, ACR-184 ONR, Dept. of the Navy,
Urtiew (1); the detonations in other liquid explosives, Arlington, Va., 1972,
where the constant velocity failure waves have been
observed have a cellular structure. At the present 7. P. A, Persson and G. Bjamnholt, 5th Symp. (Int.)
stage, we cannot advance detailed considerations on on Detonation, pp. 115-118, ACR-184, ONR
cellular structure because our experiments have been Dept. of the Navy, Arlington, Va., 1972.
limited to qualitative observations. It seems possible
however to draw some conclusions: 8. P. A. Urtiew and A. S. Kusubov, Sth Symp. (Int.)
on Detonation, pp. 105-114, ACR-184, ONR
1. The transverse velocity of failure waves is about Dept. of the Navy, Arlington, Va., 1972,
70% of the detonation velocity in all cases (x = 0.05,
0.10,0.15). Asshown by Urtiew and Kusubov (8), 9. H. Presles and C. Brochet, Astronautica Acta,
the transverse velocity of triple point is about the vol. 17, pp. 567-573, 1972,
same as the detonation velocity in the NM-Acetone
detonations. 10. H. Presles and C. Brochet, “Instabilités de la Dét-
onation dans les Mélanges Nitrométhane-Chloro-
2. The increase of Al concentration sensitizes the forme et Nitrométhane-Bromoforme,” Acta
explosive mixtures, and this is coherent with the Astronautica, vol. 3, pp. 531-540, 1976.
noticeable decrease of the slope 18D/3(d~!)].
11. C. L. Mader, Los Alamos Scientific Laboratory
3. According to Dremin et al. (3), the critical Report LA-2900, July 1963.
diameter is approximately similar to the detonation
limit in a weak tube, s0 we can estimate the critical 12. R, Chéret, Acta Astronautica, vol. 1, pp. 893-
diameter for x = 0.10 to be inferior to 4 mm. 898, 1974.
4. The delay of Al combustion may be estimated 13. P. Teychenne de Blazi, C. Malaval and J, M,
to be several hundred of nanoseconds. Lombard, “Etude spectroscopique de la Tem-
pérature de Détonation d'un Explosif contenant
de I’Aluminum,” Rapport final $7501 CEG,
1975.
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EFFECTS OF LIQUID DILUENTS ON DETONATION
; PROPAGATION IN NITROMETHANE

Masao Kusakabe and Shuzo Fujiwara
National Chemical Laboratory for Industry, Eighth Division
Nishiyawata 1-3-4, Hiratsuka City,
Kanagawa, JAPAN

Acetone, nitroethane, chloroform, and carbontetrachloride were mixed with ’
nitromethane. Critical diameters in brass tube were determined for these mixtures
at 25°C. Detonation velocities at infinite diameter and coefficients of diameter 1
dependence of the detonation velocity were also estimated by applying least square {
method to the values obtained by accurate measurements in various charge diam-

eters, C-J detonation parameters were calculated and compared with the observed
velocities. The effects of these diluents were summarized and peculiarilies found
in carbontetrachloride and so on were explained clearly by assuming three condi-
tions for the effectiveness of the additives on the detonation propagation in the

mixture.

INTRODUCTION

Liquid explosives are homogeneous and isotropic,
so are much simpler in their nature than the inhomog-
eneous solid explosives. This is the reason why they
are suitable to investigate the detonation propagation
mechanism in condensed phase. Nitromethane is one
of the most typical liquid explosives and is abls to be
observed their detonation behaviors opticaily owing
to their transparency. So its explosive behaviors
have been well established by many workers
(1,2,3,4,5). Effects of addition of inert diluents to
nitromethane have also been investigated especially
in relation to the so-called pulsating detonatiun. In
nitromethane, the detonation front is not smooth,
but has cellular structure. The size of the structure
increases with the content of the inert diluents, this
is just like as in gaseous explosives (6,7,8,9,10,11,12).
Recently the similarity between the detonation in
liquid and that in gas has been reported (6,10,11).
Addition of inert gas such as argon and nitrogen
affects the detonation characteristics of the gaseous
explosives and is useful to clarify the detonation
mechanism in it. Addition of inert liquid diluents

to liquid explosives also affects detonation behaviors
such as detonation velocity, detonation pressure,
critical initiation shock pressure, critical diameter,
and so on. These inert diluent effects are closely
relating to the detonation propagation mechanism, so
it will be fruitful to study them in elucidating the
detonation mechanism in condensed explosives.

EXPERIMENTAL

Four kinds of incrt liquids: acetone, nitroethane,
chloroform, and carbontetrachloride were mixed with
pure nitromethane. (It wi': be shown later that nitro-
ethane behaves as if it is an inert liquid on the detona-
tion propagation in nitromethane.) All the liquids
including nitromethane were purified from extra pure
grade liquids, by adding anhydrous calciumchloride
to them and distilled once. Mixtures were prepared
by mixing proper quantities of ingredients weighed
with a balance, 30 as to be attained due ratios in
volume. The ratios are accurate within the error
of £ 0.1 %in volume. Densities of these liquids and
the mixtures were measured with Digital Precision
Densimeter Model 10 (Anton Paar K. G. Austria).
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Table 1 shows the observed densities of the ingredient
liquids. Densities of the mixtures are listed in Table
2.

Detonation velocities of these mixtures were
measured by the diagonal wave pick-up method which is
illustrated in the Fig. 1. A brass container tube is
assembled from three parts: bottom tube, middle tube,
and upper one. Each part is cut from a long tube and
machined with a lathe neatly in a proper length. The
length of the middle tube is measured with the cali-
pers within the error of £ 0.05 mm. Two pick-up
gaps which are made by twisti.ig a pair of 0.1 mm
diameter magnet wire are cemented to both butt
ends of the middle tube diagonally in taut as illustrated
in Fig. 1. Then the other two tubes and a bottom
PMMA plate are cemented with epoxy bond to each
other to form a container.

The detonation wave which passes through the
explosive mixture in the container shortens the mag-
net wire wave pick-ups successively. This causes the
successive discharge of capacitors in the pulse forming
circuit connected to the pick-ups and the signals
generated in the circuit are sent to an electronic
counter with a time measuring plug-in unit through
two coaxial cables with the same length, and the time
interval between the signals is measured digitally. The
time resolution of the apparatus is 10 nsec.

The merit of this method lies partly in the accuracy
of the measurement of detonation transit length
owing to the use of calipers to measure it, and partly
in freeness from the error caused by the disturbance
in the detonation wave (13). This is desirable
especially in the charge near critical diameter. Insuch
4 case, detonation wave is so seriously disturbed by
the rarefaction wave emanating at tube wall and
penetrating into the charge, that considerable error
may be introduced in transit time measurement if
the pick-ups are placed near charge periphery only.
But, with this diagonal pick-ups, such a disturbance
cannot affect seriously, because the central part of
the charge hardly is disturbed by it (14).

We used the middle tubes of the lengths between
ca. 150 mm and ca. 250 mm. In this case both
observed transit time and observed length have values
with four effective figures. And the derived detona-
tion velocity has the accuracy within the error of
£ 0.2 %.

TABLE 1

Density of the Liquid Measured at 25°C

. Density
Liquid
q @r/c.c)
Nitromethane 1.1278 £ 0.0005
Carbontetrachloride 1.5844 + 0.0005
Chloroform 1.4781 £ 0.0005
Nitroethane 1.0425 £ 0.0005
Acetone 0.7846 £ 0.0005
DETONATOR

Yesw

MAGNET WIRE
GapP

——L
PMMA PLATE

Fig. 1. Schematic diagram of a container tube with
the diagonal gaps used to measure the detonation
velocity.

RESULTS

In Fig. 2, the results of the test shots are plotted
in a diagram with ordinate of charge diameter and
abscissa of diluent content in volume percent. Dark
mark represents failed case and light one does ex-
ploded case. A critical diameter curve for each group
of the mixtures with a specific liquid diluent is drawn
through the middle points betwsen these failed and
detonated cases. From Fig. 2, it is clear that the
order of the ability of diluent to affect the critical
diameter conforms to the inverse order of the density
of the diluents. The lighter the liquid is, the more it
affects (13,15). Except for carbontetrachloride
group, the critical diameter gradually increases along
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Fig. 2. Critical diameter curves for nitromethane-diluent mixture at 25°C in brass tube.

a curve with upwardly concave shape. Innitromethane-
carbontrachloride mixture, critical diameter does

not increase and remains almost constant with the
value near 6 mm until the diluent content reaches

as much as about 55 volume percent. From that
point the critical diameter increases very steeply.

Detonation velocities of nitromethane in brass
tubes with various diameters were measured at the
temperature between ca, 20°C and ca. 30°C. These
velocities were calibrated to give the velocities at
25°C using the coefficient of dD/dT = - 3.9 m/sec/°C
obtained by Davis et al. (3). Figure 3 shows the deto-
nation velocity dependence on inverse charge diam-
eter. The least square fit of these data gives following
equation for the detonation velocity of nitromethane
at 25°C.

D = 6.2601 - 0.0405 * (1/¢)

D = Detonation velocity, km/sec
¢ = Charge diameter, cm.
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Then the detonation velocity in infinite diameter of
nitromethane is 6260.1 + 5 m/sec at 25°C which leads
t0 6343.4 £ 5 m/sec at 4°C. This value is about 30
m/sec lower than the value of 6374.0 £ 8.7 m/sec
obtained by Davis et al. (3). This difference shows
our nitromethane still contains some impurities such
as nitroethane and so on. One percent dilution in
volume by these liquids will result in reduction of
detonation velocity about 10 m/sec.

