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THE PREMATURE DETONATION PROBLEM
.

-e-

----

by

George H. Pimbley and Elisabeth F. Marshall

ABSTRACT

Determining how cavities or voids in the explo-
sive loads of artillery shells cause in-bore pre-
mature detonations is important to military author-
ities. Though answers continue to be elusive, in
detailing recent studies of the problem at LASL, we
have examined some traditional approaches and sug-
gest a new direction of investigation.

The aquarium experiment and the pipe test have
been devised at LASL to model the events taking
place in a base gap, or in an internal cavity, in
the load of an accelerating artillery shell. To
assess the data from these experiments we use numer-
ical simulation.

This report describes both the experimental and
the numerical simulation phases of the project. The
commonly accepted gas compression, thermal ignition
mechanism is not consistent with the results of this
study . The dominant mechanism or mechanisms have
not been identified.

I. INTRODUCTION

A. History of the Problem

1. Recognition of the Problem. Shell-type elongated projectiles contain-
ing bursting charges, fired from rifled cannon, were in general use by the time
of the American Civil War. We have no record as to whether the Union or Confed-
erate forces had any organized awareness of the problem of premature explosions
within the bore of a gun. Similarly, if there was a “premature” problem during
the Spanish-American conflict of 1898, or in World War I, we may guess that it
escaped official notice. The lack of detonation in the black-powder charges of
the former, and the slow detonation in the TNT and similar charges of the latter,
precluded any great problem.
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It was during World War II and in later conflicts, with the introduction of
Composition B (Comp. B) as a load for shells, that premature detonation became a
recognized problem. Comp. B, which is a mixture of 40% TNT and 60% RDX, is of
sufficient sensitivity, and its detonation velocity is sufficiently high, to make
the in-bore premature explosion a statistically significant risk.

J. Previous Experimental Work. In a classic demonstration, Bowden and
Yoffel showed in 1952 that trapped air in bubbles tended to sensitize nitro-
glycerin. A 40-gram hammer, which was dropped from 3 cm on an air bubble in
nitroglycerin smeared on a plate, would initiate an explosion; in the absence of
air bubbles, no explosion occurred even when a 1000-gram weight was dropped from
150 cm. Similar, though less marked, results were obtained by these investiga-
tors with voids in solid explosives. For a bubble-like void in PETN, the energy
required to explode 50% of samples was 2.8 x 10” g-cm, while with no bubble it
was 7.1 x 10” g-cm.

Firing tests with actual guns have been conducted with shells containing
both artificial and known natural cavities in their charges. Generally, pre-
mature have occurred with relatively large voids (w~inch) at the base of the
shell. The setback pressure of the charge resulting from the acceleration of
the shell, and the consequent collapse of the void, is usually blamed.

Experiments reported in 1957 by the Arthur D. Little Co. served further to
connect the occurrence of premature explosions with voids or cavities in the
load of the shell.z Samples of Comp. B with artificial internal and surface
cavities of various shapes and sizes were subjected to known shock pressures
transmitted hydraulically to the sample. Frequencies of detonations for the
various types of cavities were cataloged and studied.

Up to now the generally accepted mechanism whereby voids and cavities cause
premature explosion of a loaded shell ha.5been the supposed adiabatic compres-
sion of trapped air in collapsed cavities, with heating to the thermal ignition
point. This viewpoint has been called into question during the course of our
work at LASL. This is what the present report is about.

The question of the effect of voids and cavities has often been of interest
in meetings of the High Explosive Working Group at LASL in recent years. In
1973-1974 the aquarium technique for experimenting with explosive samples was
pioneered by B. G. Craig. Extensive tests were then conducted at LASL on simu-
lated base gaps in cylinders of pressed TNT.3’4 The results are used to help
support the conclusions of this report, along with those of more recent aquarium
tests.

B. Recent Studies at LASL

1. Aquarium Tests. Experiments were performed at LASL
explosion problem, beginning in 1973-1974, using the aquarium
samples. Further aquarium studies using Comp. B samples were

on the premature
technique and TNT
done in 1978-1979.

Known charges of explosive were detonated under water, and samples of pressed
TNT or of Comp. B were thus subjected to water-transmitted shocks of known
strength. These cylindrical samples were placed on a Plexiglas ring at cali-
brated distances from the center of detonation. Then the ring was submerged at
a depth such that, upon detonation, the gas bubble vented before reaching maxi-
mum radius; thereby bubble oscillations were prevented. Each sample was enclosed
in a Plexiglas cylinder, the latter being
face so that when capped with a Plexiglas

extended
cover, a

slightly beyond
gap was formed.

the sample
The samples
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were so mounted on the ring that these gaps were directly exposed to the oncoming
shock wave. The gaps were thus designed to simulate the base cavity in a defec-
tive shell.

With the aquarium technique, a number of samples can be studied simultane-
ously under the same conditions in one experiment.

.

.
---

.

.

2. Pipe Tests. Yet another type of test performed at LASL in 1978-1979,
involving cavities in an explosive, is the pipe test. This test was designed to
study internal cavities and their possible role in causing in-bore premature ex-
plosions. A cylinder of explosive with an internal cavity is enclosed in an up-
right thick steel pipe, with a witness plug beneath it and a charge of propellant
above it. The effects of various internal cavities, and the collapse thereof in
a detonation, are read by measuring the deformation of the witness plug. These
tests were also pioneered by B. G. Craig.

3. Computer Simulations. The two general types of experiments discussed
above were simulated in a series of computer runs using the SIN, 5s8 ~~L,6$8 and

2DE7’8 codes that were developed at LASL. The SIN and 2DL codes employ differ-
ence analogs of the reactive hydrodynamic equations in Lagrangian coordinates.
The SIN code was used with an assumption of spherical symmetry, whereas the 2DL
code was applied without this assumption. The 2DE code is an Eulerian code and
was used with an assumption of cylindrical symmetry. Numerical simulation is
the current method for attempting to assess the chain o.fevents in an experiment.

II. AQUARIUM TESTS

A. Methodology

1. The TNT Tests. A number of test cylinders of pressed TNT were mounted
on a Plexiglas ring, the axis of each cylinder being directed toward the center
of the ring. Each cylinder of explosive was 2.54 cm in diameter and 2.54 cm
long, and the TNT was of density 1.611 g/cc. An undersize O-ring was shrunk on
each sample at the end nearest the center of the ring, anda Plexiglas cylindric-
al shell was slipped over each O-ring and glued so as to extend a given dis-
tance beyond the TNT. Silicone grease was used to extend the plane of the TNT
face to the inside of the Plexiglas cylinder without contaminating the face of
the TNT. Plexiglas disks, 0.15 cm thick, were glued inside the extended ends of
the Plexiglas cylinders so as to form the desired gaps. A Plexiglas disk was
used also when a particular sample had no gap.

At the center of the ring was a sphere of explosive, consisting of an initi-
ator at the center with a surrounding shell of PETN, density 1.55 g/cc, 0.635 cm
thick. This ball was in turn enclosed in a shell of PBX-9404 of thickness 0.635
cm and density 1.844 g/cc. The water distance between the PBX-9404 surface of
the central ball and the exposed face of each TNT sample cylinder was 9.754 cm.

With this apparatus, peak shock pressure transmitted to the exposed end of
a cylindrical sample was estimated to be 2 kbar with a moderate air gap and 3
kbar with no air gap.

A total of 29 samples of pressed TNT were thus tested by water-transmitted
shoclcs. As shown in Table I, these tests were conducted under various conditions
of ambient temperature, with various widths for the base gaps, and assorted gases
filling the gaps, including air, methane, and krypton. (The two experiments with
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SUMMARY OF OBSERVATIONS OF TNT GAP IGNITION

Shot Sample

E-3822

E-3851

E-3868

E-3851

E-3858

E-3858

E-3858

E-3857

E-3857

E-3857

E-3859

E-3859

E-3859

E-3868

E-3868

E-3851

E-3851

E-3851

E-3822

E-3858

E-3858

E-3857

E-3857

E-3859

E-3859

E-3868

E-3868

E-3822

E-3822

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

Baee

L&Z

36

29

12

29

11.5

11.5

11.5

11

11

11

12

12

12

12

12

29

29

29

36

11.5

11.5

11

11

12

12

12

12

36

36

0

0

0

1

1

1

1

1

1

1

1

1

1

1

1

2

3

4

5

5

5

5

5

5

5

5

5

10

15

HE HE
Gaa Gap SurfaceSurface
(m) Finish Coatin~

Air

Air

Air

Air

Air

Air

Air

Air

Air

Vac + H20

Kr

Me

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Vac + H20

Kr

Me

Air

Air

Air

Air

600wet None

Pol.i8hedNone

Pohhed None

Poli8hed None

Polished None

600dry None

120dry None

Pol.i8hedAl

120dry Al

Polished None

Poli8hed None

Polished None

Polished None

Poli6hed Krylon

Poli6hed None

Polished None

Polished None

Poli6hed None

600 wet None

Poli6hed None

120 dry None

Polished Al

Poli6hed None

Poli6hed None

Poli6hed None

Poli6hed None

Pol.i6hed Krylon

600 wet None

600 wet None

Condition of HE Sample

No reaction

No reaction

No reaction

Blackened and cracked

Le6s blackened and cracked than sample 4

Blackened and cracked

Blackened and more cracked than
6ample 4

No reaction

No reaction

Larger crack6 and blackened on ha~

Blackened and cracked

Blackened and cracked

Lea6t blackened of any of above

Blackened and cracked

Not defined

Slightly more blackened and cracked than
6ample 4

Slightly more blackened and cracked than
6ample 16

Slightly more blackened andcrackedthan
6ample17,some pittingnearcenter

Blackened and cracked a little more than
sample 18

Blackened a little more than 6ample 19

Blackened a little more than sample 19

Significantly le66 blackening than
6ample 20

Blackened and deeply pitted on half

Blackened a little more thansample 19

Blackened ● little more than 6ample 19

Not defined

Blackened andcrackeda littlemore than
sample18

More burned than any above

Badly broken - almo6t exploded

.
.

-
.“

.
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vacuum gaps developed leaks and water was present in the gap.) The test samples
had various finishes and a few had surface coatings, as noted in Table 1.

2. The Comp. B Tests. Except for the use of Comp. B, density 1.715 g/cc,
instead of TNT, the methodology was quite similar at first. There was a fixed
number of test specimens of Comp. B mounted on the Plexiglas ring in each experi-
ment, but in one of the experiments (shot #3221) the water distances between the
PBX-9404 surface and the exposed faces of the Comp. B specimens were set at
various amounts as shown in Table II. For shots #3222 and #3234, this distance

was fixed at 8.5 cm. The arrangement of cylinders on the ring for these three
shots, together with gap size and type, is shown in Fig. 1.

