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FOREWORD

The Energetic Materlals Division has several senior explosives scientists
that are getting close t¢ retirement age. In order to effectively transmit
: their special knowledge, as well as general basic facts ot explosives science
1 to new and junior staff members of the Division, a series of lectures were
| arranged. This report contains a compilation of the notes from the first
{ series of lectures on detonation physics prepared by Dr. Donna Price and
¥ ] Dr. Sigmund J. Jacobs. The lecture notes were written and edited by
f Dr. Frank J. Zerilli and reviewed by the lecturers. Presently in progress is a
second series of lectures by Dr. Mortimer J. Kamlet on detonation chemistry.
It is planned to publish these lecture notes in a follow—-on report.
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‘ This 1s to acknowledge the efforts of Dr. Donna Price and

3 Dr. Sigmund J. Jacobs in preparing and delivering a series of lectures on

‘ detonation physics. Also acknowledged are the efforts of Dr. Frank J. Zerilli
who prepared and edited detailed notes from the lectures. In addition, thanks
’[ are due to the following percons who typed the notes: Barbara J. Garner,

' Maureen T. Hinson, Angela M. Riley, Patricia A. Leahy, Marie E. Incarmato,
Catherine G. Burch, Judith J. Scully and Wanda S. Walters.

bt F (et ltis—

K. F. MUELLER ;
By direction :

Accession ¥or
| NTIS GRARI [l Bt

et s At B ke

ol e

DTIC TAB |
Unannounced | 4
Justification . ;
-
!
e By._.
-  Distribution/

Avallability Codes
~ |Avail and/or
Dist Special

e _

x

1/2

oz o it e

i em s ) N et A




NSWC MP 81-399

PREFACE

These notes are the result of a series of lectures on the topic of
detonation physics given by Drs. Donna Price and Sigmund J. Jacobs between
. September 1980 and April 1981. I wrote the notes from taped tramscripts of the
@ lectures and occasiorally expanded some of the elementary points for the
K benefit of myself and readers for whom this would be the first exposure to the
subject. The manuscripts were reviewed by Drs. Price and Jacobs for technical
accuracy, but I must take responsibility for any errors that remain.
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Detonation Physics Branch
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LECTURES ON DETONATION PHYSICS

Lecture #1 Introduction 8 September 1980

by Sigwund J. Jacobs

Notes by Frank J. Zerilli

Preface

This is the first of series of seminars on detonation physics and
chemistry to be given by Sigmund Jacobs, Donna Price, and Mortimer Kamlet.
The seminars given by Dr. Jacobs will start with some simple mathematics
of detonations in gases and will later be extended to solids. The points
to be covered include: measuring detonation velocity, obtaining detonation
pressures, and determining the differences between the numbers for gases
and those for solids. '

Introduction

This first lecture is a historical summary based on Dr. Jacobs’

archive of slides dating back to 1940-41. The slides concern techniques
for measuring detonation velocities and pressures.

The Smear Camera

One of the first techniques involved the smear camera built in 1941
at the Explosives Research Labcratory. In those days, very little
work had been done on measurements
on detonations except for gaseous
cap & systems. The rotating drum camera
booster | consisted of a drum 1 meter in
(—*’1} circumference which rotated at
-T- 240 revolutions per second. The

film was placed on the inner cir-
7 cumference of the drum as shown in
.o oL / 40 | Figure 1. A pair of razor edges
// c¢m| 0.05 mp apart formed the slit whose
- // image is focussed on the film by a
film %f l prism and lens optical system. Thus
yl —| the film moves past the slit at
tOtat1ng //1/1’ . 0.24 mm/pusec. The slit width allows
arum exploSive |, time resolution of about 200 nsec.
The light from the detonation wave
progressing down the explosive produces
an image on the film in the form of a
Fig. 1. Rotating drum camera. line whose slope is proportional to the
velocity of the detonation wave.

An advantage of this type of camera is that a record is produced any
time the charge is fired, since the film is continuously moving past
the slit. This was important at the time since synchronization of the
firing to better than a few hundred microseconds was not possible.
In fact, six or seven charges woculd normally be fired using one film,
since the probability was that the random position of the film at the
time of firing would not lead to overlap of the images--a typical record
image might be 20 mm long out of a total 1000 wm of film length.
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The detonation rezord appears as a line on the film, and, from
the slope of the line, the detonation velocity can be calculated. A
luminous drea appears on the film which was called "flame". It has
since been learned that this was largely due to air shock luminosity.
Also appearing was a bright line due to the air shock wave coming from
the end of the charge.