Mixture explosives were also shot in brass tubes in
various diameters and the detonation velocites were
measured. Each composition was tested in tubes with
at least two and mostly four different diameters, and
in each diameter at least two and mostly three shots
were examined. The temperature of the charge ranged
from ca. 20°C to ca. 30°C. Obtained velocities were
reduced to the values at 25°C by using the same cor-
rection coefficient -3.9 m/sec/°C as in the case of
pure nitromethane. For each mixture, the mean
detonation velocities at 25°C for respective charge
diaineters were plotted against the inverse of the
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Detonation Parameters for the Mixtures of Nitromethane with Diluent

TABLE 2

Detonation | Detonation Diameter Detona- |
Composition Density Velocity Velocity Dependence tion
(vol. %) (gr/c.c.) | Observed Calc. Coefficient | Pressure
: (km/sec) (km/sec) (cmem/sec) | (kbar)
pure NM 1.128 6.260 6.328 40.5 118.0
NM/CC14 :90/10 1.170 6.099 6.171 44.0 116.7
NM/CC1, :80/20 1.212 5932 6.002 43.6 111.9
NM/CC1, :70/30 1.258 5.781 5.849 49.0 109.4
NM/CC1, :60/40 1.294 5.649 5.676 53.1 107.1
NM/CC14 :50/50 1.350 5.525 5.529 118.8 106.1
NM/CC14 :40/60 1.397 527 5.107 239.8 99.4
NM/CHC14:95/5 1.145 : 6.234 - 119.1
NM/CHC154:90/10 1.163 6.102 6.130 53.0 115.1
NM/CHCI 5:85/15 1.182 - 6.029 - 111.5
NM/CHC15:80/20 1.199 5.896 5924 68.6 107.3
NM/CHC14:70/30 1.230 - 5.702 - 103.0
NM/CHC! 4:65/35 1.250 5.599 86.0 -
NM/CHC15:60/40 1.269 - 5.509 - 98.3
NM/CHCI 5:50/50 1.301 5.302 5.298 185.0 914
NM/NE  :90/10 1.117 6.183 6.238 52.5 116,
NM/NE  :80/20 1.108 6.118 . 6.140 90.3 114,
NM/NE  :70/30 1.100 6.001 - 6.046 86.8 108.
NM/Acet. :95/5 1.109 6.107 6.210 - 115.6
NM/Acet, :90/10 1.094 5980 6.091 59.7 108.6
NM/Acet. :85/15 1.077 5.839 5.965 146.6 101.9
NM/Acet. :80/20 1.060 - 5.842 — 93.2
Detonation velocity observed: at 25°C
'f.- 60“ ¥ 7 T
"
i
i 6.3 |
:
;”. 6.2 ~o_ ] Fig. 3. Detonation velocity of NM at 25°C, against
o inverse charge diame.er.
i
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charge diameter just likely as in Fig. 3. Least square
fits of these data with a linear equation

D = D. - A(V/9) (1)

was obtained for each group of mixture, Where D is
the detonation velocity in any charge diameter ¢,
Detonation velocities at an infinite diameter D and
diameter dependence coefficients A, thus obtained,
are listed in the Table 2.

CALCULATION OF DETONATION PARAMETERS

Detonation parameters for these mixtures were
computed with Mader's code. We used Kihara-Hikita’s
equation (16) in placc of BKW cquation of state for
the detonation products. For nitromethane, calcula-
tion which uses K-H equation with the parameters
usually adopted for calculation of solid CHNO explo-
sives gives considerably higher detonation velocity
‘han the observed one. The coefficient of repulsive
force in K-H equation must be changed to reduce the
discrepancy.

For calculating the detonation parameters of the
mixtures containing chlorine, it was necessary to
determine the parameters of gaseous chlorine species
under high pressure. They were determined so as to
make the calculated detonation velocity agree with
the observed one for nitromethane-chloroform mix-
ture with the dilution of 50 volume percent by trial
and error method. In Table 3, calculated detonation
parameters and CJ composition of the detonation
products for the mixture are shown. The parameters
thus determined were used to calculate the detona-
tion parameters of all the other chlorine containing
mixtures. In all these calculations, heat of mixing
were neglected.

DISCUSSION

In Fig. 4 the coefficient A in an equation (1) is
plotted against inert diluent content in volume per-
cent. These coefficients for four groups increase with
the diluent content, and both shape and the mutual
location of variation curves are very similar to those of
the critical diameter variation curves in Fig. 2. In the
case of carbontetrachloride, the diameter dependence
coefficient A remains almost constant until the diluent
content reaches a high value just likely as in the
critical diameter,
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TABLE 3

Detonation parameters and CJ composition of the
detonation products, calculated for the 50/50 mixture
of NM and CHCI 3 (density:1.301, heat of formation
at 0°K: -20281.3 cal/formular weight)

CJ detonation Pressure 91.384 kbar
CJ Detonation Velocity 5297.964 m/sec
CJ Temperature 2604.917 °K

CJ} Volume

Vol. of gaseous product
Vol. of gaseous product
Mol number of the gas

0.57629 c.c./g
2.996 c.c./mol
18.379 c.c./mol
2.4825 mols/gr

Solid C 0.3769 c.c./gr
—
Cl-composition of the Detonation Products
Species | No.of mol | Species | No. of mol
H,0 | 0.43 N, 0.298
Hy; | 0.0603 OH 0.455 X 1074
0, |01x103 Ciz | 0.134% 1072
€O, | 0278 cCly | 0.129% 1073
CO | 0.204 HC1 | 1.211
H 0913X 10| C 0.517
NO | 0.243X 107

For homogeneous explosives, such as gaseous or
liquid explosives, chemical reaction which sustains the
detonation is considered to be activated by shock
heating (2,17,18). That is, so-called shock thermal
explosion theory will be applied in the detonation
propagation. Figure S illustrates typical pressure
profile of detonation wave based on that reaction
mechanism. Py refers to the pressure in thé detona-
tion front and CJ does to CJ-point where reaction
just completes. The distance between the wavefront
and the Cl-point is a reaction zone length which is
denoted as 1 in the figure. If we denote the mean
particle velocity inthe reaction zone as U. Reaction
zone length is expressed as

lp = (D-U)r @)

Where 7 is a reaction time, and nearly equal to the
induction time of the reaction.

Following the discussion by Gordon (19), critical
diameter ¢, is almost proportional to reaction
zone length 1, that is,
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¢cr .é K] l() (3)

Where K, is a constant. The quantity (D-U) in the eq.

(2) is thought to be constant as compared to the
variations in 15 or 7. Then,

lo = Ko7 Q)
Where K, is a constant. From the analysis by

Gordon, the diameter dependence coefficient A can
be related to critical diameter as

Az K3¢cr (5)

Where K, is another proportionality constant. Egs.
(3),(4), and (5) lead to the following relation,

PoyE A T (6)

That is, there is proportionarity betwec'm these four
quantities, Observed similarity between Fig. 2 and
Fig. 4 is a clear evidence for this relation.

The reason why the lighter liquid diluent hinders
detonation propagation more than the denser one
will be explained by the difference of heat sinking
ability between them. Lighter liquid will be com-
pressed more easily and so sink more energy under
the detonation pressure than denser one.

Nitrosthane is able to detonate by itself and is
usually thought to be active, but it behaves as if it is
an inert liquid for the critical diameter variation of
its mixture with nitromethane. We shall treat this
peculiar feature later.

Following the relation (6), Fig. 2 and Fig. 4, reac-
tion zone length 1, and induction time 7 are thought
to remain almost constant by the addition of carbon-
tetrachloride. This peculiarity will also be treated
later.

it




Observed detonation velocity at infinite diameter
D.. and calculated detonation velocity D, are
plotted against diluent content in volume percent in

Figs. 6 and 7. As clearly seen in the Figures, observed
and calculated velocities vary almost linearly with
diluent content. The absolute values of the slopes,
|[dD/dn|, where n is diluent content, of these curves
are 30 m/sec/% for acetone, 9 m/sec/% for nitro-
ethane, 18 m/sec/% for chloroform, and 15 m/sec/%
for carbontetrachloride.

In general, detonation velocity D is proportional
to initial density p of the explosives and square root
of the heat of explosion Q (20), that is

D=pQ!/? (7)

L o Diluent Content (vol,
If we denote the dilution ratio in volume as n l ? ( 2

(1 n > 0), the density and heat of explosion for the Fig. 6. Detonation velocity at infinite diameter
mixture with the dilution ratio n will be expressed as against diluent content for the mixtures NM with
(pg and Q refer to NM) acetone and nitroethane.

6-4’ v — v- - v

Detonation Velocity (km/sec)

5 * l A y- A . J 1
10 20 30 40 50

Diluent Content (vol.%)

Fig. 7. Detonation velocity at infinite diameter against diluent content for the mixtures
NM with CHCI and CC1.
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p = po(1 ~myn) (8)

Q = Qy(l - myn)12 ©)
where m and m, are constant parameters specific to
each diluent. The parameter m; may change its sign
along with the difference between the density of
nitromethane and that of diluent. From egs. (7),

(8), and (9), for small n,

D/Dy = (1 -myn)(1 ~m2n)1/2

I' = (m +my/2n-. ... (10)

That is, for small diluent content, detonation velocity
varys linearly with diluent content, and its slope be-
comes ~(m; +my/2).

dD/dn = - (m; + m,/2) an

For an active additive, parameter m, becomes smail.
From eq. (11), it is natural that the absolute slope of
the detonation velocity is the greatest in acetone, and
becomes considerably small for nitroethane which can
react exothermically. It will be true that nitroethane
reacts and contributes to accelerate detonation in the
mixture, That is, nitroethane behaves as an active |
additive for the detonation velocity variation, but on
the contrary to this it does as an inert diluent for the
critical diameter variation of the mixture.

Difference between the observed and calculated
velocities for the mixture containing carbontetra-
chloride is large and cannot be reglected as experi-
mental errors. The absolute slope of the observed
velocity curve is sighificantly smaller than that of the
calculated. This discrepancy suggests that some heat
release occurs in the mixture.

To explain these experimental results in the diluent
effect on detonation propagation in nitromethane,
we have adopted following assumption, that is: there
are three factors that determine the effect of an
additive on the detonation propagation in the mixture.
They are: 1. Whether the additive can react exothermi-
cally or not? II. Whether the reaction (heat release
change) can be initiated by the detonation shock or
not? 1II. Whether induction time of this heat release
change is shorte .han that of the reaction of the main
explosives (nitrom-thane in this case) or not?