Experimental shot #3221 had one specimen with no gap. This was intended as
a control. Four specimens, set on the ring with distances from the central ball

of 8 cm, 8.5 cm, 9 cm, and 9.5 cm, each had air gaps of 0.5 cm. The last sample
had a 0.5-cm vacuum gap of 1000 ~m of mercury. Five samples were thus intended
to simulate base cavities in shells (Fig. la).

Shot #3222, with six samples on the ring (8.5 cm from the ball),had gaps as
follows: (a) three 5-mm gaps with, respectively, air, Comp. B powder at tapped
pour density, and a vacuum of 180 pm of mercury; (b) two 2.5-mm gaps with, re-
spectively, air and loosely packed Comp. B powder; (c) one gap with only 1 mm of
very loosely uacked Comp. B powder (Fig. lb).

Shot #3234 was somewhat apart from the preceding shots. The Plexiglas
holder for the Comp. B specimens was redesigned, as shown in Fig. 2, to have air–
filled side gaps 2.5 mm wide. A suspicion had developed after the previous shots
that two-dimensional effects might be important; that is, it was suspected that
secondary shock pressure might be compressing the sides of a cylindrical speci-
men at a time prior to the arrival of the direct shock through the gap at the
front face. The progress of a direct shock is generally slower in an air gap
than in the surrounding water. Thus, all but one of the samples in shot #3234
had these redesigned Plexiglas holders.

I

Some of the-samples i; #3234 had grooved front covers, designed to break in
a symmetrical manner upon arrival of the front shock. This was in response to
suspicion that the manner of breakup of the front cover might be affecting the
results (Fig. lc).

All samples in shot #3234 had front gaps of 2.5 mm and the distance to the
center ball was 8.5 cm in each case. See Table II and Fig. lc.

B. Experimental Results

1. The TNT Tests. The results of all 29 tests are shown in Table I. In
Table III we attempt to group these experimental results for easier interpreta-
tion. As seen in Table III, wider air gaps seem to be correlated with more
damage to the sample (that is, more reaction), though this tendency may be re-
versed for krypton- and methane-filled gaps. There is some tendency for a rough
surface to give more reaction than a smooth surface. Vacuum-plus-H20 gaps pro-
duce about the same amount of reaction as air-filled gaps. An aluminum coating
on the sample seems to result in less reaction , while a krylon coating results
in more. There is more of a reaction when the aquarium test is performed at a
s~gnificantly higher ambient temperature.

Figures 3-8 show the effects on the TNT samples that underwent the aquarium
tests listed in Tables I and III.
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TABLE II

RESULTS OF AQUARIUM EXPERIMENTS WITH COMP. B

Shot and
QlixxJer

No.

3221-1

Distance from
Center of 9401i

(mm)

80

Gap

5 m, air

No gap

5 mm, vacuum (1000 Us)

Comments

Appreciable decomposition with
blackened conical pit at center

No reaction

More decomposition than correspond- .
ing air gap,3221-4,pit almost
obscured

Appreciable decomposition with pit

Appreciable decomposition with pit,
less than 3221-1

Appreciable decomposition with pit

No decomposition, cake of compacted
powder recovered

Repeat of 3221-6, same result

More decomposition than corresponding
air gap,3221-6and 3222-2, no pit

Appreciable decomposition vith pit

Pale discoloration of both materials
at powder-solid interface, surface
smooth, portion of cake of compacted
povder recovered

Pronounced discoloration of both ma-
terials at powder-solid interface,
surface generally smooth, most of
compacted povder recovered

Extensive decomposition, sides
splayed,more than in 3221-3

3221-2

3221-3

90

90

3221-4

3221-5

90

95

5 mm, air

5 nnn,●ir

3221-6

3221-1

85

85

5 mm, ●ir

5mm filled vith
powdered Carnp,B

5mm, air

51mn, vacuum (1801Js)

3222-2

3222-3

85

85

3222-4

3222-5

85

85

2.5mm, air

2.5 mmfilled with
powdered Cornp.B, not
● s tightly packed as
3222-1

1 mmloosely filled
with powdered Cornp.B

3222-6 85

3234-1 85 2.5 mn, air, grooved
cover, coarse Comp.B
~articles zlued on
ourfaceof Comp,B, side
gaps

3234-2 85

3234-3 85

2.5 am, air, side gaps
plain cover

Light blackening, small black pit,
less than 3234-4

Fairly smooth, irregular 7-rim dark
area

2.5 m, air, side gapa
plain cover, vacuum
(155 W)

3234-4 85

323&5 85

2.5mm, air, eide
gapa, grooved cover

Medium darkening, more pronounced In
a 14-nmIarea ●t center,like 3221-1

Smooth dent in center, no sign of
reaction

2.5 mm, air, uide gaps,
grooved cover, smeared
with vacuum greaeea

3234-6 85 2.5nm, air, m ●ide
gaps, grooved cover

Darkened about like 3222-6, irregular
pits, one at center

%ov-Corning high vacuvm greaae, Cat. No. 970V.



.

.-

a.

c.

Fig. 1.
Arrangement of sample cylinders in Comp. B aquarium experiments.
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TABI.11 111

CONPARISON OF OBSFRVATIONS OF TNT CAP ICNITION

1. cap size

Polished Surface (29°C ambient temperature, no coating)——

E-3851 No gap No reaction
E-3851 1 mm air Blackened and cracked

E-3851 2 mm air Sli8htly more blackcncd and cracked

E-3851 3 mm air Yet slightly more blackened and cracked

E-3851 4 mm air More blackened and cracked, pitted near center

600 Wet Surface (36°C ambient temperature, no coating)—.

E-3822 No gap No reaction

E-3822 5 mm air Blackened an~ cracked

E-3822 10 mm air Considerably burned

E-3822 15 mm air Badly broken, almost exploded

Polished Surface (12°C ambient temperature, air in gap)

E-3868 No gap No reaction
E-3868 1 mm, with krylon Blackened and cracked

E-3868 1 mm, no coat Not defined
E-3868 5 mm, no coat Not defined

E-3868 5 mm, with krylon Blackened and cracked

Polished Surface (12°c ambient temperature, no coatinfi)

E-3859 1 mm, with krypton Blackened and cracked

E-3859 1 mm, with methane Blackened and cracked

E-3859 1 mm, with air Less blackened and cracked
E-3859 5 mm, with krypton Blackened

E-3859 5 mm, with methane Blackened

2. Various Surface Finishes (no coating, 11.5°C ambient temperature, air in gap)

E-3858 1 mm, polished Blackened and cracked

E-3859 1 nun, 600 dry Blackened and cracked

E-3858 1 mm, 120 dry Blackened and more cracked

E-3858 5 mm, polished Blackened

E-3858 5 mm, 120 dry Blackened

3. Vacuum - No Vacuum (polished, no coating)

E-3858 1 mmair, 11.5°C Blackened and cracked

E-3857 1 mm vacuum + H20, ll°C Large cracks, blackened on half

E-3858 5mm air, 11.5°C Blackened

E-3857 5 mm vacuum + H20, ll°C Blackened and deeply pitted on half

4. Coating - No Coating (polished, air in gap)

E-3857 1 mm, Al, ll°C No reaction
E-3858 1 mm, no coating, 11.5°C Blackened and cracked

E-3868 1 mm, krylon, 12°C Blackened and cracked

E-3857 5 mm, Al, ll°C Less blackened

E-3858 5 mm, no coating, 11.5°C Blackened

E-3868 5 mm, krylon, 12°C Blackened and cracked

~Ambient Temperature (polished, no coating)5

E-5851. 1 mmair, 29°C Blackened and cracked

E-5858 1 mm air, 11.5°C Less blackened and cracked

E-5859 1 mm air, 12°C Least blackened

.

.

. .

.

.



❑ Grade A Comp. B, diameter 1. OOO’1 + o.001,

length 1.000” ~ 0.0039 p - 1.7ib + o.001

IEi! Plexiglas
—

3.0 m

2.5-mJn gap

3.0 m

Fig. 4.
Appearance of samples and typical
parts recovered from shot E-3851.

Fig. 2.
Specimen holder for aquarium shots,

isolation type.

Fig. 3.
Appearance of samples and typical
parts recovered from shot E-3822. The
air gap is the thickness in millimeters
of the base gap.

Fig. 5.
Appearance of samples recovered from
shot E–3857. The two samples in the
upper left were polished and coated
with thin aluminum foil. The sample
in the upper right was roughened with
120–grit Carborundum and coated with
aluminum.
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Fig. 6.
Appearance of samples recovered from
shot E-3658.

Fig. 8.
Appearance of samples recovered from
shot E-3868.

Fig. 7.
Appearance of samples recovered from
shot E-3859.

2. The Comp. B Tests. In Table IV the results of all the Comp. B aquar-
ium shots to date are classified and grouped.

Figures 9-13 are photographs showing the effects on the Comp. B samples
listed in Tables II and PJ.

A study of Table IV leads to the following conclusions for Comp. B speci-
mens:

●The amount of decomposition in a cylindrical sample decreases with an in-
crease in the water distance between the surface of the sample and the central
ball.

●There is much more decomposition and pitting of a sample with an air gap
than there is without any gap.

●There may be slightly more decomposition of a sample with a vacuum gap
than of a sample with an air gap of the same size, but there is ambiguity. Air
gaps seem to give slightly more pitting.

●There is slightly less decomposition and pitting of a sample with= grooved
cover plate, particularly the center pit, than there is if the cover plate has
no grooves.

.

.-

I

I

.