The brightness of the record could be improved by tightly wrapping
the charge in cellulose acetate. Brightening vas caused by the compression
! of the thin layer of air between the charge and the wrapping. In fact,
the spiral structure of the wrapping was evident on the film record.

[

Also, black tapes would be placed on the charge, causing gaps to
§ be left in the record. Knowing the distance between the tapes, the
’ detonation velocity could be accurately determined by measuring the
distance (along the time coordinate) between the gaps in the record.

Detonation Velocity

' In several thousand of these experiments, it has been learned that
i detonation velocity varies almost exactly linearly with the loading density
f of the explosive, although the slope differs from one explosive to another.

Typical solid explosive detonation velocities are of the order
of severgl kilometers per second. For exauple, TNT at a density of

1.6 g/cm” has a detonation velocigy of about 7 km/sec while Cyclonite
(Comp B) at a density of 1.7 g/cm” has a detonation velocity of about
8 km/sec.

The variation of detonation velocity with bulk density was one
of the first keys in developing an equation of state for explosives
at high density.

The detonation velocity is not only a function of density but also
d function of diameter. All explosives have a critical minimum diameter
below which the detonation will not propagate. This critical diameter
is also a function of the charge confinement. Many explosives, for
example, amatol, have larger critical diameters at high bulk density
than at low so that a plot of detonation velocity vs. density at a given
diameter will show a drop off from the linear behavior as the density
increases. Explosives which detonate below their "infinite diameter
velocity" are frequently called non-ideal but care must be taken in
applying the term since all expleosives can propagate below their infinite
diameter velocity at small diameters.

<nhock Initiation and Sensitivity

o At this point an example of an experiment related t¢ shock sensitivity
o of sxplosive materials was described. The explosive charge was interrupted
' at three points by gaps of inert material--sugar, in this case. The
thickness of the three gaps increases from one gap to the next. The

camera record shows that the shock wave weakens as it passes through

the first gap, but the detonation is re-initiated as the shock passes

back into explosive material. The shock again weakens as it passes
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through the second gap. In this larger gap, it weakens to a greater
extent, but again, the detonation is re-initiated when the shock passes
back into the explosive. However, the thickness of the last gap is
such that the shock weakens sufficiently so that detonation is not re-
. initiated after passing back into explosive material. We say that the
"gap-sensitivity" is some value between the second and third thickness
of inert material for this explosive. Similar results are obtained
for other materials. :

Detonation Build-Up

It was discovered that detonations take time to build up. In one
example, we have a detonator, a booster charge, then a low density explosive,
followed by a column of air. In

o
cap & * hook this case, there is a "hook" in the
dls booster streak record, a low velocity regime,
il > and a build up to a high velocity regime.
“%g::dczggg:d " Another record (Figure 2) which shows
TNT? a build up.was taken by Herzfeld at the

This record, taken with a rotating
mirror camera, shows a shock wave in

‘z a donor explosive charge, and, again,
i one sees an apparent "hook" in the
o ,//// streak record app

detonation build up. The rotating
//// nirror camera used allowed recording

University of Saskatchewan in Canada.
tapes ‘//,

speeds ten times greater than the
rotating drum camera.

1IN

< time———
Figure 2.

Rotating Mirror Smear Camera

The demand for a higher speed camera at the Bruceton Laboratory
(Pittsburgh, PA) resulted in the construction of a rotating mirror camera.
In this camera, four-sided mirror spins at 600 r.p.s. The film is held in
, a 180° arc drum, with an external
slit focussed on the drum by the mirror.
This camera also provides continuous
coverage in time since the next facet
of the mirror takes up where the
previous one left off. This avoids
the problem of synchronizing the
detonator--a very difficult problem
in 1943! The camera was build in
record time--six months. An external
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Sehemaotre SMbek of slit was used. This consisted of
T e a mark 1 mm wide and about 1/2 meter
CHLIEENG  Mareem it long on a 35 mm photographic film.
The slit outlined a line on the
Figure 3. explosive charge (Figure 3).
9

. 'iaﬁ%"t"‘t‘“ ke -

2Eo e

pety)

ERRIIVCIIGRIN NESAY. . LS PSP TR S NPT U B S TN R R P O LR SR

et i i i o2

=




NSWC MP 81-399

A camera of the same type with an internal slit was later built
at NOL. By this time it had been learned how to synchronize a commerical
detonator sufficiently accurately so that continuous time access was
no longer needed. Thus a single mirror face was sufficient. The syn-
chronization was accomplished with a 50 psec delay with an error of
+ 5 Hsec.