To be able to contribute detonation propagation,
the additive must be active (I) under the detonation
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pressure of the main explosives (II) and the heat
release of the reaction must be rapid enough (III).

In the case of nitroethane, the requirement (I) is
satisfied and requirement (II) is also satisfied too, but
the reaction is not so rapid comparing to the reaction
of nitromethane, (nitroethane cannot transmit detona-
tion even at 30°C in 4 cm brass tube.) i.e. require-
ment (1II) fails. So Nitroethane cannot contribute to
sustain detonation in the mixture even if it reacts in
the mixture.

Peculiar effect of carbontetrachloride either on
detonation velocity variation or on critical diameter
may be explained if the liquid has an exothermic
change that can occur under the detonation pressure
and the change is rapid enough to be able to contrib-
ute ihie detonation propagation. The heat release
of this change seems not so large as that of the chemi-
cal reaction of nitromethane, considering the small
deviation between the observed and calculated
velocity variations.

Dick found a shock transition in carbontetra-
chloride occuring near 164 kbar of shock pressure.
He thought it as liquid polymerization occuring under
the shock pressure trom ca. 70 kbar to ca. 160 kbar
(21). Polymerization is usually an exothermic change
even if the heat release is not so large as that of the
usual detoration reaction. The induction time of
this polvmerization is sufficiently short with no doubt
because the change is found as shock transition.

Then, can this polymerization occur in the mixture
with nitromethane? The mixture looks transparent,
therefore the diluent disperses in the mixture into
micro-phases with the dimension less than the wave
length of visible light. But the dimension will be not
so small as molecular order and it may range from
100 A to 1000 A in order, since carbontetrachloride
is nonpolar. Then, it can polymerize in the micro-
phase under the shock transmitted from detonating
nitromethane phase. This transition satisfies the three
requirement to contribute the detonation propaga-
tion, and so is effective to sustain the detonation
up tc high content of the diluent.

Carbondisulfide and tintetrachloride have similar
effects to those of carbontetrachloride on the detona-
tion propagation in the mixture with nitromethane
(15). They do not hinder the detonation in the
mixture up to a high diluent content, just like as
carbontetrachloride does not. Dick found a shock
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transition at the pressure near 62 kbar in: carbondi-
sulfide (21). If this is 2n exothermic change, effects
of the liquid may be also explained with it. For
tintetrachloride, we can assume the existence of rapid
exothermic transition near the detonation pressure

in nitromethane to explain its effects.

A shock transition has been found by Dick for
chloroform, which occurs between 260 kbar and 310
kbar. {private communication) This transition is suf-
ficiently rapid but the pressure at which it occurs is

much higher than that of detonation in nitromethane.

That is, pressure requirement (11) fails. Therefore,
chloroform behaves 4s an utterly inert diluent in
nitromethane.

Forshey et al. reported that hydrazine was very
active in the mixture with nitromethane (22). They
concluded that the activity owes to the formation of
so-called aci-form of the nitromethane by the addi-
ton of hydrazine. We may also consider that this
active effect of hydrazine owes to its inherent char-
acteristics under shock load, that is, hydrazine satis-
fies our three requirements and the heat release is
very high compared to that of carbontetrachloride.
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DISCUSSION

A. W. CAMPBELL, C. .. MADER, J. B. RAMSAY,
L. C. SMITH

Los Alamos Scientific Laboratory

Los Alamos, New Mexico

We must admit to viewing with skepticism the re-
port presented in this paper that solutions of nitro-
methane in CCL, detonate. We have fired two shots
which confirm the result for 50/50 vol % solutions.

A detonation velocity of 5.2 £ 0.1 mm/us was ob-
tained for a solution confined in a 12-mm diatmeter,
12-mm wall thickness brass tube over a length of
800-mm, A standard plate dent test with a diameter
of 42-mm gave an estimated pressure of 92 kbar com-
pared to 134 kbar for nitromethane. A RKW calcula.
tion gave a detonation velocity of 5.08. :m/us and a
pressure of 106 kbar,

Kusakabe and Fujiwara suggest that an exothermic
polymerization reaction of CCl4 may contribute
energy to the detonation front, Product yields pre-
sented in their Table 3 for HCCI1 4 /Nitromethane
(50/50 Vol, %) show that HC! is a major component
in the products, The formation of HC] is exothermic
and also competes for hydrogen in the H, C, O equi-
libria tending to improve the oxygen blance. This
reaction may explain why the solutions can detonate
with large fractions of chlorinated material.

AUTHORS’ REPLY

“Detonation velocities observed” presented in
table 2 are ideal ones at 25°C which are obtained
from the linear relationship between observed velocity
and inverse diameter, The detonation velocity of
50/50 voi ratio NM-CCl; mixture at 25°C in a brass
tube of inner diameter 12 mm can be calculated to
give the value of 5.42 km/sec by the use of ideal
velocity in the table, and the value is 0.2 £ 0,1 km/
sec higher than the value observed by Campbell ef 4/,

We think the discrepency may be due to impurity
in both mixtures and/or due to the difference in
mixing ratio, Asshown in this report, impurity such
as acetone will reduce the detonation velocity about
0.03 km/sec with | vol. % content, and 1 vol, %
difference in mixing ratio will result in the difference
of about 0.015 km/sec in the detonation velocity.,

Campbell et al suggest the contribution of HCI
formation to the detonation propagation in NM-CCly
mixture. 1f the reaction rate of HCI formation is
rapid enough to satisfy our requirements given in this
paper, the formation of HC! will be able to play a role
of importance in the detonation propagation,
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SHOCK-INDUCED ELECTRICAL POLARIZATION OF HOMOGENEOUS EXPLOSIVES

A. N. Dremin, A. G. Antipenko and V. V. Yakushev
Institute of Chemical Physics Academy of
Sciences USSR, Chernogolovka, Moscow

Region, 142432, USSR

Results of electric signals investigations ai shock compression and homogeneous ex-
plosives detonation are presented. If shock pressure is insufficient to initiate
detonation, explosive polarization does not differ from that of inert dielectrics.
The polarization signal shape at explosive detonation is related to the effect of high
electroconductivity occuring with some time delay behind the detonation wave
shock front. It is shown that in some cases the time delay magnitude can be de-
termined from the polarization experimental data. For example, the electro-
conductivity originates behind the shock front of NB powder detonation wave in
6.7« 107190 sec. At nitromethane detonation the dependence of the electrical sig-
nals amplitude on the nature of the metals of electrodes has been pointed out. The
dependence testifies that the factor arising at the electrode-sample interface is of
certain significance, More complex shape of the polarization signals at the shock
detonation initiation Is due to manystage nature of detonation developing process.
In this case the polarization signals pecularities are caused by changes both of the
polarization probe capacity and the explosives polarization in volume.

Shock-induced electrical polarization is defined as
a dipol moment origin in a dielectric sample volume
due to velocity and thermodynamical values gradients
in shock front.

Since Eichelberger’s and Hauver’s paper (1) the ex-
perimental arrangement (Fig. 1) has been usually used
for study of this phenomenon. The poelarization sig-
nal is registered when the shock wave front moves
through the sample 2 from the electrode 1 to the
electrode 3. The signal contains both some informa-
tion on shock trancition processes and that on the
compressed substance state.

In 1967 Hayes (2) discovered that at the deto-
nation of explosives between the electrodes electric
signals originated in the ivad of circuit like in the vase
of inert dielectrics. Hayes used the similar experi-
mental arrangement (Fig. 1) which had the second
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electrode of spherical form. The signal magnitude in-
creased from some hundredth of volt up to order of
one volt when the detonation wave was moving to the
second electrode. The signal magnitude practically
did not change during the process of the detonaiion
products flow-around of the electrode. Hayes called
tine phenomenon “the detonation electric effect” and
noted that it could be used for study both the sta-
tionary detonation and the transitional processes of
explosive initiation.

The electric signals during the shock initiation of
detonation in liquid explosives were experimentally
investigated earlier by Travis (3). He suggcsted that
the polarization probe should be used to reveal the’
space—-time relation of the process parameters. The
papers by Hayes and Travis stimulated the study of
the electric effects under detonation and shock com-
pression of explosives in our laboratory.
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Fig. 1. kxperimental arrangement. 1—~the grounded
electrode, 2 - the substance under investigation;
3- the second electrode.

This paper is devoted to homogeneous explosives
investigation. The experimental arrangement shown
in Fig. 1 was used in the investigation too. The elec-
trode 1 (8 mm thick, 80 mm diameter) and the elec-
trode 3 (15 mm diameter) were maae of aluminium
AD-| type. In some experiments the layer of 0.05
mm thick copper foil was cemented onto the elec-
trode 1 surface. In these experiments the electrode 3
was made of copper. The distance hetween the elec-
trodes Xo, was 2.5-3 mm. The electrode 1 surface
faced to the explosive was polished. The oscillograph
OK-33 type with the inlet resistance of 752 and the
time response of 20 nsec was used for the electric sig-
nals registration. In some experiments to measure the
polarization emf the resistance of 50-70 k€2 was ap-
plied to connect the polarization probe and the cable.

The explosive charges of 80 mm diameter and 120
mm height were used to obtain approximately one-
dimensional shock loading of the samples. To cal-
culate the dynamical pressure values in the explosives
their adiabats (nitromethane (4), nitroglycerine (5),
NB powder (6)) and the state of the electrode 1 ma-
terial were employed.

Nitromethane of trade-mark “pure” was refined in
vacuum just before the experiment; {0 separate nitro-
glycerine from methanol some volume of water was
added to their mixture. The obtained nitroglycerine
was dried.

SHOCK COMPRESSION OF THE EXPLOSIVES

If the dynamic pressure is lower than that of the
detonation origin the shock-induced polarization of
the explosives doesn’t vary from that of inert polar
dielectrics. Nitromethane and nitroglycerine at the
pressures up to those of the detonation origin remain

144

still perfect dielectrics during the registration time ~|
mksec. It has been observed in the experiments de-
signed for this purpose.