.
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TABLE IV

COMPARISON OF EFFECTS - COMP.B AQUARIUM TESTS

1. Various Radii from Center (identical assemblies, 5 mm air)

3221-1 80 mm

3222-2 85 mm
3221-6 85 unn
3221-4 90 mm
3221-5 95 mm

2. Gap and No Gap

3221-4 No gap
3221-2 5-mm gap

3. Vacuum or Air

90 mm, no side gap
3221-4 5-mm air gap
3221-3 5-mm vacuum, 1000 pm

85 mm, no side gap
3221-6 5-mm air gap
3222-3 5-mm vacuum, 180 pm

85 mm, with side gap
3234-2 2.5-mm air gap
3234-3 2.5-mm vacuum, 155 pm

4. Grooved Cover Plate - No Grooves

85-mm radius, no side gap
3222-4 2.5-mm air gap, plaln
3234-6 2.5-mm air gap, grooved

85-mm radius, with side gap_
3234-2 25-mm air gap, plain
3234-4 25-mm air gap, grooved

5. Comp.B Powder or Particles, etc.

Appreciable
center
Appreciable
Appreciable
Appreciable
Appreciable
than 3221-1

No reaction
Appreciable

Appreciable

decomposition, blackened pit at

decomposition with pit
decompositionwith pit
decomposition with pit
decomposition with pit, but less

decomposition with pit

decomposition with pit
More decomposition, pit almoat obscured

Appreciable decomposition with pit
More decomposition but no pit

Light blackening, small black pit
Irregular dark area, fairly smooth

Appreciable decomposition with pit
Pronounced discoloration; irregular pits, one
at center

Light blackening, small black pit
Medium darkening, more pronounced in a 14-mm
area near center

85-mm radius, no side gap, no grooves

3222-6 1 mm powder Pronounced discoloration of both materials at
powder-solid interface, surface gene~ally smooth,
most of compacted powder recovered

3222-4 2.5-mm air gap Appreciable decomposition with pit
3222-5 2.5 mm powder Pale discoloration of both materials at the

powder-solid interface, surface smooth, portion
of cake of compacted powder recovered

3222-2 5-mm air gap Appreciable decomposition with pit
3221-6 5-mm air gap Appreciable decomposition with pit
3222-1 5 mm powder No decomposition, cake of compacted powder

recovered
85-mm radius, grooved cover, 2.5-mm side gap
3234-4 2.5-mm air gap Medium darkening, more pronounced in a 14-mm

area at center
3234-1 2.5-mm air gap, Comp B Extensive decomposition, sides splayed

particles glued on face

6. Vacuum Grease - No Vacuum Grease on Face (Dow-Corning,Cat. No. 970V)

85-mm radtus, 2.5-mm side gap, grooved cover
3234-4 2.5-mm air gap Medium darkening, more pronounced in a 14-mm

area at center
3234-5 2.5-mm air gap, vacuum Smooth dent in center, no sign of a reaction

grease on face
.

11



•~ere i5 far less decomposition of a sample if the gap is filled with

Comp. B powder than there is with an air filling. When coarse particles of Comp.

B are glued on the face of the sample, however, the reaction is the most violent

experienced in any of the Comp. B tests.
●For a sample with an air gap, there is slightly less decomposition and pit-

ting if side gaps are present than there is if side gaps are absent.
.With side gaps, and in the presence of an air gap, there iS no observable

decomposition if the sample face is coated with vacuum grease.
The important results of the Comp. B experiments were that the presence of

powdered Comp. B in a gap, or the coating of the sample surface with vacuum
grease in the case of an air gap, each seem to nullify completely the presence
of the gap. If the sample with an air gap has coarse particles of Comp. B glued
on its face, however, the reaction is intense.

.
-.

----.

-.

1:-3221-4
Radius 90 nunRadius 95 mm

-4

I 3222–2
.-—.

Radius 85 mn Radius 85 mm

Fig. 9.

1
-*-b -~%

+----

3221-1
I

I
Radius 80 nun

Effect of radius. All assemblies had a type-B specimen holder with an air-
filled 5-mm base gap.
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c. Numerical Modeling of the Aquarium Experiments

1. TNT Computations. Three one-dimensional Lagrangian calculations were
performed using the SIN codes developed at LASL. These calculations (and the
Comp. B calculations) were designed to model computationally the aquarium experi-
ments described above.

A spherically symmetric geometry described by spherical coordinates was
assumed. There is much in the concept of the aquarium experiment, however,
that violates an assumption of spherical symmetry, such as the water surface and
an essentially two-dimensional arrangement of cylindrical specimens of inter-
mittent azimuthal occurrence. A cylinder itself is rather ill-fitting in a

*

:gE3221–4
-

Type B specimen holder
5-mm base gap
Radius 90 mm

. . . —. .——— ———
.-. —
—

3222–29.?

Type B specimen holder
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Radius 85 mm

T----.—

Type B specimen holder
5-mm base gap
Radius 85 mm

Fig. 10.
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3221–2

Type A specimen holder
No base gap
Radius 90 mm

-+

3222–4

-’w

Type B specimen holder
2.5-tnn base gap
Radius 85 mm

Effect of size of base gap. All gaps were filled with air.
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Fig. 11.
Effect of vacuum.
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spherical geometry. Our use of the SIN code and spherically symmetric coordi-
nates was dictated by the availability, convenience, and efficiency of this code,
with the thought that the results would probably be a very good first approxima-
tion.

The SIN code provides for sandwich-like layers of materials. Along the ra-
dial coordinate, starting from the center, one may prescribe materials in layers
identical with those in the experiment. The code accepts physical data, etc.,
for each layered component material in sequence. Moving out from the center,
the following three layers are common to all of our one–dtiensional Lagrangian
aquarium calculations: 0.1588 cm of hot spot PETN burned with the Arrhenius
rate law, 0.4762 cm of PETN (again with the Arrhenius rate law),

and 0.635 cm of
PBX-9404 with the CJ volume burn. Out from this point, the layering varies with
the particular calculation being done.

.:.+3234-6
---- Rsl

Type C specimen holder

—. ----
-....- ..~- A#-..c-224

-2.. .4A
-—

~“”-”” --iiiiii

-“+

I 3222–4I
Type B specimen holder

I 3234–2
v

Type E specimen holder Type E specimen holder Type D specimen holderSample coated with
vacuum grease

Fig. 12.
Effects of various types of specimen holders and of vacuum grease on specimen.
All assemblies had air-filled 2.5-mm base gaps and were at a radius of 85 mm.



./- \

——
----?,
,-.[aJ

J“

\

-4
>. . ~__

3222–6

Base gap 1 mm
Type B specimen holder

[

.-

I 3-222-5
.

Base gap 2.5 mm

.

Type B specimen holder

I 3222–1

Base gap 5 mm

Base gaps filled with sifted Comp. B

~.zzzz–d -
.-

Base gap 2.5 mm
Type B specimen holder

Air-filled base gaps
...—. .,... - .+..--—--—.. .%_,_- --.-

—.

--

—.

3234–1 ___....
Coarse particles of Comp. B were glued on the face of
the specimen.
Type E specimen holder

Type B specimen holder

[ 3222-2

Base gap 5 mm
Type B specimen holder

-.—. -
—,..

I 3234–4
L—–.

Plain
Type E specimen holder

Air-filled 2.5-mm base apd side gaps

Fig. 13.
Effect of Comp. B powder and particles. All assemblies were at a radius of 85

mm.
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The three TNT calculations involved, respectively, an air gap, a krypton-filled
gap, and a methane-filled gap. In the first of these the PBX-9404 was followed
by 9.68 cm of water, 0.15 cm of Plexiglas, 0.25 cm of air, and 2.0 cm of pressed
TNT (with its relevant physical attributes). The other two TNT calculations
were similar except for the substitution, respectively, of krypton and methane
for the air. The data used for these materials Is found in Appendix I.

The SIN code incorporates finite–difference schemes which date back to the
pioneering work of J. von Neumann in Los Alamos. These schemes approximate the
initial-boundary value problems for the reactive hydrodynamic equations (differ-
ential systems of high-order parabolic type) with options for plane, cylindrical,
or spherically symmetric geometry. Though our understanding of these equations
remains spotty, there is an accumulation of experience at Los Alamos with the
computer simulation of such problems. Moreover, serious efforts have been made
to test the SIN and other hydrodynamic codes and to compare the results with the
few analytically derived solutions that are known for special cases.

The results of these calculations are given in Figs. 14-16. In Fig. 14,
the four functions of time depict, respectively, the TNT shock pressure, the
pressure at the air/TNT interface, the air temperature at the air center, and
the air pressure at the air center. At 62 us the temperature in the air gap
builds up to about 3500 K and the pressure in the air gets to about 4.25 kbar.
The pressure in the adjacent TNT peaks at about 63 ps and reaches about 3.33
kbar at that time. With test specimens #3851-2 and /}3851-3shown in Fig. 4,
which may correspond, Table I lists blackening and cracking as the damage.

In Fig. 15 there are again four functions showing, with a krypton-filled
gap, the calculated behavior in time of the TNT shock pressure, the pressure at
the TNT/krypton interface, the krypton temperature at the krypton center, and
the krypton pressure at the krypton center. The obvious feature of this calcula-
tion was the rise of the krypton temperature to 9250 K at about 62.25 us. This
was accompanied, however, by a krypton pressure that rises only to about 3.1
kbar. Apparently because of the low heat capacity of krypton, the available en-
ergy goes more into temperature rise in the gap and less into mechanical work.
The samples from the corresponding shot (#3859),shown in Fig. 7, do have black-
ening and cracking. The transmitted pressure to the adjacent TNT reaches a peak
of about 3 kbar at 64 I..Is.This is a lower peak than was obtained with the pres-
ence of an air gap.

In Fig. 16 the three functions show the computed time dependence of, re-
spectively, the TNT shock pressure, the methane temperature at the methane cen-
ter, and the methane pressure at the methane center. The peak methane pressure
is 5.8 kbar and the peak temperature is 1350 K. The pressure decays rapidly to
3.4 kbar.

2. Comp. B Computations. Our Comp. B aquarium calculations come under
two headings: one-dimensional Lagrangian and two-dimensional Lagrangian.

a. One-Dimensional Lagrangian Computations. Three basic one-dimensional
SIN calculations were made assuming a spherically symmetric geometry with spher-
ical coordinates.

The code accepts the same data for the layers of explosive in the central
ball as given in the

For the Comp. B
face of the PBX-9404
constant 7.32 cm (in
again 0.15 cm wide.

description of the TNT calculation.-
aquarium calculations the water distance between the sur- 1
and the Plexiglas cover of the cylindrical sample was a
constrast with the experiments) and the Plexiglas cover was

17
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Calculated behavior in time of vari-
ables in the case of an air gap for
TNT.

In the first Comp. B calculations,
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Fig. 15.

Calculated behavior in
ables in the case of a
for TNT.

time of vari-
krypton gap

after the Plexiglas (going out from the
center) came 0.25 cm of air and then 1.72 cm of Comp. B-with heat-conduction in
the Comp. B coupled into the difference equations (but with no burning permit-
ted). In the second calculation, after the Plexiglas came 0.25 cm of air, then
0.5 cm of Comp. B powder (with the reaction flag off)
Comp. B (with no burning permitted).