Cameras of this type can

| S also be used for measuring profiles.
[9/ 0"M‘»u~ / If one sets up the charge at right
i e | angles to the slit than the lateral
i ?émns"a" “;f(;p spreading of the wave can be observed
a4 17 - AT b, (Figures 4 and 5).
X

A photo-finish camera (first
developed commercially by Beckman
and Whitley) is a smear camera used to
record the passage of racers (horses
or men) across the finish line. The
finish line is viewed through a
Figure 4. slit in the camera and the film moves

x Tard wib Sli¢

Eirgs bens Yaiwtiny Mirrgr Jtres: Samers

past the slit at a speed approximately
that of the racers. Time marks are

Sy N recorded on the edge of the film. As
the racers move past the slit, they
/2.4.:.4.... are recorded. If the film and the
Prodoct Gases . racer move at the same speed, there is
g”fﬁ-“J no compression or elongation of the
nplesive racer's image. This is exactly the

same way that a smear camera records

,,,,///f/' Blast Freat detonation waved profiles.

e ¢ (Mo conat)
— x (o congt)

Heudy Stary Detonstien 0 Linser sharge
Figure 5,

Detonation Luminosity and Temperature

In studying the temporature of a detonation wave, one needs to know
from what part of the material the light is coming from in order to
use radiometric methods.

An experiment with nitroglycerine diluted with an organic dilutant
and detonated under water showed residual luminosity in the rarefaction
wave. Presumably, there is also luminosity in the interior of the charge
but the surface material cools rapidly as it expands and deposited carbon
prevents the light from getting through.

‘In order to find out where the light is coming from in a solid
explosive, an experiment was performed in which a slab of explosive
(Comp B) with 1% carbon black added was placed side by side with a slab
of explosive with nothing added. The camera slit was opened to 2 cm

10
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to gather as much light as possible and it was arranged for the image

of the detonation wave to be moving within 1% of the velocity of the

film. The blackened charge appears slightly luminous and the unblackened
charge shows a greater luminosity. The additional luminosity of the
unblackened charge, however, appears to the front of the detonation

wave, not the rear. This shows that much of the light from the detonation
is scattered out through the crystals of explosive ahead of the wave.

Case Expansion Expariments

A typical experiment in which profiles are recorded is an experiment
in which a charge was surrounded by an aluminum cylinder and backlighted
by an exploding wire. One sees here the air shock and the expanding
case. This is a forerunner of the case expansion experiments to be
done at Livermore Laboratory more than ten years later.

The Extra Shock Wave in Atomic Tests

About 1965, Liddiard did an experiment to support an explanation
of an effect that was discovered in the early days of atomic bomb testing
in Nevada. The testers were finding an extra shock wave! In the experiment,
a detonator was placed in an aquarium
(Figure 6). The lower part of the
A0w Tt a0t 1ne aquarium contained carbon tetrachloride,
e with water in the upper half. The
P , purpose was to demonstrate that, if
uuy (R v RREW | HSA | 4 shock wave moves in a medium of
¥ low propagation velocity in contact
with a medium of higher propagation
! velocity, a second wave is established
;k ahead of the original shock. When the
t

PRORCTIO BT
At

MHOAT LENGTH
OF TulG RTEN Wt
A i

shock in the low velocity medium first
reaches the interface, a rarefaction

is reflected back into the low velocity
medium while a shock is refracted into
Figure 6. the higher velocity medium (Figure 7).
The refracted shock propagates at a

—- higher velocity, so it moves ahead of
the original shock. The refracted shock
in turn, creates a second shock in the

water low velocity medium which moves ahead
refractedz), of the original shock. Gregory Hartmann,
shock who later became director of the Naval

Ordnance Laboratory (NOL, forerunner of
Naval Surface Weapons Center) suggested
secon that the second shock in the atomic

sﬁoc tests was produced by a heated layer
of air above the ground. When the
atomic bomb blast wave passed through
the heated layer, the faster propagating
refracted shock produced the second
shock.