Therefore, the polarization current dependence on
time i(t) is determined by the following parameters:
the polarization relaxation time 7; the time constant
of the circuit RgC,; the transit time of the shock
through the sample t{; the time difference t; of the
shock front entering in the sample due to the front
convex and the value

€2
i o= =2
€1

_U_

U-u

€1 and €3 are dielectrics permittivities of the initial
and compressed substance, U—the shock velocity,
u-—the purticle velocity. At the pressure region from
8 kbar to 87 kbar the relaxation time of the nitro-
methane polarization is 7 <3 + 101} se¢, 3 =~ 1 (7).
The ty value was 5 + 108 + 1.5+ 107 sec and R.C,
=~3.7 « 10" sec. Since the reluxation time 7 is much
less than the time constant of the circuit R¢C, the
probe circuit can not be considered as a short circuit.
It has been shown (8) that at H =1,

t
EqC o o
(—1—‘1 t-¢ ReCo) o<ty
t2
i =
ﬁ . 13 _ -ty
E,Co -e"m e ReCo |, t2<1t<H,
t
[ 2 )
where
Por(U - u)
E, = ———— - )
© €o€2

is an effective emf. P, is the initial polarization at
the shock front; e is the permittivity of free space.

The experimental points and the calculated from
Eq. t (solid line) polarization signals from nitro-
methane at the pressure p = 68 kbar are presented in
Fig. 2. In this case the effective emf was equal to ~2
volts. From the relation (2) it follows that P, =~ 1.2 -
10-2 K/in2. The shock front orientation ~6% of
nitromethane molecules corresponds to the very value
of the initial polarizaton, the latter exceeding the

4
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4
<
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initial polarizaton of plastics (9) by two orders of
value at the sume pressure,

The information on the shock-induced polariza-
tion and clectric properties of nitroglycerine behind
the shock front has been published in our carlier
paper (10). It has been shown that 7 s less than 8
nsee and 70 is approximately equal to the unit at pres-
sures 14 -+ 122 kbar. Accordingly, the polarization
current oscillograms for nitroglycerine are fairly simi-
lar to those of nitromethane. The depenrience of the
initial polarization P, on pressure p is a steady in-
creasing function,

The experimental arrungement described in (1)
has been employed in the study of NB powder shock
polarization. It has allowed us to obtain both the
polarization and the relaxation signals, Fig. 3 shows a
characteristic oscillogram at the pressure 44 kbur,

Unlike liquid explosives the dependence i(t) for
NB powder is similar 10 that of plastics (1,9). In this
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Fig. 2. Nitromethane polarization signal. Solid line

presents data calculated with Eq. 1. Points are ex-
perimental data at p = 68 kbar.

Flig. 3. The polarization and relaxation signals oscillo-
gram of NB powder, p = 44 kbar, Time and voltuge
scales: 0.6 mksec/div; 1.2 V/div.
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case the relaxation signal examination reveals the
presence ot two polarization mechanisms. The re-
laxation fimes of the mechanisms differ from each
other by approximately one order of value, e.g., 7
being 0.2 mksec, and 72 being 1.5 mksee at 44 kbar,
The parameters appear to correspond to the polariza-
tion of nitroglycerine and nitrocellulose, both being
key components of NB powder. The Fig. 4 shows the
pressure dependence of the initial density of the po-
larization current j, per unit the dielectric thickness.
The dashed line is the extrapolation of the de-
pendence in the shock pressure region up to 370
kbar, the latter corresponding to the pressure behind
the shock front of NB powder stationary detonation.
To caleulate this pressure the shock adiabat (6) and
the detonation velocity (12) have been used.

DETONATION

We shall consider the electric signals at the shock
initiation of detonation with undetectable time delay.

It is known (13, 14) that condensed explosive deto-
nation products exhibit a high electroconductivity,
the latter being caused by electrolytic dissociation of
water und other components of the products (15, 16).
As a result of a finite rate of explosive decomposi-
tion, one can assume that the electroconductivity
behind the shock front of the detonation wave arises
with some time delay t3 (8). The time t3 must co-
incide upproximately with the explosive decomposi-
tion induction time.

If the polarization relaxation time is much more
than the electroconductivity time delay (7 % t1), the
magnitude of t3 can be determined from the shock
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Fig. 4. The initial polarization current density de-
pendence on pressure for NB powder.




polarization data. In accordance with Allison’s
theory for the open circuit, the polarization emf is

E=E (l1-¢!7) €))

If we expand the exponent when t is equal to t3, and
deal only with first two temrs of the expansion and
take into account the formula (2) for E; we shall ob-
tain:

E Pot3 (U~ u)
€062

@

The polarization current density per unit of the die-
lectric thickness (17) is equal to:

Poe; (U= u)
0= (5)
From (4) and (5) we shall have:
Ee €
ty = — ©)
Jo

For NB powder normal detonation the value of t3 is
approximately equal t0 6.7 + 10710 sec. To calculate
t3 the values of the polarization emf (E = 28.5 volt)
and the dielectric permittivity (e} = 9.1) experi-
mentally measured have been used; hiowever, the po-
latization current density j, have been obtained by
the extrapolation as shown in Fig. 4.

We shall consider the electric effects at nitro-
methane detonation in detail. It has been shown by
Hayes (18) that nitromethane specific electric resis-
tivity p7 behind the shock front of the detonation
wave decreases sharply in some nsec and reaches mini-
mum magnitude approximately 6.2 - 103 m.
Therefore in the experiments the following condi-
tions:

p26c€2 € tyandr € {3
are satisfied.

The first condition implies that at any moment the
electric field in conducting zone is about zero, and,
therefore, the surface of the electroconductivity
origin can be regarded as a moving condenser plate.
The second condition implies that the polarization re-
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laxation is over before the electroconductivity origin,
and hence the polarization emf is independent of
time; the formula (2) relating to the polarization emf
and the initial polarization. To put it another way,
the polarization signal shape is determined by a con-
denser complex resistance change at the shock com-
pression process. When the electroconductivity arises
with a time delay the mentioned above conditions
permit to apply the polarization probe current ex-
pression from the publication (8) for the interpreta-
tion of nitromethane detonation electric signals. The
curve calculated and experimental points are shown
in Fig. 5. The initial current impulse amplitude and
time duration were employed to evaluate the emf
value (19). The value accounted for 2.5 volt. It
should be noted, however, that the contact potential
(20) and electrochemical processes (21) could con-
tribute to the emf value. If the electrodes are made
of the similar metals, the contact potential presumably
can be neglected. The electrode metai ions transition
into the detonation products, on the one hand, and
selected adsorption of the product ions by the elec-
trode, on the other, are probably responsible for the
electrochemical potential origin. The potential value
must depend on the clectrode metul nature. Hayes
(2,20) when studying the detonation electric effect
has observed the dependence of the registered signals
value on the metal nature of both electrodes. It has
been found in (19) that at nitromethane detonation
in the arrangement shown in Fig. 1 the final current
and the accumulated charge (for the time interval
from t3 to ty) are larger for aluminum electrode than
those of for copper one. This finding is readily ac-
counted for by the data published in (21). It has
been shown in (21) that unlike cooper ions, alumi-
num ions transit easily into the detonation products,

 #e.
LE'

Q5

oy

7
24 Z,

Fig. 5. Nitromethane detonation polarization signal,
Solid line is the calculated data from (8); the points
are experimental data at p = 157 kbar.
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the latter obtaining a positive charge with reference
to metal.

SHOCK INITIATION OF DETONATION

It is known (3,22) that at the shock initiation of
detonation with some time delay the electric signals
have more complex shape than those of during the
normal detonation or during the shock explosive
compression,

Fig. 6a presents the clectric signal oscillogram at
the shock initiation of nitroglycerine detonation.
The signal shape docs differ from that of the normal
detonation (Fig. 5). The first impulse occurs at the
moment of the shock entrance into the sample. The
arrow denotes some small additional positive im-
pulse. It is followed by the negative impulss,

To realize the nature of these constituents, we
shall analyze the space-time diagram of the one-
dimentional scheme of the shock initiation of deto-
nation in a homogencous explosive (23). OA line cor-
responds to the shock wave motion through the
sample, The polarization layer width in time is equal
to 7 and is shown shading. At the metal-explosive in-
terface (OB line) the chemical explosive decomposi-
tion occurs in some time delay tq4. It results in origin
of supervelocity detonation in shock compressed ex-
plosive (CD line). The supervelocity detonation re-
action products have a high electroconductivity.
Therefore, this detonation front can be considered as
a moving plate of the polarization probe. The deto-
nation wave motion is responsible for a sharp increus-
ing of the condenser capacity and, hence, for the
origin of positive current hinpulse. When the super-
velocity wave approaches the shock wave front at the
distance of ~7(U - u), the polarization emf will start
to decrease because of the electric relaxation, At the
time ts the supervelocity wave overtakes the initiat-
ing shock wave front and as a result the oveicom-
pression detonation wave arises. For simplicity, we
shall take the overcompressed detonation wave to
transform into the normal detonation at the very
time t5. As it has been mentioned above, the electro-
conductivity arises behind the shock front of the
detonation wave in time delay t3. The polarization
signal ceases at the ty--time of reaching the second
electrode by the detonation front.

The reaction does not arise simultaneously all over
the electrode surface at the real experiment condi-
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tions. Therefore, the polarization emf and the capac-
ity of the probe per unit of the surface depend on the
radius r. If the force lines bending is neglected, the
expression for the current in the circuit of external
load will be the following:

. _d f
i = — E (T,t) ¢ (T,t) ds (7)
dt y

X
X
t
] é
D
_®
C
Ot ot t t
1) \ !
it c
Y, /0
el an
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Fig. 6. The data on shock initiation of detonation in

nitroglycerine.

a) an experimental oscillogram at p = 167 kbar.
Time and voltage scales: 0.25 mksec/div; 0.4
Vidiv.

b) space-time diagram of the initiation process.

¢) the calculated dependence of ifi(t2)on t at the
following magnitudes of the parameters: ¥ = 1,
T/ty = 0.01;t3/t1 =0.1; t3/ty =0.002; t4ft; =
0.3;t5/t; =0.5;t5/t; = 0.67,




The integration is performed all over the probe sur-
face S. To calculate the polarization current from (7)
the reaction surface shape should be prescribed. We
took it as a paraboloid of rotation.