, and then 3.0 cm of solid
For the third run , which was for control,

after the Plexiglas came 3.0 cm of Comp. B with the Forest Fire burn coupled in;
thus there was no gap in the third calculation.

The results of these computer runs are shown in Figs. 17-19. Figure 17
shows five functions of time associated with the case ‘ofan air gap of 2.5 mm
and a 17.2–mm-thick layer of Comp. B. Thus, Fig. 17 might correspond roughly
with shots #3234-3 or #3234-4 in Table II. The five functions are, respectively,
the shock pressure in the Comp. B, the pressure at the Comp. B/air interface in
the Comp. B, the temperature in the middle of the air gap, the pressure in the
middle of the air gap, and the Comp. B temperature with heat conduction consid-
ered.

The significant observation to be made in Fig. 17 is that the peaks of tem-
perature and pressure in the air gap, which occur approximately together just
before 44 vs have elapsed from the start of the run, are sufficiently strong to
have caused detonation in the adjacent Comp. B through
thermal ignition with Arrhenius kinetics. The rise in
peaking at about 44.1 ps, is 4.5 kbar.
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Fig. 17.
Calculated behavior in time of vari-
ables in the case of an air gap (heat
conduction included) for Comp. B.

time associated with the case of a 2.5-
mm air gap, a 5-mm-wide layer of Comp. B powder, and a 30-mm-thick layer of
Comp. B solid. These functions are, respectively, the pressure at the Comp. B/
air interface in the Comp. B, the air temperature at the center of the air gap,
and the air pressure at the center of the air gap. In Fig. 18 we see that
events are slightly delayed relative to events in Fig. 17 because the combined
air and Comp. B powder gaps present more space into which the shock wave can ex-
pand.

The important observation to be made in Fig. 18 is that the peaks of tem-
perature and pressure in the air gap, which occur at about 44.1 us, are not suf-
ficient to result in detonation by Forest Fire shock mechanisms in the solid
Comp. B. The temperature in the air gap does not exceed 3500 K and the pressure
in the air reaches only 2.98 kbar. The pressure at the Comp. B/air interface in
the Comp. B is exceedingly modest.

Figure 19 shows three functions of time for the situation where there is no
gap and the solid Comp. B is next to the 1.5-mm layer of Plexiglas. This calcu-
lation might correspond roughly to shot #3221-2. The functions are, respective-
ly, the Comp. B shock pressure, the pressure at the Plexiglas/Comp. B interface
in the Comp. B, and the Comp. B surface temperature. The steep rise in pressure
in the Comp. B at the Plexiglas/Comp. B interface occurs quite early compared
with the previously described runs. The peak pressure appears now at about 35
p.s. This early rise in the Comp. B pressure when there is no air gap was to have
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Calculated behavi=r in time of vari-
ables in the case of no gap for Comp.
B.

been expected. Note, however, that the pressure
kbar, in contrast to the run depicted in Fig. 17
gap. In Fig. 17 the pressure at the air/Comp. B
kbar.

.
ti.

now builds up only to about 3.6
where there was a simple air
interface came up to about 4.35

An air gap permits the Plexiglas cover to reverberate and to move faster,
so that, upon collapse of the void, the matched shock results in a pressure
buildup at the front face of the Comp. B sample.

The calculations plotted in Fig. 19 indicate that neither shock-induced de-
composition (calculated by Forest Fire) nor thermal decomposition (using
Arrhenius kinetics) should occur. Hence, this result tends to be in line with
the experimental result of shot #3221-2 where no decomposition was observed.
(This observation might be strengthened if there is any validity to the side-
shock hypothesis. Shot #3221-1 had no side gaps to shield the sample from a
side shock. Experiment #3234, as indicated in Table IV, did show that decompo-
sition is slightly less with side gaps. Sample #3221-2 did not decompose even
though side shocks may have been present as well as the front shock.)

b. Two-Dimensional Lagrangian Computations. The SIN calculations, as
noted above, were based on an assumption of spherical symmetry, which does not
really exist in the aquarium-type experiment. Some two-dimensional effects are
to be expected. Our use of the SIN code in the foregoing computations was as a
first approximation.

.

.

20



.
..5

.

.

The two-dimensional effect we would like to assess, in using a two-dimen-
sional Lagrangian code, is that of secondary shock waves in the water that might
get around the faces of the sample cylinders and penetrate the cylinders at their
sides. In samples with air gaps, it may be that a substantial part of the damage
to the Comp. B specimen results from such side penetration. (In Table II compare
shot #3222-4 with shot #3234-2.) In the calculation shown in Fig. 17 (where the
gap was 2.5 mm wide) 9 ps were spent by the direct shock in traversing the air
gap. During this time, secondary shocks penetrating the sides may have been hav-
ing an effect.

It was this concern that motivated the #3234 series of aquarium tests (il-
lustrated in Figs. lc, 2, and 9-13). The air gaps at the sides (Fig. 2) were
designed to delay the side shocks until the direct shock arrives at the face of
the Comp. B. Shot #3222-4 compared with #3234–2 in Table II indicates little
effect, however.

SIN-type computations might be expected to model experiments with side gaps
better than they do experiments without side gaps, While the LASL tWO-dimenSiOn-

al Lagrangian code (2DL) would be expected to model more closely the experiments
with no side gaps. Figure 17, showing results obtained with SIN, indicates that
a detonation of the sample is possible through Arrhenius kinetics, but sample
#3234-2 with side gaps had only light blackening with a small black pit.

We are hampered in our presentation of two–dimensional numerical results,
that are distributed in time, by their bulk. Presumably one could plot only the
pressure and temperature data along the axis of a sample, but this would discard
a vast amount of data.

In Fig. 20 there is a sequence of two-dimensional plots (radial distances
plotted horizontally, axial distances plotted vertically), each of which repre-
sents the situation at a discrete time. The cylindrical sample of Comp. B is
shown at a sequence of discrete times as a 2.75- by 1.25-cm rectangle bordering
the vertical axis (thus representing only half of the sample, the symmetry being
with respect to the vertical axis). Just below the Comp. B there is a 5-mm air
gap represented as a 0.5- by 1.25-cm rectangle. The Plexiglas shell is shown
as the rectangle to the right of the combined air gap and Comp. B rectangle,
while the Plexiglas cover is seen as the 0.2– by 1.6-cm rectangle just below the
air-gap rectangle. In each plot this assembly of rectangles is considered to be
embedded in a larger 4.45- by 2.55-cm rectangle representing the aquarium water
and the limits of the calculation.

In time sequence, the collection of two-dimensional plots comprising Fig.
20 gives an appreciation of how the shock waves progress through the water and
penetrate the Plexiglas shell and the side of the Comp. B sample. While this
side-shock event is taking place, the direct frontal shock has not yet traversed
the air gap by the time of the last plot. By that time (15.98 ps) the side shock
has indeed reached the center axis of the Comp. B according to the calculation.

It does seem that some small amount of the effects described for the #3221-
#3222 series of experiments in Table II might be ascribed to side shocks.

3. Time-to-Explosion Calculations. Using standard engineering formulas
derived from the Frank-Kamenetskii equation (Ref. 8, p. 139) and estimates for
peak temperature, peak pressure, and
the respective gas gaps derived from
Tap, the time to explosion, for the
methane sample configurations.

the associated densities of the gases in
the foregoing computer runs, we calculated
Comp. B/air, TNT/air, TNT/krypton, and TNT/
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15.99 ps

Fig. 20. (cent)

The following

the calculation.

kT

chain of formulas was used in

(1)

where kT is the coefficient of thermal conductivity
of the gas relative to a reference level ko (cal/
K/cm/s), and T is the peak temperature of the gas
above a reference level To(K). T iS taken from
the foregoing calculation in this report which
pertains to the particular gas present in the gap.

%
‘T=P 9

gascV gas

(2)

where ctT is the thermal diffusivity (cm2/s)~ Pgas
is the density (g/cc),
of the gas (cal/K/g).

T- 300
‘HE =

1 + (~E/~) ‘T/aHE

and CV is the heat capacity

9 (3)

where kHE is the given coefficient of thermal expansion (cal/K/cm/s) of the HE
and CtHE is the given thermal diffusivity (cm2/s) of the HE.

%HE
RT2

T=
eE*/RT

exp QZE* s

-.

(4)

where T= is the time to explosion in US, CVHE is the given heat capacity (cal/
[K/g) of t e HE, R is the universal gas constant, Q is the heat of decomposition

in cal/g, Z is the frequency factor, and E* is the activation energy.

Thus, Tap is computed using given quantities and quantities that are read
from the computer calculations. The computation of Texp is summarized in Table
v. The considerably different times to explosion do not correlate with the ex-
perimentally observed amounts of decomposition in the respective explosive sam-
ples (see Tables I and 11 and Figs. 3-8 and 9-13).

4. Data for the Computations, The equation-of-state data for the compo-
nents used in the foregoing SIN and 2DL calculations are listed in Appendix A.
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TABLE V
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Comp. B/Air

T (read) 3500

ko (given) 6.22 X 10-5

kT 2.12 x 10-4

Pga~ (read) 0.408

~T 1.735 x 10-3

‘HE 1045

pgas (read) 4.25

kHE (given) 6.3 X 10-4

UHE 1.41 x 10-3

@HE 0.259

‘HE 1.714

cvga~ (given) 0.30

Q (given) 500

Z (given) 2.0 x 10+12

T~p (in Us)
8.4 X 10-5

(desired)

COMPUTATION OF

TNT/Air

3500

6.22 X 10-5

2.21 x 10-4

0.408

1.735 x 10-3

1062

4.25

6.2 X 10-4

1.44 x 10-3

0.263

1.64

0.30

500

1.0 x 10+7

0.93

T
exp

TNT/Krypton

9250

1.984 X 10-5

1.194 x 10-4

0.25

8.036 X 10-3

975

4.6

6.2 X 10-4

1.44 x 10-3

0.263

1.64

0.0593

500

1.0 x 107

4.59

TNT/Methane

1350

8.18 x 10-5

1.735 x 10-4

0.211

1.545 x 10-3

523

5.8

6.2 X 10-4

1.44 x 10-3

0.263

1.64

0.532

500

1.0 x 107

1.0 x 108

The first listing is for explosive components, the next for inert components,
and the last for the gaseous components. An explanation of some of these quan-
tities follows.