retiected
rarefactiop
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An experiment performed at Los Alamos around 1960 gives us information ;
on the width of the reaction zone. The explosive charge was sensitized 1
nitromethane in a glass container. Since nitromethane is transparent, we &
can see the wave propagating. The diameter of the glass container was . b
such that, ordinarily, nitromethane would not detonate since rarefaction 1
("failure") waves propagating inward would cool the material sufficiently ;
to stop any reaction. However, the glass container was lined up to a ]
certain point with thin metal films of copper, tingsten, or other high N
impedance material. These maintain the shock amplitude in the explosive
at a higher level than does glass for a time equal to the double transit
5 time of the shock through the thickness of the liner. In the record
of the experiment we can see the detonation wave propagation as a luminous
area with "failure waves" (rarefactions), seen as dark zones, propagating
toward the center. When the detonation got to the end of the metallic
liner, the failure waves went completely to the center, and the rest
‘ of tbe charge did not detonate. ‘The double transit time for waves in
; the liner was of the order of 50 nsec. We can infer that the reaction
zone is of the order of 50 nsec long in time (or 50-250 | wide) as an

upper limit.

NSWC MP 81-399
The Width of the Reaction Zone

AP PR

Shock to Detonatiop Transition

In an experiment done by Herzberg and Walker of the University

of Saskatchewan,the sample is a bar of material init.ated at the center.
The shock from the detonator builds

:\?'wﬁn" : up to a detonation faster in the
forward direction than in the lateral
direction thus showing a separation in

e, -t e o A DS S e i er: a

i 2B

the shock to detonation process in §

“ the record. It shows that the shock to 5

__“- detonation transition (SDT) is locally ;

dependent on the shock amplitude. At 4

. \\\ the time the work was done, the result :

' - appeared very mysterious (Figure 8). K

“ade ¢ |

i 5'1/2' o ' " 4\

éi Figure 8. k

: 4
2 Wedge Test

¢ In the s0 called "wedge test" a smear camera is used to record the

?vi shock to detonation transition in an explosive. The arrangement is
‘ a plane wave generator followed

; wowe T A by an explosive pad (because the
#AD Lient generator is usually made with
e a low energy explosive). Then
i AY there is a barrier material which -
I TO CAMERA oo 0
S B, T . B transmits a shock, which, in turn,

R - is transmitted to a wedge of explosive ]
. (Figure 9). An exploding wire is 4 .

PLANE Wave ——LIGHT
Lo - used as a light source. The progress
e} moe view (v} FRONT Vigw of the shock and detonation through the E
A TYPICAL WEDGE-TEST ARRANGEMEMT explosi: : can be followed since the
wedge shape exposes layers of explosive
Figure 9. at various depths to view.

12
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Fig. 10.
Lfketch of smear camera record.

Explosive ystem and

In the Walsh-Cristian technique,®
a similar arrangement is used to geasure
the shock velocity within a metal and
the free suriace velocity of the metal

(3ee Figure 10).

From this data, the

relation between shock velocity and
particle velocity in a material can
be determined, and this allows the
determination of the shock pressure-
volume relation (Hugoniot relation).

Figure 11 shows the shock velocities and transition to detonation

for three different sliock amplitudes in the wedge test.

pressure-volume Hugoriot's for explosive materials.
of around 100 kilobars, typical explosive materials are compressed

70-75% its their initial volume.

pressure
to about

Figure 12 shows
We see that at

a1 A i )ar (I
i L
i: —t *’f’(r | : | ;
P +— —
laL T ‘l
|
’ t ’ [ v
idans of Rglemiee b )
Fig. 11. Shock velocities in

pentolite for three shock levels.

-} -

L e P

L

¥\ '
boms & = - .. e ot - e ey wbes
R R

VyL ' X
A e
___*.~_d:¥§§«____

s 9 v 5 3 s v ez B €6 &
w1
7
1

.
1
i

. AYY N . .
N
N
A N . !
_4_4___d_;_‘.:§%§§t__,___,4
Y S B N
11" l ‘&.

-t )

Fig. 12,
high explosives.

Hugoniot curves for

- A

% John M. Walsh and Russell H. Christian, "Equation of State of Metals from
Shock Wave Moasurements," Phys, Rev., 97, 1554 (1955),
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Framing Cameras
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Franing cameras are camersas which take photographs at rates of

up to ten million per second. Figure
esrly framing canera. In this canmera

1ens2’x’
lens. ’
2 N
, w2 film
\', C'"‘C]e
‘:;;:;ting ‘ﬁqens
mirror circle
fig. 13. A typical framing
camerz (Beckmin-Whitlay).