Fig. 6¢ shows the caleulated signal obtained under
the same conditions as the oscillogram shown in Fig.
6a. The time parameters in the calculation have been
used from the oscillogram (Fig. 6a). The calculated
signal displays all features of the experimental oscillo-
gram. The first positive impulse of the signal cor-
responds to the ordinary shock polarization of the
initial explosives. Diversification t5 of the shock
wave front entrance into the sample determines the
time duration of the impulse, The reaction occurs at
time t4. Asin this very case, the relaxation time 7 is
much less than the time of the reaction beginning tq,
the reaction spreads onto the substance that has al-
ready relaxed and due to the capuacity change the
positive current flows through the external circuit,
As the supervelocity detonation approaches the initi-
ating shock wave front it enters the polarized sub-
stance layer and the electric relaxation effect becomes
prevailing the capacity change effect, the former caus-
ing the negative current, In the one-dimensional case,
the negative impulse of the signal would disappear at
the moment of the normal detonation origin ts.
However, due to the supervelocity detonation wave
front curvature the normal detonation building-up
oceurs all over the probe surface for some time inter-
val. The negative impulse time duration js deter-
mined by the time interval denoted as tg - ts in Fig.
Ge. The impulse shape depends on the shape of the
reaction surfuce, Then the positive current increases
because of the capacity effect as in the case of the
nonnal detonation till the signal end time ;.

Figure 7 illustrates the experimental oscillogram,
the space-time diagram and the polarization signal cal-
culated for NB powder. It is the larger time of relaxa-
tion when 7 3 t4 in this case that differs from the
case described above. It implies that the chemical re-
action occurs inside the polarized substance. The
electric relaxation of the polarization occurs and at
the moment of the chemical reaction origin as a con.
sequence of it the negative current appears. Further
progress of the electric signal occurs similar to nitro-
glycerine cuse.

In nitromethane case (Fig. 8) the relaxation time is
very small, In the experiments the reluxation time 7
is inuch less than the chemical reaction induction

time t4 and time delay t3 of the electroconductivity
origin behind the shock front of the detonation
wave. It means that there is no electric relaxation ef-
fect and the polarization mechanical relaxation
process occurs in the dielectric medium. Hence, the

Fig. 7. The data on shock initiation of NB powder

detonation,

a) an experimental oscillogram at p = 165 kbar.
Time and voltage scales: 0.25 mksec/div; 1.32
V/div.

b) space-time diagram of the initiation process.

¢) the calculated dependence ififty ) on t at the fol-
lowing magnitudes of the parameters: X = 1; 7/t
=gty =00 03/t =0.002; t4/t; = 0.25, t5/1;
=04 t5/t; = 0.56.
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supervelocity detonation motion causes only the posi-

tive current due to the capacity change effect.

So, all features of the polarization signals regis-
tered at the shock initiation of homogeneous
explosives can be interpreted by the competition of

the two effects, i.c., the capacity change and the elec-

tric relaxation; the signals features being determined
by the relation of the times: t3, t4 and 7.

Fig. 8. The data on shock initiation of nitromethane

detonation,

a) an experimental oscillogram at p = 105 kbar,
Time and voltage scales: 0.25 mksec; 0.2 V/diy.

b) space-time diagram of the initiation process.

¢} the calculated dependence ifi(t;) on t at the fol-
lowing magnitudes of the parameters: K = 1, 7/t;
=10;13/t; =0.1;13/t; = 0.002; t4/t; = 0.23;
tsft; = 0.31; t5/t; = 0.38.
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It should be noted that in the overcompressed det-
onation wave time delay t3 of the electroconductivity
origin can be much less than t3 in the normal deto-
nation. If in nitromethane case, 13 is of the same
order of value as that of 7 the polarization signal will
be negative at time ts. The signals observed can be
partially determined by the compressed substance
polarization in the supervelocity detonation front and
by the appearance of the electrochemical emf at the
moment of the electroconductivity origin. In our
experiments factors did not display qualitatively, It
could be due to the marked non-onedimention both
of the initiating shock wave and particularly of the
cceurring chemical reaction surface. However, the
factors could be of significance in the experiments by
Travis (3) and it is, presumably, the cause of some
difference of polarization signals shapes in our experi-
ments and those of the work (3).

CONCLUSION

As 4 result of this study one can make 4 con-
clusion that in all investigated cases the electric
signals were caused by the polarization of substance
in volume. Given the electroconducting detonation
products, electrochemical processes at the metal elec-
trode-detonation products interface make some cer-
tain contribution to signals.
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SOME APPLICATIONS OF THE ELECTRICAL JUNCTION EFFECT
IN EXPERIMENTAL SHOCK STUDIES*

Behavior of Al-Cu composite materials under shock loading.
Detection of a phase transition in bismuth and Hugoniot elastic limits in Al-Cu alloys.

J.P. Romain and J. Jacquesson
Laboratoire d’Encrgétique et de Détonique (L.A. CNR S n° 193)
EN3SMA —CEAT-Univerité de Poitiers—Rue Guillaume VI
86034—-POITIERS Cédex~France

The electrical effect produced by the passage of a shock wave through a bimetallic
Junction gives the basis of an experimental method used for vizualising the shock
front propagation in lamellar Al-Cu composites, These materials are found to be-
have under shock loading like homogeneous materials. Explanation for the shock
Jront steadiness is given by an analysis of the stress-time history resulting from mul-
tiple reverberations at Al-Cu interfaces. The same experimental method is applied
Jor the detection of double-wave shock configurations resulting from an Hugoniot
elastic limit in an Al-Cu alloy and from a phase change in bismuth at 70 kbar. The
slope of the phase line in the pressure temperature plane is derived from the meas-
urements. Comparison with static data indicates that this dynamic phase transfor-
mation corresponds to the Bi I-Bi V transition.

INTRODUCTION

The electrical effect produced by the passage of a
shock wave through a bimetallic junction, first re-
ported by Jacquesson (1) in 1959, has been experi-
mentally and theoretically studied by several investi-
gators mainly in France (2) and in US.S.R. (3,4,5).
The basic features of this effect have been described
in previous papers (2) and the most comprehensive
theoretical interpretation has been given by Migault
(6).

Some attempts were made in the past in order to
study the shock behavior of denze materials with the
use of experimental methods based on this effect.
Results obtained on germanium and bismuth were
presented at the 5th symposium on detonation in
1970 (7). This work was later on extended and new
results were obtained showing the availability of the

¥Part of this work was performed under the auspices of the
Commissatiat & I'Energie Atomique.
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method for investigating materials under shock load-
ing. This paper presents a review of some applica-
tions recently developed in our laboratory about the
behavior of lamellar Al-Cu composites under shock
and the detection of shock front instabilities resulting
from an Hugoniot elastic limit of an Al-Cu alloy and
from a phase transformation in bismuth.

1-SHOCK BEHAVIOR OF LAMELLAR
COMPOSITE MATLRIALS

(1) Studied Materials

The studied materials were Al-Cu composites con-
stituted by alternate layers of aluminum and copper,
a few tens microns in thickness, piled up and pressed
together, constituting samples of total thickness be-
tween 1.7 mm and 3.5 mm. Two composites charac-
terized by their average composition were studied:
compotite E (33% Cu, 67% Al) and composite 1 (45%
Cu, 55% Al) in weight composition. Composite 1 was
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TABLE 1

Al-Cu Samples: Composition and Structure

Sample type E I Iy I3
Weight composition 33% Cu, 67% Al 45% Cu, 55% Al
Density (g/cm3) 3.51 393
Cu lamellas thickness (mm) 0.03 0.03 0.05 0.05
Al lamellas thickness (mm) 0.20 0.12 0.20 0.20
Total number of Al-Cu pairs 8 14 7 14
Sample total thickness (mm) 1.84 2.10 1.75 3.50

shock générator
@ 40 mm driver plate

rﬂa?mnﬁ
'

electirode Cu
@ 6mm

g, 1. Schematic of an experimental arrangement
Jor shock behavior investigation of lamellar Al-Cu
composites,

elaborated in three forms Iy, I and I3 differentiated
by the thickness and total number of the tamellas
constituting the samples. The composition and struc-
ture of the investigated samples are listed in Table 1.

(2) Experimental Method

The samples were submitted to plane shock waves
of known amplitude propagating in a direction per-
pendicular to the plane of the layers. Figure 1 shows
the schematic of an experimental arrangement. Shock
waves were generated by explosive charges put on a
metallic driver plate transmitting the incident shock
into the sample pressed on the opposite face. Various
initial pressures were obtained by changing the nature
of the explosive and the nature of the driver plate

)
sample oscilloscope
® 20mm o
mylar 6y - 0a VL

ey

e))

H

(3

4)

Fig. 2. Typical records of the shock wave propaga-
tion in lamellar Al-Cu samples. :

Sample type: E(1);1;(2);1,(3);1;(4). Loading

stress in the aluminium driver plate: 97 kbar (1); 7 .
107 kbar (2); 145 kbar (3); 107 kbar (4). : '
V: 100mV (1,2): 50mV (3,4)

H: 0,1 us(1,2,3,4)

The arrows show the instants of entrance and emer-
gence of the shock wave into and from the sample.
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(aluminium or copper) or its thickness. The pressure
of the incident wave in the driver plate, just before
entering the sample, was previously determined by
experimental calibration and the Hugoniot curves for
aluminium and copper were used as reference for the
determination of the transmitted shock amplitude in
the sample. A vizualisation of the shock propagation
through the sample was obtained from the electrical
signals generated by the passage of the shock front at
the successive Al-Cu interfaces. A thin mylar sheet
(6 microns) was introduced between the sample and
the back-up electrode. The dielectric polarization of
mylar under shock produces an electrical signal of
the order of 100 mV amplitude and a few nanosec-
onds in rise-time, quite distinguishable from the
Al-Cu junction signals of only some 10 mV ampli-
tude, and giving precisely the arrival time of the
shock at the back face of the sample. Figure 2 shows
a set of typical oscillograms obtained with the various
Al-Cu investigated composites. The periodical Al-Cu
junction signals clearly reveal the time when the
shock front crosses the successive Al-Cu interfaces
and allow a precise chronometric study of the shock
propagation through the sample. In comparison with
other electrical or optical techniques currently used,
the great advantage of this system derives from the

AL o
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Fig. 3. Space-time diagram showing the shock front
stability in a lamellar Al-Cu sample.

possibility of vizualising the shock propagation within
the studied material, in adaition with a very good
time resolution.