There are two linear fits used for the shock velocity versus particle ve–
locity relationship; these fits have the respective coefficients C,S and CI,S1.
Which of these fits is to be used depends on the specific volume V. VSW is a
value such that if V < VSW, the fit with CX,SI is used, whereas if V > VSW, the
fit with C,S is used. F, G, H, I, and J are polynomial coefficients used for
fitting the relationship: Hugoniot temperature versus specific volume in the
Walsh-Christian technique. ys is the value of V(aP/aE)v, where in the equation
of state we obtain the pressure derivative with respect to the energy at con-
stant volume, and the energy dependence is assumed to be linear. VO,TO,PO are

reference values of specific volume, pressure, and temperature. Finally, a is
the linear coefficient for thermal expansion for the material.

The equation-of-state data for the gaseous components in Appendix A, Sec. 3,
require some elucidation. There are three groups of data for, respectively, air,
krypton, and methane. For each group there are two sets of data—one for an
ambient pressure of 0.8 atm, such as we have in Los Alamos, and one pertaining
to the sea-level environment of 1 atm.

At the top of each set of gaseous equation–of-state data there are three
lines denoted as LN(P), LN(T), and LN(E). These are coefficients for the BKW
isentrope polynomial fits , which are of the form (using natural logarithms) :
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kn P = A + B An V + C(kn V)2 +D(kn V)3 + E(kn V)q with similar forms for h T ati
Ln E (Ref. 5, p. 15, Sec. XI).

There follows, in Appendix A, Sec. 3, for each set of gaseous equation-of-
state data, a table of resulting numerical quantities which gives the particular
equation of state for the gas and ambient pressure considered.

III. PIPE TESTS

A. Methodology
The pipe test for studying the process of hole closure in a sample of cast

TNT or Comp. B explosive has been developed in M Division at LASL by B. G. Craig
and E. F. Marshall. An internal spherical cavity is created in an explosive by
making hemispherical impressions in the ends of each of two cylindrical test
specimens of the explosive and then joining these specimens, as shown in Fig. 21,
to form an air-filled spherical cavity. This double sample with cavity is then
inserted into a thick steel pipe with a witness plug beneath it at the lower
end. This cylindrical arrangement is then mounted vertically on a steel base
block, with the witness plug resting on the base and the pair of explosive speci-
mens above it. In the steel pipe, above the explosive specimens is a layer of
HMX powder, which is separated from the former by a polyethylene flame barrier.
Above the HMX powder there is a Plexiglas holder containing a shotgun primer.
Next, in vertical order, there is a standard SE-1 detonator in its holder, with
a detonator lead running through a channel in a confinement plug. The entire
assembly is now topped with a thick steel block, a steel weight, and a lead
brick.

Because any other type of record is.likely to be obliterated in the explo-
sion and shredding of the pipe, the results are interpreted by studying the de-
formation of the witness plug. With some explosives, however, there need not be
complete destruction of the apparatus. For example, in pipe tests that have been
conducted using PBX-9404 or FKM, the elastic limit of the tube was not exceeded
by the peak pressure.

A variant on this experiment is to have a cylindrical gap between the two
halves of the explosive, with a 6-mm shear ring as shown in Fig. 22.

B. Experimental Results
Results of the pipe tests are shown in Table VI. The first three columns

list: (1) shot identification, (2) high explosive used as test spec~en, and

(3) Vpe of air-filled cavity within the HE test specimen-whethera cylindrical
cavfty created by a shear ring (as described above) or a spherical cavity with
radius in centimeters. The fourth column requires more explanation. Initially
the witness plug is 2.54-cm-diam, 2.54-cm-high, stainless steel cylinder. After
the shot the plug is splayed at the side and reduced in height. The amounts
that the height of the witness plug has been reduced are given in this column.
A certain amount of height reduction, or “set,” results merely from the burning
of the HMX powder, apart from what happens to the TNT or Comp. B. The flame
barrier and test spectiens were omitted in two experiments, and the HMX powder
placed in direct contact with the witness plug. A set of 3.09 mm was Observed
when 8 g of HMX was used, and a set of 3.76 mm when 16 g was used. A somewhat
greater amount of set results if the TNT or Comp. B burns rather than detonates.
For example, none of the four TNT shots listed in Table VI were thought to have
been accompanied by a detonation in the TNT. Sets of 1.60, 1.84, 1.98, and 1.94
mm were considered to indicate little or no reaction. On the other hand, sets

26



.

● LEAD BRICK

STEEL WEIGHT

I I

H-t-t CHANNEL FOR
DETONATOR LEAOSe CONFINEMENT PLUG

SE. I DETONATOR
OETONATOR HOLOER

SHOTGUN PRIMER
PLEXIGLAS HOLOER

I tl---HMxpOwOER
POLYETHYLENE BARRIER
FIRST TEST SPECIMEN

F
SPHERICAL CAVITY

SECONO TEST
SPECIMEN

WITNESS PLUG

t

STEEL BLOCK

1

t

— LEAD BRICK

e STEEL BLOCK

I 1

1- l—

t

STEEL

SHELBY TUBING

STEEL PRESSURE PLUG

DETONATOR HOLOER

SHOTGUN PRIMER ANO
HOLOER

HMx POWOER

FLAME BARRIER

FIRsT TEST SPECIMEN

RING AND AIR GAP

SECONO TEST SPECIMEN

WITNESS PLUG

STEEL BLOCK

Fig. 21.
The pipe test with spherical cavity.

Fig. 22.
The pipe test with ring cavity.

of 8.31, 8.20, and 4.42 mm were indicative of a violent reaction in the explo-
sive specimens. The set of 2.81 mm was regarded as indeterminate.

In Table VI, the four TNT shots are grouped together at the top. Listed
next are the six Comp. B shots where the total mass of HMX powder (with flame
barrier below) was 16 g. This was the same mass of HMX as in the four TNT shots.
The four Comp. B shots at the bottom of the list were performed with only 8 g of
HMX powder.

The general impression given in these tests is that detonation in TNT is
difficult, that larger air cavities lead to a greater likelihood of detonation
in Comp. B, and that the latter effect is more pronounced when a greater amount
of HMX propellant is used.

c. Numerical Modeling of the Pipe Test

1. The Experience with Lagrangian Coordinates. In our initial attempt to
model numerically the hole closure process in the pipe test, we used the LASL
two-dimensional Lagrangian code and a cylindrical hole. Thus , in a plot of cyl-
inder versus radius, the hole appeared as a rectangle. It was found that there
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Shot No.

C-n

326-11 RS1722

326-37 RS1764

326-20 RS1733

326-36 RS1763

326-24 RS1735

326-29 RS1753

326-34 RS1761

326-33 RS1760

326-35 RS1762

326-25 RS1736

c-lo

326-18 RS1730

326-27 RS1751

326-32 RS1759

326-24 RS1732

Test
Material

HMX alone

TNT

TNT

TNT

TNT

Comp. B

Comp. B

Comp. B

Comp. B

Comp. B

Comp. B

HMX alone

Comp. B

Comp. B

Comp. B

Comp. B

TABLE VI

PIPE SHOTSa

Cavity

16gHMx

None

6-mm shear ring

6-mm shear ring

None

None

None

%Y-diarn spherical cavity

k“-diam spherical cavity

~“-diam spherical cavity

+“-diam spherical cavity

6-mm shear ring

8gHMX

None

None

V’-diam spherical cavity

~“-diam spherical cavity

6-mm shear ring

Set
(mm)

3.76

1.60

1.84

1.98

1.94

1.91

1.74

1.52

8.31

2.81

8.20

3.09

1.14

1.34

1.98

4.42

Type Shrapnel

.
..-

-.

Shattered

Big piecesb

Big pieces

Big pieces

Big pieces

Big pieces

Big pieces

Big pieces

Shatteredb

Big pieces=

Very shattered

Split tube

Big pieces

Big pieces

Split tube

Shattered

aStandard setup, stainless steel witness plug (SS 304), 1.5-mm polyethylene
barrier. All samples 25.4-mm diameter, 25.4 mm long.-

b
Big pieces indicate little or no reaction in the specimen. Shattered debris
indicates a strong reaction in the specimen; that is, a detonation.

cTest 326-35 gave an indeterminate result.

were shock stability problems following the encounter of the pressure shock with
the hole. Also, in the calculation, the lower right-hand corner of the hole,
which was the point first reached by the incident shock, tended to remain sta-
tionary as the shock went by, giving a peculiar collapse of the hole. Beveling
the corner of the hole did not remove these problems. It was decided that the
difficulties were inherent in any attempt to model hole closure with Lagrangian
coordinates and that an Eulerian coordinate system might be a better setting for
the calculation.
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2. Description of the Numerical Simulation Method Using the 2DE Code.
The LASL 2DE reactive hydrodynamics code is described in LA-4846.7 This code
solves the difference analogs of the conservation equations of mass, momentum,
and energy7’8 with appropriate equations of state coupled with a reactive rate
equation (Ref. 8, Chap. 4, Appendix C). The problem is solved with prescribed
boundary and initial conditions in a two-dimensional geometry in terms of Euler-
ian coordinates. The basic geometry can be a plane geometry with Cartesian co-
ordinates (which can describe a slab in three-space) or a finite configuration
in three-space with cylindrical symmetry and cylindrical coordinates.

Boundary conditions may be chosen for the given configuration as follows:
a driving piston, an axial boundary condition (on the axis or plane of symmetry),
or a continuum boundary. The latter is a finite-difference type of boundary con-
dition that allows the consideration of only a piece of a problem embedded in an
infinite or large finite domain. The option for having elastic-plastic flow
couples more equations into the parabolic system of differential equations. Ar-
tificial viscosity is used to “smear” the shocks normally expected with conser-
vation laws and the code offers a choice of three of these viscosities. The in-
teraction of different materials in a problem is handled with a clever system of
mixed cells.

The 2DE code is a reliable, versatile, and significant investigative tool
in reactive hydrodynamics and there has been much satisfactory experience in its
use from an engineering viewpoint. The apparently satisfactory state of the
computing art in this case contrasts cons;cl~~ably with the continued spotty state
of our knowledge about conservation laws, (see, however, the recent work of
Nishida et al.ll).

The 2DE code is basically a Cartesian coordinate code. When cylindrical
geometry is being used, rectilinear radial and axial coordinates are employed.
Naturally then, a cavity in a cylindrical block of Comp. B would itself conveni-
ently be of cylindrical shape. Indeed, some cylindrical cavities were investi-
gated numerically. In the 2DE code, however, provision is made for a circular
interface between materials (Ref. 7, pp. 34,36). This is done by an overlay
technique after the basic cylindrical coordinate information is entered as input.
Hence, ourmain interest in spherical cavities was well accommodated by the 2DE
code.