13 shows schematically a typical

the image of a slit is directed

by a rotating mirror and viewed

by a series of lenses which form
irages on a film. A givea lens
subtends a angle of two or three
degrees. The pcsition of the image
formed ¢n the film changes as the
cosine o the change in angle of

the nirror. For the two Lo three
degree change from one lens to

the next, the ccsine changes by

less than 0.1% so the image formed

by each lens appears virtually
stationary. When the mirror turns

a bit further, the next lens sees

the source and produces another image
on the film. The number of images
depends on the number of lenses in
the camera. It is possible to obtain

frame rates of up to 107 per second, but the light gathering power goes

down since small lenses are needed to

achieve the highest framing rates.

Origin of the Hock in Smear Camera Hecords

A sequence of frames taken with a framing camera in a gap-test
geometry experiment shows us clearly the origin of che "hook"™ that we

GAP TEST

K SHOCk TO
DETONATION

s

,;breakout
HE detoé%tion

Figure 14.

the test charge to apread lateraily.

have previously spoken of in smear
camera records. The hook is produced
because the detonation "breaks cut"
at the surface a short distance
downstream from the end where the
initiating shock is applied (due to
the interval involved in the shock
to detonation transition). The
arrangement is shown in Figure 14,

A tetryl booster is followed by a
barrier, followed by the test charge
and a steel witness plate. The
sequence of frames taken by the
framing camera shows the detonation
going off in the donor and a shock
passing into the test charge causing
At the interface between the barrier

and the test charge, the sprending causes a jet to be formed. In a later
frame we see the first break out of detonation as a luminous bulge a

short distance down the charge from the barrier.

The detonation image

is smeared because th¢ exposure time inh each frame is about 1/4 usec.
About 1 psec later, we ses the datonation well developed, with differences
in luminosities in the regions siiich have and have not been passed over

by the shock.

14
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Focal Plane Shutter Framing Cameras (FPSFC)

A different type of camera, called the focal plane shutter frawing
camera, has advantages of both a framing camera and a smear camera.®
In this camera, a rotating mirror makes an image move relative to a
series of concave mirrors which focus the image onto a slit. Up to
this point the operation is like that of a framing camera in which the
concave mirrors take the place of the series of lenses. The image for
each frame sweeps across the slit. Suitable optics are then used to
pass the image back to the rotating airror which reflects the image
that has passed through the slit onto a film strip. The arrangement
is such that the effect is as if the film had been moved past the slit
at the same speed as the image (as occurs in a smear camera).
six slits are used, giving interleaved frames, so that the effective
frgming rate is six times faster. The advantages are frame rates of
10" per second and much better resoclution than a conventional framing

camera. If a charge is placed so that the detonation wave moves parallel

to the slit, a single frame produces a record from which an accurate
velocity measurement can be made.

can be made in very short time intervals (1 usec).

In a typical experiment in which the FPSFC (focal plane shutter
framing camera) was used, a cylindrical tetryl pellet 2" in diameter and
1" high was detonated at the center of one base. The sequence of frames
shows the blow off of the luminous air shock. At first the snock 1s
spherical, but the flat part of the outer surface of the pellet pruduces
a different result than the cylindrical part. As time goes on, the
wave separates into two pieces. The wave moving from the flat end moves
faster and dissipates more slowly than the wave moving out from the

sides, showing the strong influence of the geometry of the charge on
the shock wave that it produces.

In order to invesiigate the details of the wave separation imentioned
above, an experiment with backlighting was done, so that any non-luminous
shocks would become visible. There was a luminosity apparent in this
experiment which was believed to be duc to a jetting of surface material

into the shock zone--producing higher temperatures than tr.e shock itself
would produce.

Jacobs, 8. J., "Focal-Plane Shutters and the Design of High-Frame Rate

In practice,

Thus many accurate velocity measurements

Cameras", J. Soc. Motion Picture and Television Engineers, 69, 801 (1960);
S. J. Jacobs, "Photographic Recording with highly Resolved Position and
Time Coordinates by Means of Narrow slit Focal Plane scanning", Les Ondes
de Detonation, Colloques Internationaux du Centre National de la Recherche
Scientifique, No. 109, p. 197 (1962); Jacobs, MecLanahan, and Whitman, "A

High-Speed Focal-Plane Shutter Framing Cameras", J. Soc. MPTE, 72, 923 (1963);

Liddiard, Drimmer, and Jacobs, J. Soc. MPTE 72, 927 (1963).
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T. Liddiard obtained an interesting record with the FPSFC just

before the Fourth Detonation Symposium. The initiating shock is seen

?‘ to pass into the explosive charge and change the character of the material.
§ Instead of showing a highly polished surface characteristic of the
unshocked material, the surface becomes very diffuse. Then detonation

is seen to break out a considerable distance from the end where the initial
shock was applied. This is because the transition to detonation occurs
largely along the central axis of the charge. At the point where the
shock has transited to detonation, the detonation wave propagates to

the surface. At the surface, the detonation wave propagates both forward
and also rearward into shocked but yet undetonated surface material.