(3) Experimental Results

Shock stability. Analysis of the records shows
that the shock front velocity is constant through the

Fig. 4. Space time diagram in the first layers of a type [3-1; sémble shock-loaded at 155 kbar. Numbers denote

the pressure in kbar units.
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Fig. 5. Shock weve configuration at X ; interface,

sample. Ilustration of this resuli is given in Fig. 3 by
the space-time {x, t) diagram relative to an experi-
ment performed on a typc 1y sample. Taking into ac-
couant uncertainties in the measurements, it appears
that the experimental points lie on a straight line, the
slope of which yields the velocity of the shock front.
In the lamellar Al-Cu composite, the direction of
shock propagation being perpendicular to the plane
+f the la* ers, the formation of a stable shock front
necessarily results from an interaction between mulii-
ple shock and relief waves generated at Al-Cu inter-
faces. The propagation of the first shock wave begins
at time t,, when the shock issued from the driver
plate enters the sample. The amplitude and velocity
of this wave steadily decrease in the course of its
propagation because of the successive transmissions
from aluminium to copper. The corresponding (x, t)
curve separates from that relative to the experimental
shock front. After some lelay, the interval between
both curves becoines larger than the uncertainties in
the measarements. This result gives evidence that a
steady shock is already formed in the early stages of
the propagation.

In order to have some informations about the
process leading to the formation of a steady shock,
we have constructed the (x, t) diagram of the multi-
ple wave propagstion in the first layers of a type I5-15
sample. The construction shown in Fig. 4 was done
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for an initial stress level of 155 kbar in aluminium,
corresponding to an average value in the studied pres-
sure range. The shock profile in pressure-time (P, t)
coordinates at the first Al-Cu interface designed by
X, in Fig. 4 is deduced from this construction and
shown in Fig. 5. The point of primary interest to be
noted is that the second shock wave following the
first one at 20 ns interval brings the material in a pres-
sure state near equilibrium. The pressure increase be-
hind this wave is slow, except peak P, resulting from
a reverberation of the first shock wave at X| inter-
face. Similar peaks of decreasing amplitude occur
periodically at about 100 ns interval. They result
from reverberations at the successive Al-Cu interfaces
X3, X3, . . . and do not appear on Fig. 5 limited to
the first 120 ns of the pressure evolution. The role of
these irregularities in the establishment of equilibrium
state is not significant. However, because of their
high amplitide they travel through the sample with a
significantly faster velocity and may accelerate the
process. A similar analysis at X, interface shows that
the second wave is in fact constituted of two close
successive shocks, and more generally at X, interface
of n close successive waves. Because of the approxi-
mations sade in the construction, it is quite likely
that these successive waves, separated by only a few
nanoseconds, form into an unique shock front which
brings the rnaterial near the equilibrium pressure. So,
the first resu’t given by this analysis concerns the
cquilibrium regime establishment, which appears to
be essentially governed by the two first shock waves,

Another important feature revealed by the dia-
gram of Fig. 4 concerns the velocity of the second
shock. During its propagation through the first alu-
minium layer, this wave interacts with the backward
reflected first shock ut X interface. Asa conse-
quence, the ampliiude and velocity of this wave are
increased. The same process occurs in each alumin-
ium layer, so that the mean velocity of the second
shock through the sample does not decrease. In the
same time, the first shock wave velocity decreases.
This results in a convergence of both waves, the sec-
ond wave overtaking the first one at a distance evalu-
ated at 5 or 6 pairs of Al-Cu layess. At that distance,
Fig. 3 shows thac the first shock wave and the experi-
mental shock front are still close to another. This re-
sult explains the reason why the first shock wave and
the experimental shock front are quite distinct after
some delay. 1t is worth noting here the differences in
the notion of “shock front” for an homogeneous ma-
terial and for a lamellar composite. In the latter case,
a stable shock front proceeds from an accumulation
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of several shock waves bringing the material in its
equilibrium state, instead of a single wave in the case
of an hormogeneous material.

Hugoniot curves, The existence of a steady shock
front in the Al-Cu composites demonstrates that the
shock behavior of these materials is similar to that of
homogeneous materials. As a consequence, it is pos-
sible to determine their experimental Hugoniot
curves. This was made by ar impedance matching
method, from the known amplitude of the incident
shock in the driver plate and the ineasured shock ve-
locity in the samples. The detailed numerical results
are given in a previous paper (8), where it is also dem-
onstrated that the shock compressibility of the inves-
tigated composites satisfies to a linear relationship be-
tween shock velocity D and particle velocity u. The
extrapolation of the D(u) relation at u = 0 yields ex-
perimental values for the bulk sound velocities which
are in good agreement with those calculated from the
known properties of the constituents.

The experimental Hugoniot curves for the compos-
ites may be compared with those computed from the
known Hugoniot curves for the constituents. In view
of this calculation, several models may be used. They
differ essentially by the assumptions made on thermal
interactions between constituents. When the shock
amplitude does not exceed one or two megabars, the
thermal effects on the total pressure in the sample are
small in comparison with the pure mechanical effects,
so that the Hugoniot curves obtained from different
calculational models are close one another. We have
developed a model similar to the model of mixtures
derived by Mc Queen et al (9), but using a particular
form for the Griineisen parameter characterized by a
constant specific of each solid and determined either
from the experimental Hugoniot curve or from the
elastic properties of the solid (10). This model pre-
sented in a previous paper (11) is applied here to the
Al-Cu composites and yields a satisfactory agreement
between the experimental and calculated Hugoniot
curves, as shown in Fig. 6.

1I-DETECTION OF HUGONIOT ELASTIC
LIMITS AND PHASE TRANSITIONS
(1) Experimental Method

The experimental method described above vas ap-
plied with some modifications to the detection of
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Fig. 6. Hugoniot curves for the lamellar Al-Cu com-
posites. Full lines are calculated curves.

multiple wave structures induced by Hugoniot elastic
limits (H.E.L.) or phase transitions. The experimen-
tal arrangement is shown in Fig. 7. In this modified
system the mylar sheet was introduced between the
driver plate and the sample in order to determine
with precision the arrival time of the incident shock
at the front face of the sample. The electrical re-
sponse of the sample-electrode junction was used to
obtain a vizualisation of the shock wave configuration
at the sample issue, and to establish shock wave
transit-times from which shock wave velocities were
calculated. The Hugoniot curves for the investigated
materials could be then determined by means of an
impedance match solution. In these experiments the
back-up electrode was made out of constantan (CTE)
instead of copper, because the signal amplitude is
higher when CTE is used.

(2) Hugoniot Elastic Limit of an Al-Cu Alloy

The initial weight composition of the investigated
material was 49% Cu, 51% Al. This corresponds to an
alloy composed of about 92% Al, Cu defined com-
pound and 8% Al. The shock behavior of this mate-
rial was studied in the pressure range from 30 kbar
to 150 kbar with the use of aluminium as reference
material. Figure 8 shows a set of oscillograms reveal-
ing the shock wave structure in the investigated mate-
rial and its evolution with the loading pressure. At
high pressure (record 1) a single electrical front is
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Fig. 7. Schematic of an experimental arrangement

® in the assumption of a phase transition, this
should be observed also under static pressure.
But the variations of electrical resistivity of this
alloy recorded under static compression up to
100 kbar did not reveal any irregularity which
could be related to a phase transformation.

® in the assumption of an H.E.L., the first wave
velocity should be close to the longitudinal
sound velocity. This velocity was measured by
ultrasonic techniques and the obtained value of
5886 m/s £ 5 m/s agrees with the shock value of
5950 m/s £ 100 m/s.

for detection of multiple-wave shock structures. For these reasons we conclude that the shock in- ;i
stability is to be attributed to an H.E.L. This conclu-
observed. It is generated by the shock arrival at the sion was further confirmed by an investigation of |
sample-electrode interface, indicating that the pres- Al-Cu alloys having various proportions of their con- 1
sure profile is composed of a single wave. In a lower stituents Al, Cu and Al (12). ﬂ
pressure range (records 2-5), two electrical fronts are
observed indicating that the initial shock breaks up (3) Detection of a Phase Transformation in Bismuth
into two successive waves in the course of its propaga- 4
tion through the sample. Finally, at very low pres- The phase diagram for bismuth, Fig. 10, estab-
sure (record 6) a single wave is observed again. This lished under static compression reveals several poly- y
evolution characterizes materials exhibiting a shock morphic transitions. Up to the present work, only )
instability due either to 2 dynamic yield point the Bi I-Bi I transformation at 25 kbar was reported
(H.E.L.) or a phase transformation. under dynamic compression (14,15). The transition y
Bi I11-Bi V at 78 kbar and room temperature was '
i The present instability is later identified as an never observed under dynamic pressure loading. This
l H.E.L. Analysis of experimental results listed in pressure is easily attainable with the use of our shock 4
‘ Table 2 shows that the shock front becomes instable generating systems, therefore we studied the shock
l for a loading stress between 38 kbar and 41 kbar in behavior of bismuth in a pressure range allowing the
; the aluminium driver plate. Assuming that the transi- detection of a possible shock induced phase change
i tion occurs at a reference pressure of 40 kbar, we ob- related to the Bi I11-Bi V transition. The experimen-
f ! tain the coordinates of the transition point in the tal procedure used was identical to that used in the
Al-Cu alloy from the measured velocity of the first study of Al-Cu alloys.
wave: (5.95 £ 0.10) mm/us. These coordinates are:
j : Double-wave structures were observed in bismuth
( P. pressure 49 kbar from 70 kbar to 86 kbar demonstrating that a phase
L D: wave velocity 5.95 mm/us transition takes place at 70 kbar. Figure 11 shows
‘ u: particle velocity 0.199 mm/us records of the shock profile and its typical evolution
p: density 4.24 g/cm3 with the loading stress. The coordinates of the transi-
tion point in bismuth are:
The uncertainty on the transition pressure was X
evaluated to £ 5 kbar resulting partly from the uncer- P =70 kbar, D=2.195 mm/m;, {
' tainty on the corresponding reference pressure in thz u = 0.3253 mm/us, p =11.505 g/em>.
- aluminium driver plate and partly from the uncer- i
tainty on the measured wave velocity. The Hugoniot As before, the uncertainty on the transition pres- ,
: curve for the investigated alloy is given on Fig. 9. sure was estimated to be + 5 kbar. The Hugoniot
curve for bismuth determined from our experimental
‘ The shock instability at 49 kbar was identified as results is shown in Fig. 12. Complete experimental
an H.E.L. for the following reasons: results and their detailed analysis may be found in
156
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Fig. 8. Records of the shock wave structure in an Al-Cu alloy. Evolution with loading pressure Py in the alumi-
nium driver plate.