Figure 23 illustrates the configuration of our calculation. A radial slice
through the cylinder is displayed and, because hydrodynamic events on this slice
are expected to be symmetric with respect to the axis, we really show only half
a slice. The abscissas of points are plotted horizontally along the radius and
the ordinates are plotted vertically along the axis of the cylinder. The cyl-
inder is 3 cm high and 3 cm in diameter. Except for the cavity, the cylinder is
Comp. B, grade A. The cavity is air-filled. If the cavity is cylindrical, it
is 1 cm high and 1 cm in diameter; if the cavity is spherical, its radius !s
either 0.5 or 0.25 cm. The cavity (either type) is centered at the exact mid-
point of the larger 3-cm by 3-cm cylinder of Comp. B.

As shown at the bottom of Fig. 23, a piston boundary condition is prescrib-
ed. This does not correspond well with the intuitive notion of a piston. The

boundary does not move up into the medium; rather, there is assumed to be a con-
tinuous flowing of material into the basic domain from the region beneath. One

could conceive an actual piston moving upward if that piston were located, say,
3 cm below the lower boundary in Fig. 23, causing material to flow across that
boundary. Then the material flowing into our domain could be calibrated in kilo-
bars in terms of the pressure exerted by such a remote piston. The effect is
that of a uniform shock traveling upward in the Comp. B region and interacting
with the void.
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Again, the axial boundary condition along the entire left margin in Fig. 23
implies that events to the left of the margin are the symmetric images of those
within the domain, so that we are really treating this flow problem in a whole
cylinder with a whole sphere (cylinder) as a void. The continuum condition at
the top and right side implies that the Comp. B extends above and to the right
and that any boundaries for the Comp. B in these directions are sufficiently re-
mote to be ignored.

For problems assuming a cylindrical void (represented as a rectangle), the
basic domain is divided into six initial regions as enumerated in Fig. 23. For
each region the code requires specification of the material (Comp. B or air);
the number of mesh cell widths in horizontal and vertical directions; initial
values of density, pressure, mass fraction, horizontal and vertical components
of velQcity, energy and temperature; artificial viscosities; elastic-plastic con-
stants as applicable; and whether the material is explosive or inert and, in the
case of the latter, whether the material is being considered reactive. Equation-
of-state constants for each material must also be specified. If a piston bound-
ary condition is specified (as it is for the lower boundary in Fig. 23), values
of applied pressure, energy, velocity, and mass that are consistent with the
Hugoniot curve will be needed by the code.

When the void is to be spherical, rather than cylindrical as in the pre-
ceding paragraph, we set up the problem in the same way, specifying the input
for region 3 of Fig. 23 as if it were cylindrical and Comp. B-filled rather than
air-filled. In addition, the fact that the void is to be a sphere is initially
specified by using the requisite input flag (Ref. 7, p. 36, Sec. C). Also to be
specified are the center and radius of the corresponding half–circle centered on
the z-axis, together with properties for the air filling. Routines incorporated
in the code then perform the computation-needed to produce an air-filled circu-
lar region, as shown in Fig. 23, with Comp. B in the complementary region. In
fact, it is possible to have a configuration with more than one of these spheri-
cal voids.

3. Preparation of the 2DE Hole Closure Calculation. In Fig. 24 the fun-
damental rectangle is again divided into six regions. We overlay this rectangle
with a grid such that the regional boundaries coincide with mesh lines. NRI iS

the number of rectangular intervals along the r-axis and NZJ is the number of
rectangular intervals along the z-axis, obtained by projecting the six regions
onto the respective axes. Each of these intervals is then divided into mesh
cell widths, as shown in Fig. 24. The six regions are thus partitioned with
mesh lines, creating cells whose sides have these widths. There are IMAX (re-
spectively J_MAX)mesh widths along the r- (respectively z-) axis. For these
mesh widths we took DELR = DELZ = 0.05 cm.

Region 3 is the air-filled region, that is, the cavity. All the other re-
gions have Comp. B, grade A (or other HE being tested). Thus, we start with a
cylindrical void.

This is an initial value problem. Initial values of the dependent vari-
ables, constant over each of the six regions, are defined in the input file of
the 2DE code as follows: The density RHO of the Comp. B is 1.715 g/cc, while
RHO for the air is 0.00115577 g/cc; the pressure PO is 6 x 10-s kbar for all re-
gions; the mass fraction (fraction of unburned explosive) WO is unity for all
regions except region 3, where it is zero; the components of initial velocity UO
and VO are set to zero for all regions; the initial energy 10 is zero in all re-
gions except region 3, where it is 0.0024668 Mbar-cc/g; and the initial tempera-
ture TO is 300 K for all regions.
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The artificial viscosity VISC, used to enable computation in the presence

of shocks, was 0.1 for Comp. B and 0.001 for air in region 3.
If circular input is to be used (that is, if the void is prescribed to be a

sphere),we initially prescribe region 3 of Fig. 24 to contain ComP” B~ as do the
other regions. Then (Ref. 7, p. 36, Sec. C) the coordinates RO,ZO of the circle
center (the void) are set, respectively, to O, 1.5 cm (Fig. 23). We set RAD(l)
= 0.5 and later set it to 0.25,where RAD(l) is the radius of the circle (L = 1
in our case). We set RHOOC(l) = 0.0011557, which is the density for air, while
KCIR(l) = 2 because the material in the circle is prescribed to be air. Again
IOC (1) = 0.0024668 (which was the initial internal energy for air) and the mass
fraction WOC(l) = O. The constants UOC(l) and VOC(l), which are the initial ve-
locity components,have default values of zero (Ref. 7, p. 36, Sec. C).

The 2DE code accepts these constants and computes the circular void in re-
gion 3, originally assumed to contain nothing but Comp. B.

The S and G arrays consist of equation-of-state constants that are doubly I
indexed. The constants for Comp. B are denoted by S(L,l), L = 1,2,” ””,18,22,23 I
for the solid phase and by G(L,l), L = 1,.””,17 for the gaseous phase (that is,
detonation products). The constants for the air in the void are denoted,
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respectively, by S(13,2), S(17,2), and s(18,2) (which, though air is not herein
considered in its solid phase, are listed as such as an expedience), and by
G(L,2), L = 1,00.,17. The coefficients denoted by this indexing are listed be-
low (see ~ef. 7, p. 24). For the meaning of the abbreviations, see the 2DE
handbook;’

s (1)

s(2)

s(3)

s(4)

s(5)

s(6)

s(7)

S (8)

s(9)

s (lo)

c

s

Vsw

cl

S1

F

G

H

I

J

S(n)

S(12)

S(13)

S(14)

S(15)

S (16)

S(17)

S (18)

S(22)

S(23)

Ys

Cv

‘o
a

SPA

USP

‘o

‘o
SPALL P

MINV

G(l)

G(2)

G(3)

G(4)

G(5)

G(6)

G(7)

G(8)

G(9)

G(10)

A G(n) Q

B G(12) R

c G(13) S

D G(14) T

E G(15) U

K G(16) c;

L G(17) Z

M

N

o

The actual values of these equation-of-state constants used in our calcula-
tions are given in Appendix B-1. When a line in Appendix B-1 starts with, say,
c(l,l), the first number is G(l,l), the next is G(2,1), then G(3,1), etc. The
first three rows of data begin with S(1,1), the next number is S(2,1) and so on
for the entire three rows, as is often specified for FORTRAN namelist input.

The Forest Fire reaction constants C(I) are fed as input into the 2DE code
in inverse order: c(15), C(14), .-o, C(2), C(l). They are shown in Appendix
B-2 in this inverse order. For help in the details of interpreting these con-
stants, the reader should see LA-7245.12

To allow for elastic-plastic flow, the IEP=I flag is set in the input file.
With this option, the following constants must be specified for the Comp. B:
MU(1) = 0.047, YO(l) = 0.0006, and PLAP = 0.15.

For the time increment in these calculations, we used DELT = 0.01 vs.
There are three significant references for the Forest Fire technique for

modeling the events in the reaction zone behind the shock; namely, ~~e book by
Mader, 8 the report by Forest,12 and the report by Mader and Forest. The ex-
plicit step-by-step methodology for the reaction calculation is to be found in
the latter two of these references (Ref. 12, Appendix B, Sec. IV, pp. 31-40; Ref.
13, Appendixes A and B, pp. 34-58). Using pressure as the independent variable,
using the experimental reactive Hugoniot curve, solving the shock jump relations
(for which a closed solvable system of equations is obtained by assuming the
pressure wave to be square-topped if no better assumption can be made), and us-
ing the empirical Pop–plot rule, calculations are produced for the length of run
to detonation, the time to detonation, and the explosive reaction rate. Associ-
ated quantities are the specific volume V, the particle velocity Up behind the
shock, the shock velocity Us, the mass fraction of the remaining solid material
W, and the temperature T. Tables presenting all these data for the Forest Fire
calculation of sample problems or situations can be found in Ref. 12, Appendix B
and Ref. 13, Appendix B.

Herewith, we present the same type
quantities for the present problem (see
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Appendix B-3 begins with the Pop-plot coefficients and the reactive Hugoniot
curve coefficients appropriate for Comp. B, grade A, at a density of 1.715 g/cc.
Next comes the Chapman-Jouguet pressure for this material and then the equation-
of state constants for both the unreacted explosive and the detonation products.
Note that these are the same constants previously given in Appendix B-1.

In Appendix B-4 (after a repetition of the Pop-plot and reactive Hugoniot
curve constants) are the actual computed quantities determined by following the
methodology mentioned in Refs. 13 and 14 for the Forest Fire calculation. The
respective columns are: length of run in centimeters, pressure in millibars.
specific volume in cubic centimeters per gram, particle velocity in centimeters
per microsecond, shock velocity in centimeters per microsecond, mass fraction
(dimensionless) , reaction rate in microseconds-l, temperature in degrees Kelvin,

and time to detonation in microseconds.
Appendix B-5 gives first the Forest Fire coefficients already given in Ap-

pendix B-2 (in the inverse order acceptable to the 2DE code). These coefficients
are those of a polynomial fit relating the data of columns 2 and 7 in Appendix
B-4; namely, logarithm of reaction rate versus pressure. Appendix B-5 is a com-
putation showing the accuracy of the polynomial fit.

4. LASL Calculation of Hole Closure in Comp. B. In presenting the two-
dimensional time-distributed numerical results of this study, it is necessary to
be selective because of the bulk of the data. There is a succession of two-di-
mensional plots for each dependent variable of interest, each plot representing
a situation in two dimensions at a particular time. We present those plots which
describe the most interesting events associated with the closing of the hole.