157




e — ——

B e e b et o b g T e

TABLE 2

Al-Cu Alloy Experimental Shock Results

Pr Xo D, ug
(kbar) (mm) (mm/us) (mm/us)
30 237 55% 0.158
38 2.00 55% 0.200

41 201 6.05
56 2.02 5.85 0.199
71 2.00 592
92 2.01 6.00
114 2.00 5.85 0.567
145 2.01 6.00 0.696

P D, u; Py
(kbar) (mm/us) (mm/us) (kbar)
3%
45
5.51 0.207 51
49 5.30 0.282 67
5.53 0.360 85
5.59 0.462 109
136
176

Py shock pressure in the aluminium driver plate; x

o' sample thickness; Dy, u,, Py, Dy, uy, Pyt wave velocity, particie veloc-

ity and pressure for the first wave (subscript 1) and for the second wave (subscript 2), *: precision on Dy + 0.5 mm/us, for all

other experiments £ 0.10 mm/us.

ref. (16) where it is also demonstrated that the ob-
served dynamic phase change is related to the Bi III-
Bi V transition. The difference between the static
value of 78 kbar and the dynamic value of 70 kbar
for the transition pressure is accounted for by the
temperature increase in the samples submitted to
shock compression. In addition to the analysis given
in ref. (16), we have calculated from our experimen-
tal results the slope dP/dT of the phase line in the
pressure temperature plane corresponding to the ob-

pressure Ik bor)
Y

Q2 04 0é [ ]
) i A

porficie velocdy Lmmys pv)

Flg. 9. Hugoniot curve for the investigated Al-Cu
alloy.
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served shock induced transition. We used for this
purpose the following equation demonstrated by
Duff and Minshall (14):

<£>2 + 2 (_i.?.._ CP =0
dT Kyt -K-l dT TV(K ! -K-1)

(1)

where all quantities are evaluated at the transition
point: pressure P, specific volume V, temperature T,
thermal expansion coefficient a, specific heat at con-
stant pressure Cp and bulk modulus K of the initial
phase; bulk modulus K, of the mixed phase just
above the transition point. The values of these pa-
rameters are listed in Table 3.

P and V are obtained from our experimental re-
sults, T is estimated, assuming that a low shock pres-
sure, the Hugoniot and the isentrope are essentially
the sume. The following expression for isentropic
compression is used:

Y
T=T, exp-v~°(Vo -V) Q)
[]

where subscript o refers to the initial state. The ratio
v/V, where v is the Griineisen coefficient, is assumed
to be constant. We consider also that under shock
loading, bismuth transforms directly from phase I to
phase V when the shock amplitude exceeds 70 kbar.
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Fig. 10. Phase diagram for bismuth (13).

The initial conditions are
T, =293°K; V,=0.10204 g/cm3
7, i8 deduced from the thermodynamic relation:

(1) Pg =79 kbar

Fig. 11. Records of the shock wave structure in bis-
muth and evolution with loading pressure Py in the
aluminium driver plate.

V: 10mV (1,2,3)

H: 0.1us(1): 0.2us(2,3)

Sample thickness: 105 mm (1); 2.30 mm (2);
1.97 mm (3).

a, K.V
7°=_9_C:__° 3)

The values of a, and K, are taken from recent
data of Fritz (17) about the variations of elastic
moduli of bismuth with pressure and temperature:

a, =4.2 1075 °C-!

K, =3.620 10! ! dynes/cm?

The value of the specific heat at constant volume
Cy is taken from data of Gschneidner (18): Cy =
6.12 calfat.g. The value of K at 70 kbar is extra-
polated from measurements made by Fritz on the Bil
phase stable up to 25 kbar, and the value of a is de-
duced from Eq. (3) where all quantities are then
taken at 70 kbar pressure and Cy, is assumed inde-
pendent of pressure. Finally the value of K is de-
rived from our shock measurements as schematicaily
illustrated by Fig. 13, where point A refers to the
phase transition, M to a point in the mixed phase re-
gion and Dy to the velocity of the second shock
wave. Our experimental results yield:

lim Dy = 1.925 mm/us

M-A
150
< /
2
X
2 100
B 1Y
C(his work)
- 50
B 1.1
ol 14.15)
02 0.4 7]
1 ) i

partcle velocity (mm/’y;)

Fig. 12. Hugoniot curve for bismuth.
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TABLE 3

Farameters for Bi at the Transition Pressure of 70 kbar

P \Y T . K Cp Ky
(kbar) (cm3/g) (°’K) (dynes/cm?) (cal/at.g) (dynes/cm2)
1
70 0.0869 353 1.89 10~° 8.10!1 6.20 2.043 1011 .

P,.P
- A
KoV, lim _M_A

M-A VaA-Vpy
1 2
=~ lim (D= u,)
M Vo Maa M A
Py fomemmedeeae A

b e e —

»

<
2
>< b ———————

\'

Fig. 13. Determination of the bulk modulus K 4 in
the mixed phase regiun.

The corresponding value of K 5 is reported in Table 3.
The value of the phase line slope derived from Eq. (1)
at 70 kbar is:

4@ 8 =2 °K-1
T 1.47 10% dynes cm™< "K

This value may be compared to the slope of the Bi
111-V phase line, the equation of which was estab-
lished from measurements under static pressure by
Haygarth et al. (19).

Py = 96.048 - 2.0949 104 T2 (4)

where units are kbar for P and “K for T. It must be
first noticed that at 353 °K, which is the calculated
temperature in bismuth shock-loaded at 70 kbar,

Eq. (4) predicts Py;;.y = 70 kbar. This is exactly the
same value as that determined for dynamic transition
pressure. This result obtained with the recent data of
Fritz improves the former result given in ref. (16),

From Eq, (4), the slope of the Bi 111-V phase line at
70 kbar is:

(ﬂ?-> = - 1.48 108 dynes cm~2 °K~!
CYVTRY

This value differs only of 0.7% from the slope derived
from shock measurements. Taking into account the
approximations made in the calculations, the agree-
ment between both values may be considered as ex-
cellent and confirms that under shock loading, bis-
muth transforms directly from phase I to phase V
when the applied stress exceeds 70 kbar, and that the
dynamic Bi I-V phase line is identical to the static Bi
H1I-V phase line.

CONCLUSION

The electrical effect produced by the passage of a
shock wave through a bimetallic junction gives the
basis of a simple and efficient procedure for investi-
gating the properties of solids submitted to dynamic
compression. With the use of this method, we could
obtain a vizualisstion of the shock front propagation
through samples of lamellar A}-Cu composites and ac-
complish a detailed study of the shock behavior of
these materials. The same technique used for the
vizualisation of shock front instabilities allowed us to
detect the Hugoniot elastic limit of an Al-Cu alloy
and the Bi IV phase transition at 70 kbar in bis-
muth. This shock induced phase transformation was
never previously observed, perhaps because of the
narrow pressure range in which the resulting double-
shock configuration appears (from 70 kbar to 86
kbar). The good precision and time resolution of
our experimental method made this detection pos-
sible. These qualities of the method appear as a great
advantage in comparison to the possibilities of other
cxperimental methods used in shock wave physics.
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THE JCZ EQUATIONS OF STATE FOR DETONATION PRODUCTS
AND THEIR INCORPORATION INTO THE TIGER CODE

M. Cowperthwaite and W, H. Zwisler
Stanford Research Institute
Menlo Park, California 94025

The Jacobs equations of state, J1, J2, and J3, based on intermolecular potentials for
a single species, were rewritten for a mixture containing n moles of s species, labeled
JCZ1,JCZ2, and JCZ3, and programmed into the TIGER code so that they could
be used to make detonation calculations, Calculations were made on RDX and TNT
at different loading densities to provide a means of testing these equations of state,
the values of the molecular potential constants used in thelr formulation, and the
sensitivity of the calculated results to changes in the molecular potential constants,
Comparison of calculated and experimental Chapman-Jouguet parameters showed
that the exponential 13.5-6 potential is more satisfactory for treating detonation
products than the Mie 9-6 potential and led tu the conclusion that with appropriate
adfustments of molecular parameters the JCZ3 equation of state will provide a
realistic description of detonation products.

INTRODUCTION

Codes for calculating realistic detonation proper-
ties are important for predicting the performance of
high explosives and for assessing the usefulness of new
explosive formulations. The TIGER code (1) for
making such calculations was originally developed and
documented for the Ballistic Research Laboratories
(BRL). Further code work was carried out in con-
junction with Lawrence Livermore Laboratory (LLL),
Picatinny Arsenal (PA), and the Naval Surface Wea-
pons Center (NSWC), The present paper presents the
portion of this work concerned with the equation of
state of the detonation products, which was carried
out in collaboration with Dr. S. J. Jacobs of NSWC.

A more fundamental equation of state is required
to perform more realistic detonation calculations on
condensed explosives with a hydrothermodynamic
code such as TIGER because the thermodynamic
description of detonation products provided by the
Becker-Kistiakowsky-Wilson (BKW) (1) equation is
limited. The more fundamental Jacobs-

Cowperthwaite-Zwisler equations of state for detona-
tion products (JCZ1, JCZ2, and JCZ3) were formu-
lated by incorporating mixture rules for n moles of s
species into the pressure-volume-temperature (p-v-T)
relationships (J1, J2, and J3) developed by Jacobs for
asingle species considered as a fluid. (2)(3)

The thermodynamic functions needed to calculate
detonation propertics with JCZ1, JCZ2, and JCZ3 in
TIGER were derived and programmed to interface
with the STATE G routine. And the resulting JCZ
options were debugged and tested by performing
detonation calculations for RDX and TNT at different
loading densities.

THE JACOBS EQUATIONS OF STATE
J1,J2, AND J3

J1,J2, and J3 are based on a (p-v-T) relationship
for 1 mole of fluid of the form

P = Po(¥) + G(v, T) RT/v )
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where p,(v) denotes the lattice pressure along the
zero degree isotherm, R is the universal gas constant,
and the G factor accounts for the thermal contribu-
tion to the pressure arising from intermolecular
forces. The problem of formulating the (p-v-T) equa-
tion for a single species can be considered as that of
constructing expressions for po(v) and G(v, T) with
the pair potential describing the forces of interaction
between the molecules. Since Eq. (1) must describe
states ranging from the ideal gas to the dense com-
pressed state, the G factor must reduce to the virial
expansion at low density and must approach the value
determined by the repulsive potential at the high
density limit. Dr. Jacobs took a semiempirical
approach to this problam and used the results of
Monte Carlo (MC) and Lennard-Jones and Devon-
shire (LID) calculations to determine unknown
parameters in theoretical expressions for p,(v) and

G(v, T).

The expression for p, = - dE,/dv where Eq(v)
denotes the volume potential of a face-centered cubic
(FCC) lattice. The Madelung constants in this expres-
sion were changed to obtain agreement with MC
calculations in the fluid region to account for the fact
that the detonation products behave more like a fluid
than a solid. The J1 and J2 expressions for Ey(v)
were based on the Mie potential (R - m) y/e, =
m(r*/r)* - Yr*/r)™, where r denotes the intermolecu-
lar distance, € and m denote the repulsive and attrac-
tive exponents, and e, denotes the depth of the
potential well at the equilibrium distance r*. The J3
expression for E,(v) was based on the exponentiaf
potential which can be obtained simply by substitut-
ing exp[2(1 - r/r*)] for (r*/r)® in the Mie potential.
The G factors were formulated in terms of the non-
dimensional density p = v*/v = (1%/r)3 and the non.
dimensional temperature 0 = RT/e,, where ¢, = Ne,,
N denotes Avogadro’s number, and v = (N/y/2)r3.
The parameter 0 is also written as T/T* with T* = ¢_/k
and Boltzmann’s constant k = R/N.

The G factor was constructed so that the Helm-
holtz free energy A could be written explicitly in
terms of E,(v), the Helmholtz free energy of an ideal
gas Ay, and an f factor as

A=A+ Ey(v) + RT enf(v, T) (2)
For notational simplicity 1 = £nf is used here for all

the equations o1 state. The relationship between G
and f is obtained simply as
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G =1 - v/f (3f/av)y 3)

by differentiating Eq. (2) to obtain the (p-v-T) equa-
tion of state with the identify p= - (0A/dv)y. Thef
factor was written as a power series so that the
expression for G calculated with Eq. (3) has the cor-
rect limiting behavior at high and low densities and
agrees within computational error with the numerical
results of the MC and LID calculations. The power
series for the J1 f factor was constructed empirically,
but those for the J2 and J3 f factors were constructed
with f defined in terms of the molar free volume vy as
f= V/Vf.

The free volume was introduced theoretically by
considering the physical assumptions that simplify the
classical canonical partition function £2, so that the
cquation for A

A(v,T)=-RTin Q 4)

can be transformed into Eq. (2). At high densitics the
value of vg are determined by the lattice vibrations,
and at low densities v; = v 45 the system becomes
ideal and = 1, The f factor was assumed to be the
sum of a gaseous f factor fy and a solid f factor fyand
written simply as

= +1, (5)

It was constructed so that f; dominated the sum at
low densities, and the {5 term dominated the sum at
high densities. Thé expressions for fy; were formulated
with virlal coefficients calculated with the repulsive
potential, those for fy with Einstein’s harmonic

approximation for a solid, and the repulsive potential -

for a FCC lattice.

THE JACOBS-COWPERTHWAITE-ZWISLER
EQUATIONS OF STATE

Equations of state for a single species cannot be
used to calculate realistic detonation parameters
because the detonation products are composed of
different species. The first step in our equation-of-
state task was therefore to incorporate relationships
for a mixture of species into J1,J2,and J3. A mix-
ture of volume V containing n moles of s different
species with mole number nj(n = 1 ... s) was con-
gidered. It was necessary 1o consider the mole
numbers describing the composition of the mixture

&




as independent variables and modify J1, J2,and J3
accordingly. The modification was based on the
assumption that the equations for the pressure p(V,
T, ny ... ng) and the lattice energy Eo(V,nj ... ng) of
the mixturc have the same form as those for J 1,J2,
and J3. Equation (1), for example, was rewritten
formally for the mixture as

p=po(V,n1 ..n)+ G(T,V,ny ... ns)nRT/V  (6)

with

Since J1, J2, and J3 were formulated with the non-
dimensional variables v/v* and T/T* = RT/e,, the

mole numbers were introduced explicitly by formulat-

ing expressions for the e, and the V* of the mixture.
These expressions were based on the assumption that
the properties of the detonation products can be
adequately described by considering pair-pair inter-
actions. The potential functions describing i - i inter-
actions had therefore {o be generalized to describe

i - j interactions. The paramsters ;; or T = ¢;/k
were used to denote the depth of the potential well
for unlike molecules, and "ij and v;j' were used to
denote the corresponding equilibrium distance and
associated volume. But for notational simplicity, the
double subscript was not used for i - i interactions,
and e, used previously for one species was written as
¢;. The equations for e; and V* must satisfy the
thermodynamic identify (4)

v=) o m@nrp, a ()

i=1

that is valid for an extensive variable v. The following
equations were considered in the present work:

=iz Z,-n,nj i=1.s j=1.s

“ @)
with
°ij = Ne“

V*=1/n Ei Zjni"jvi‘j i=1..3,j=1.3

with

©

v = Nap* VT (10)
and

Ve = NR*) VT an
with

R*=1/n%3 Z bl s i=1.s j=1.. 8(12)

but Eqs. (9) and (10) were used instead of Eqgs. (11)
and (12). JZ1,JZ2, and JZ3 were generated from J1,
32, and J3 by replacing v/v* and T/T = RT/e; with
V/V* and T/T* = nRT/e, with V* and e,, defined by
Eqgs. (8), (9), and (IO) The addmonal relationships,
eij = f(ej, €5) and r” = g(ri oI "), needed to perform
calculations were assumed to be

ii_]: =/ﬁﬁ 1/2 -
R \k2
and
s, »
ri +l'j
r;j= - (14)

but the derivatives used in the calculations were
derived in terms of e, and rj} so that relationships
other than Egs. (13) and (1 J) could be introduced
into the equations of state and used without
difficulty.

INCORPORATION OF AN EQUATION
OF STATE INTO TIGER

The introduction of a new equation of state into
the TIGER code is by no means a trivial task, The
p=pV, T, nj .. ny) relationship must be rewritten in
the form used in the code and then used to derive the
expressions needed to perform thermodynamic calcu-
lations. The form used in the code is

VIR Ad 15)

where v = My/p; M, denotes the mass of the system
including condensed phases, and @ is the imperfection
term, which has a value of 1 for the ideal gas. It is
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necessary to derive expressions for &, the frozen
partial derivatives 32nb/38nT, 3¢nd/68np, I&nd/dn;,
the activity coefficients

ArM s
ri=f — % ®y5 ge
RTj On; p

and their frozen partial derivatives 3I';/3&nT,
ol';/afnp, and 3T';/dn;, and the imperfection integrals

hM ap\] dp
E—-J; W[P-T(ﬁ)] ’; (17)

P M.T/ 320\ dp
& = - _;(i_g)gl‘g . (18)
R \a12/ P

o]

It is convenient to derive general expressions for
these quantities, for the JCZ equation of state using
Eq. (2), with all the terms considered to be a function
of the composition. The following equations were
derived for the JCZ cquation of state:
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Incorporation of an equation of state into TIGER
is tested by checking the values of the partial deriva-
tives against those computed by differencing tech-
niques and checking the values of I';, €, and e against
those computed by numerical integration of the equa-
tions. It should be noted that the expressions for I';,
€,and e can be obtained mor casily by differentia-
tion than by integration in the present case because
the form of the Helmholtz free energy is known -
explicitly. The equations were used to derive expres-
sions for all the JCZ equations of state in terms of the
nondimensional variables. Only the equations used
to incorporate JCZ3 into the TIGER code are given
here, however, because of space limitations.

CALCULATIONS AND CONCLUSIONS

The JCZ equations of state for nine molecula;
species were used to calculate Chapman-Jouguet (CJ)
states and the isentropes passing through them for
RDX at loading densities of 1.8, 1.4, and 1.0 g/cm?
and for TNT at loading densities of 1.6, 1.4, 1.2, and
1.0 g/cm3. The potential constants used in the calcu-
lations were standardized by adopting the values given
by Fickett (5) and by assuming that the constants for
NH3 were the same as those for HoQ. The standard
ideal gas atate and solid carbon were treated with the
data already in the TIGER library. The results of
thése detonation caiculations were compared with
experimental values to test the validity of the JC2
equations of state, the values used for their potential
constants, and the sensitivity of the calculated
parameters to changes in the potential constants,
This comparison showed that the CJ values calculated
with the standardized potential constants agree
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reasonably well with the experimental values and lead
to the following conclusions:

® JC