The first set of results presented is for a configuration such as that of
Fig. 23, with a 0.5-cm-radius air-filled hole but with the Comp. B assumed to be
inert. Thus , we turned off the reaction flag in running the calculation. The
applied piston values were PAPP = 0.0163595, MAPP = 1.91, EApp = 4.8694 x 10-”,
and VAPP = 0.0312071. These quantities are, respectively, applied pressure, ap-
plied mass, applied energy, and applied velocity at the piston (Ref. 7, p. 35).

We present plots for the pressure, density, mass fraction, and a one-dtien-
sional plot of the pressure along the z-coordinate near the z-axis of Fig. 23.
In Fig. 25a these variables are shownat7 US after the start of the run. There
is one pressure isobar showing how far the shock wave has advanced. In the pres-
sure plot the dots outlining an approximate half-circle represent the locations
of mixed cells. The density plot has two contours representing drops in density
of 0.1 g/cc. The heavy half-circle represents a very high density gradient at
the boundary of the hole. Again, the heavy approximate circle in the mass frac-
tion plot is due to abrupt mass fraction change at the hole boundary. The one-
dimensional pressure plot shows the progress of the shock after 7 us, near the
axis of the cylinder.

In Fig. 25b the pressure wave has gone past the hole at 9 ps and, as shown
in the density and mass fraction plots, the hole has been collapsed considerably.
On the one-dimensional pressure plot we see the start of a pressure increase due
to convergence in front of the hole, at least near the axis of the cylinder.

Figure 25c shows the collapsed hole completely enveloped by the pressure
wave at 9.5 Vs. The density plot shows the steep rise in density in the former
location of the hole. In the mass fraction plot, six mixed cells are all that
is left of the hole. The one-dimensional pressure plot shows that the high pres-
sure area, in front of the former location of the hole, is feeding a second pres-
sure increase just behind the former hole center.
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At 10 us (Fig. 25d) the reflected pressure wave, already seen at 9.5 us,
now dominates the picture and divergent flow will ensue from this the onward.
The density plot shows contours of decreasing density going out from the point
of compression. The mass fraction plot now shows only five mixed cells. A con-
servation-of-mass calculation showed only a 0.0018% loss of air mass during the
entire calculation; those five mixed cells retain the air assumed to have been
in the void at the start. The one-dimensional pressure plot in the z-direction
near the axis of the cylinder now shows a bimodal distribution of pressure. The
reflected wave on the left is now traveling toward the origin. From this time
onward, both modes of the pressure plot will dissipate—one to the left, the
other to the right.

Now we present some results from four runs performed with the reaction flag
turned on. With the following phenomena there will be burning and we shall be
looking for evidence of a detonation.

First, we continue with the 0.5-cm-radius spherical hole and with the same
piston applied values: PAPP = 0.163595, MAPP = 1.91, EAPP = 4.8694 x 10-”, and
VAPP = 0.0312071. These values, as mentioned, were chosen to be consistent with
the Hugoniot curve assumed for the problem. The sequence of plots presented in
Fig. 26 is the same as that in Fig. 25.

At 7 US the plots in Fig. 26a do not look markedly different than those in
Fig. 25a at 7 MS for the unreacted case. The pressure wave in the isobar plot
is a little more complicated, but its progress appears the same except that at 7
US it is beginning to interact with the void. In the density plot the area of
heavy density gradient appears to be slightly flattened. The mass fraction plot
shows that collapse of the cavity has begun. The one-dimensional pressure plot
is higher, steeper, and shows that the wave has gone slightly further.

At 8 us, Fig. 26b, the pressure wave has enveloped the cavity and both the
density ar,dmass fraction plots show much squeezing and distortion of the void.
The one-dimensional pressure plot near the axis of the cylinder shows a higher
rise, a steep drop, and a place marked by two small x’s where a second mode is de-
veloping. The small x’s are mixed cells of the very distorted void boundary, so
we are beginning to see the pressure mount in the void.

At 8.25 US the isobar plot shows some steep gradients of pressure in the
vicinity of the void and, likewise, the density plot shows steep gradients. The
mass fraction plot shows the air that was in the void now confined to nine mixed
cells. The one-dimensional pressure plot is definitely btiodal, with the maxi-
mum and minimum at two mixed cells (see Fig. 26c).

At 9 ps something apparently violent has happened at the former location of
the void and the density plot confirms a generally divergent pattern of density
contours. The mass fraction plot indicates heavy consumption of solids (modeled
by Forest Fire), both at the former location of the void and in a concentric
ring which has been blown away. The one-dimensional pressure plot near the axis
of the cylinder again shows reflected and progressing waves, of a magnitude far
exceeding anything observed in Fig. 25. This violent reaction shows that a det-
onation has occurred. The detonation evidently happened just before 8.5 ps (see
Fig. 26d).

One might wonder what effect there would be with the same 0.5-cm spherical
void situated within active Comp. B if we were to have a much weaker incident
pressure wave. Therefore, we now report on a run with the same physical arrange-
ment as the last run (Fig. 23), but with the following piston applied values:

PAPP = 0.01, MAPP = 1.847, EAPP = 2.0869 x 10-4, and VAPP = 0.0204300. A partial
graphic portrayal of events is given in Fig. 27.

34

.
.

.
..

..



.
..

lIW= 7.0000s.00)lIcnosscows c

....................

L-

700<-.: ~.000JC.00 MICROSECLTOS c~c

—..——
ISOBARS INTERVAL = 1.0000E-02

DENSITY INTERVAL = 1.0000E-01

0.200C

0.1800

0.1600

0.1400

0.1200

3.
:

0.1000
:
k

0.0800

0.0600

0.0400

0.0200

0.0000J
0.02

TIK 7.000 Cvcl.f 700

I
1
I 1

I
,
I

! I
I

!

IL
I

Z-Direction at R = 2.500E-OZ

Fig. 25.

I
I I

—. — —
MF NAT 1 INTERVAL = 5.0000E-02

25a. Time = 7 ~s

Closure of a 0.5-cm-radius hole in Com~. B by a 16-kbar shock wave. Reaction is
not permitted.

35



- .. . .. -A ---------- A- .

. . ... .

/’

I. . ..—

900 m=S.000ot.ooWIcnoxcws c w

.

ISOBARS INTERVAL = 1.0000E-02 DENSITT INTERVAL = 1.0000E-01

0.2000

0.1800

0.1600

0.1400

0.1200

:

; O.loot
al
k

0.080C

0.060(

O.OLO(

0.020(

0.000(
o

“1- 9.000 C,CLE900
II

I
I

t -

—

1
. I / “

!500 0.61500 1.20500 1.79500 2.38500 2.97500

Z-Direction at R - 2.500E-02

Fig. 25. (cent)

———-. —.— —

MF NAT 1 INTERVAL- 5.0000E-02

25b. Time = 9 ps

.
-.

.
.-

-.

.-



.
.-

.
.

.. —------ . .

/–-
/“

ISOBARS INTERVAL = 1.0000E-02 DENSITY INTERVAL = 1.0000E-01

0.2000

0.1800

0.1600

0.1400

0.1200

?
:~ 0.1000
.L..~

0.0800

0.0600

0.0400

0.0200

0.0000
0.02500 0.61500 1.20500 1.79500 2.3B500 2.97500

Z-DirectIon at R = 2.500E-02

Fig. 25. (cent)

%0 -: 9.SOOOE.00❑lcnosscmcs c*C

MF NAT 1 INTERVAL = 5.0000E-02

25c . Time = 9.5 US

37



—

(

1000

ISOBARS INTERVAL = 1.0000E-02

?Iw
0.2000~

0.1800

0.1600

0.1400’

0.1200

:

~ 0.1000’
*
k

0.0800

0.0600

0.0400

0.0200 - -
<

o.000o~

-/

. .. .

DENSITY INTERVAL = 1.0000E-01 MF NAT 1 INTERVAL = 5.0000E-02

25d . Time = 10 VS

0.02500 0.61500 1.20500 1.79500 2.38500 2.97500

Z-Direction at R = 2.500E-02

Fig. 25. (cent)

.
--

-.

. .

38



.
.-

-.
-.

-.

Jq,.........
E700

I .

ma

(

E 7W

JS08ARS INTERvAL: 1.0000 E-020ENs ITY lNTERvALz 1,0000E-01 W MAT 1 INTERvAL= 5.0000E-02

0.2000

0.1800

0.1600

0.1400

0.1200

:
:
~ 0.1000
&
It

0.0800

0.0600

0.0400

0.0200

0.0000

71= 7.OW CYCLE 7oa

—..

h .
~

\

26a. 7 ps

0.02500 0.61500 1.20500 1.79500 2.38500 2.97500

Z-Direction at R = 2.500E-02

Fig. 26.
Closure of a 0.5-cm-radius hole in Comp. B by a 16–kbar shock wave. Forest Fire
is permitted.



r
. . .

\

,/

L

Soa

LA=
lSmARS INTERVAL= 1.0000E-020ENsITY INTERvAL= I.0000E-OIW MAT 1 INTERvAL= 5.0000E-02

0.2000

0.1800

0.1600

0.1400

0.1200

?

; 0.1000
G
L

0.0800

0.0600

0.0600

0.0200

TIIC S.ooa Cm.t 800

/ \
/ 1

k

0.0000
0.02500 0.61500 1.20500 1.79500 2.38500 2.97500

26b. 8 ~S

.
.-

--

.-

2-Dfrection at R = 2.500E-02

Fig. 26. (cent)

40



.
--

.-
-.

rim O. ZSOCEeOa Micnosccws C7CLZ

1 SOBARS INTERvAL:

us w: a.f?soaz.oaal,.. — CnosEcws CYC

I

1.0000 E-OZOENS1 TY INTERvAL= 1.0000E-01

0.2000 TIK I.zsa Cvcl.1 0.?5

0.1800

0.1600

0.1600

0.1200

i
:
“ 0.1000 t
b 07
k

0.0800 / \

0.0600 .

!.
0.0400

0.0200 ●

0.02500 0.61500 1.20500 1.79500 2.385oo 2.97500
Z-Direction at R = 2.500E-02

26c. 8.25 us

Fig. 26. (cent)



900 s: 9.K3CE*W lllCWOSEC~ C?lu

Q

w ti a: $.000oc=oo lIlcnosEcms mu 900

I

● O..

ISWARS INTERvAL= 1.0000E-02 ~Ns ITV INTERVAL= 1.0000E-OIW MAT 1 INTERvAL= 5.0000E-02

0.2000*
TIlc 9.000 CTCLE .900

, 1 r II 1 1

II
0.1800 A

1

i

I

0.1600

0.1400

0.1200

e
1.
; 0.1000
u
:

0.0800

0.0600

0.0400

0.0200

0.02500 0.61500 1. 20s00 1.79500 2.38500 2.97

Z-Direccicm at R - 2.500E-02

26d .

Soo

.
.-

-.
.-

-.

--Fig. 26. (cent)

42



.
..

.-
-.

The situation at 8 us, under these weaker piston applied values, appears so
similar to that represented in Fig. 26a that presentation of the plots is not
warranted. The incident wave has not yet reached the void. At 10 ys, however,
we note in Fig. 27a that the incident pressure wave has enveloped and interacted
with the hole. In both the density and the mass fraction plots, partial col-
lapse of the hole is noted. At 10 PS, in the one-dimensional pressure plot near
the axis of the cylinder, there is a modest rise of pressure in front of the
hole. The hole is marked here by two small x’s denoting mixed cells on the bound-
ary. There seems to be the beginning of a pressure rise beyond the hole.

At 10.75 us, Fig. 27b, collapse of the void has taken place and we see in
the isobar plot that a diverging pattern of pressure waves has formed. This
again is indicated somewhat in the density contours. The steepness of the con–
tours in the mass fraction plot shows that decomposition has begun. There is a
peak in the one-dimensional pressure plot that is partially in front of, within,
and behind what~ if anything, is left of the hole (as adjudged by”the small x’s).

In Figs. 27c and d we see a striking picture of the diverging detonation
wave in the isobar, density, and mass fraction plots. In Fig. 27d the decompo-
sition is taking place on the diverging front. The one-dimensional pressure
plot in Fig. 27c has become bimodal, with progressing and regressing waves. The
right-moving progressive wave in Fig. 27d is evidently the detonation wave.

Next, we investigate the effect of having a smaller air-filled hole. With
reference to Fig. 23, we study the case where the hole is only 0.25 cm in radius.
This is easily done with the 2DE code , which we have already arranged to compute
with circular input. One merely specifies as input that RAD(l) = 0.25 (Ref. 7,
p. 36). We study this smaller hole with both strong and weak incident pressures
as above.

Figure 28 shows the relevant graphical output for the computer run where
the hole has a radius of 0.25 cm, with PAPP = 0.0163595, MAPP = 1.41, EAPP =
4.8694 x 10-+, and VAPP = 0.0312071.

Prior to 6 ps, one sees only the incident wave which has not yet reached the
hole or otherwise affected the air cavity, according to our calculations.

At 6 ps (Fig. 28a) the incident pressure wave has already enveloped the hole
and collapse has begun. This is further evidenced in the density and mass frac-
tion plots. In the one-dimensional plot the incident pressure wave, as it flows
near the z-axis, has formed a steep front at the hole.

At 6.75 us, the collapse is complete (Fig. 28b). There are some sharp pres-
sure gradients at the collapse site , which observation is further reinforced by
the density plot, and there are the beginnings of a divergent flow pattern.
There are only five or six mixed cells in the mass fraction plot, into which,
presumably, all the air has been forced. The one-dimensional pressure plot has
formed a peak which is marked by small x’s,which embrace what is left of the
hole.

At 7.25 US (Fig. 28c),in the isobar plot, divergence of flow from the loca-
tion of the former hole is now the established pattern. This is also evidenced
in the density and mass fraction plots. Moreover, decomposition has started; in
fact, it started just before 7 p.s. At 7.25 ps the detonation wave has separated
completely from the hole location and the waves are diverging in a radial pat-

--
tern. The one-dimensional pressure plot has become bimodal, with the preponder-
ant pressure wave proceeding to the right. In the one-dimensional plot (’Fig.
28d) we see how the detonation wave has grown. Pressure has dropped in the

neighborhood of the collapsed hole.
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For the 0.25-cm-radius hole and a weak pressure pulse (piston applied values
PAPP =S0.01, MAPP = 1.84722776, EAPP = 2.08693 x 10-4, and VAPP = 0.02043003),
the rather lethargic chain of events is portrayed in Fig. 29. Prior to 7 ps we
have only the incident pressure pulse before its arrival at the hole, the un-
touched 0.25-cm hole, and a one-dimensional plot showing a low wave of pressure
with a front of rather gentle descent.

At 7 ps the incident wave, shown in Fig. 29a, is reacting weakly with the
hole and there has been some collapse, as evidenced in the density and mass frac-
tion plots. The one-dimensional pressure plot begins to form a small peak with
some steepness of descent. At 8 ~S (Fig. 29b) collapse of the hole is complete,
with moderately steep pressure gradients and quite steep density gradients. The
air that was in the hole is confined to five mixed cells. The pressure peak at
collapse, as seen in the one-dimensional plot, is quite low. On the other side
of the mixed cells, the pressure starts to rise.

Later, at 8.5 us, a diverging flow pattern is well underway as seen in the
isobar, density, and mass fraction plots of Fig. 29c. The peak in the one-di-
mensional plot is not impressive. There is no evidence of decomposition, much
less detonation; likewise in Fig. 29d showing the situation at 9 p. The one-
dtiensional pressure plot is bimodal , with approximately equal pulses moving in
each direction. At 10 US these two low pulses are yet more widely spread apart.

The interaction of a weak 10-kbar shock with a 0.25-cm-radius hole results
in pressure pulses of a duration too short to result in propagating detonation.
A larger hole of 0.5-cm radius with the same weak piston results in pulses of
the same magnitude but of longer duration. The increased duration permits the
buildup of the wave to propagating detonation.

N. WMMAm

A. Aquarium Experiments and Computations
It is still necessary to find the chief mechanism for the observed initia-

tion of explosive charges resulting from the closure of base gaps in cavities.
We have been unable to confirm the traditional explanation; namely, adiabatic
compression of trapped air and thermal heating of the same. The object of our

work has been to gain a better idea of the basic physical processes taking place
in these collapsing voids.

The aquarium technique for studying the effect of a shocked base gap on
pressed TNT and Comp. B has furnished information about the relative importance
of possible base-gap mechanisms. The technique has been used to study the im-
portance of

●the presence of gas-filled gaps,
●the presence of vacuum gaps,
●the presence of ~P~osive powder in air-filled gaps and of gaps filled

entirely with explosive powder, and
the case of an air-filled gap where particles of explosive powder have

been glued on the surface of the explosive in the gap. ,
Explosive samples have been given various protective coatings in the gaps, the
effects of side gaps filled with air have been experimentally assessed, and
grooved and ungrooved Plexiglas covers have been tested.

One–dimensional SIN calculations and two-dimensional 2DL calculations have
been used to model the important features of various aquarium shots. The effects
of heat conduction, shock initiation, and burning have been included in the nu-
merical calculations to determine the importance of each effect.
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The commonly accepted gas-compression, thermal ignition mechanism is not

consistent with the following observations.
●TNT and Comp. B explosives give similar amounts of decomposition from air-
filled gaps in the aquarium experiments, even though their Arrhenius ki-
netic rates differ by a factor of 10.7

●TNT and Comp. B give similar amounts of decomposition with vacuum gaps and
with air-filled gaps.

.TNT has been observed to give similar amounts of decomposition with air

gaps, krypton gaps, and methane gaps.
●The set-back simulator at AARADCOM, Dover, New Jersey, has been observed
to give ignition of Comp. B at 1 kbar. At 1 kbar in an air gap, the ac-
companying temperature would be too low to result in ignition by the adi-
abatic mechanism.

We have made one very interesting observation in connection with aquarium
experiment #3234-1 (see Table IV), wherein coarse Comp. B particles were glued
on the surface of the explosive sample in the gap. In those experiments where
explosive powder merely filled a gap, it seemed stiply to be compressed into a
cake by the shock, becoming in effect an extension of the Comp. B sample. Re-
actions were not impressive. When explosive particles were actually glued on
the Comp. B surface as in experiment #3234-1, however, the decomposition was ex-
tensive and the sides of the sample were splayed. Our distinct impression is
that rough, abrasive surfaces and grinding motions of the same (perhaps as the
Plexiglas cover somes in contact with the explosive face) may have much to do
with initiation in gaps and in base gaps of artillery shells.

Therefore, attempts should be made to investigate (both experimentally and
by numerical modeling) heating that occurs because of frictional processes to de-
termine if it may be the dominant mechanism of initiation of explosive charges
resulting from the closure of gaps.

B. Pipe Tests and Computations
Experiments show that air-filled voids of small diameter in specimens of

Comp. B driven by a strong charge of HMX powder in a pipe test fail to cause det-
onation. Only partial decomposition of the Comp. B is observed. When the Comp.E
with a small void is driven by a weak charge of HMX powder (8 g of HMx instead
of 16 g), there is less decomposition and this decomposition is possibly confined
to the HMX powder alone.

Our small-hole computer runs (Figs. 28 and 29) did not show as much evidence
of decomposition or detonation as did the runs with large holes (Figs. 26 and 27).
Indeed in Fig. 29, with a weak piston, there was no evidence of decomposition.
With a strong piston, as shown in Fig. 28, we did obtain a detonation wave com-
putationally.

In contrast, the experimental data for the large air-filled hole shows clear
evidence of a detonation in the sample of Comp. B, whether strongly driven or
weakly driven (that is, with 16 g or with 8 g of HMx powder). Moreover, our
computer modeling, as shown in Figs. 26 and 27, gives evidence of detonation with
the large hole for both strong and weak pistons.

With a strong piston, hole closure occurs sooner with a smaller hole (as
might be expected) and if detonation occurs, it comes at an earlier time. With

a weak piston, collapse again occurs earlier with the smaller hole. Detonation
is much more likely with the larger hole than with the smaller hole.

The numerical studies indicate that the essential features of the pipe test
for Comp. B with a cavity can be reproduced by a hydrodynamic calculation with
Forest Fire (the heterogeneous shock–initiation model), using independently
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calibrated equations of state and burn rates. Assumed applied pressures in the
range of 10 to 20 kbar will reproduce the observed sensitivity of the pipe-test
experimental results to hole sizes of the order of 0.5- to l.O-cm diameter.

The pipe test is primarily a shock initiation experiment. These calcula-
tions indicate that it is not examining the dominant mechanism of initiation as-
sociated either with premature initiation of shells or XDT (detonation induced
by processes occurring after shock waves have dissipated). Shock initiation is

not important for either process.
The pipe test is being supplanted by the “Popgun test,” in which specimens

are driven with small-arms-type gunpowder at less than pour density.
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ComD. B. o = 1.20

Comp. B, p = 1.715

TNT

2. Inert Component - Plexiglas
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