The waves propagating forward intc undisturbed material and rearward

into the pre-shocked material have a different appearance, and the
discontinuity remainc apparent for a very long time after the initial

] event--sheock wave effects don't have any way of ironing themselves out
after they get started.

S T

Chala it oo

Shaped Charge Jets

A shaped charge experiment (Figure 15), in which a copper cone is
collapsed by an explosive and ejects a jet of material, was done using the
FPSFC to observe the jet penetrating a slab of PMMA. Flash x-rays of the
Jet process show the detonaton

AT and hot product gases causing
“h L ngme collapse of the cone. A jet
| AR squirts out and a residual slug
o f— is formed (conserving momentum).
s ,“%;ifiﬁfffégéil ) Because different elements of
. """TIKfi?""““' the cone move at different velocities
b ha the jet velocity is smaller in

the near region than in the far
region, so that the jet elongates
with time. As a result, there is
an optimum stand off to achieve
maximuw penetration. In the record

. . i o, | S-S taken with the framing camera, we
ko Fi 15 don't actually see the jet because
gure : of tha scattering of light by the

plastic PMMA, but we do see the
M penetration of the PMMA.#

Punching out a Metal Plate

Another example in which the FPSFC was used shows a metal plate
being puncbed out by an explosive charge. We see the development of
the push out. At 20 usec, the punched out plate breaks:free and hot
gases begin coming through. Inked griu lines on the plate become very
prominent at the time that the shock hits the surface, and the grid
lines stay visible throughout.

LI AT R

% It was only when microsecond flash x-ray photography was used that
experimenters in the USA began to understand shaped charge jets.
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% Underwater Explosion
sﬂ
; Finally, Goertner obtained an interesting record. An explosive ’
'g charge was fired under water and the domz produced by gas expansion
b was photographed in a millisecond time scale. The results resemble
]
¢ experiments with explosive charges--although the time scales are
-, considerably different.
o
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LECTURES IN DETONATION PHYSICS
Lecture #2 - 22 September 1980

Basic Equations for Shock & Detonation Waves

by
SIGMUND J. JACOBS

Notes by Frank J. Zerilli

Today we will discuss the first principles for the derivation of the
equations for a detonation wave. In later lectures we will introduce appli-
cations involving an equation of state, the ideal gas equation of state. We
will show that the "gamma law" equation of state is essentially equivalent
to the ideal gas equation of state. The gamma law equation of state is sometimes
used when the ideal gas equation just doesn't work.
NOTATION:

The following notation will be used as consistently as possible, Subscripts
will be used to denote quantities applying to individual components in a system.
th

For example, p is density, o4 is the density of the i

v - specific volume (volume per unit mass)

component.,

p - density, the reciprocal of specific volume

V - volume per mole

e - specific internal energy (thermal)

E - internal energy per mole

q - specific internal energy (chemical)

Q ~ chemical energy per mole (comes up in Kamlet's simplified model)

T - temperature

U - shock velocity (shock waves)

D - detonation velocity (detonation waves)

u - local particle (material) velocity
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¢ - sound speed
Cv - specific heat at constant volume

Cp - specific heat at constant pressure

Y = Cp/Cv

Pe - constant volume explosion pressure
Py - C-J (Chapran-Jouget) detonation pressure
Pyns Pzng - Von-Neumann pressure {or Zeldovich-Neumann-Doering pressure)

Shock Wave Problems: Assumptions

We will make some simplifying assumptions which will be found to give

good approximations to real situations in spite of the simplifying assumptions.

We assume two states - an initial state preceding the detonation wave
denoted by the subscript 0, and a final state denoted by the subscript 1.
Both states are fixed and uniform with a constant composition and, therefore,
described by an equation of state of the formp =p (T, v) or p = p (e, v).

Viscosity and heat conduction will be neglected in the simplified model.

Application of Mass, Momentum, and Energy Conservation to Shock Wave

A wave moves forward (right) at velocity D (detonation) or U (shock).

20
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The region in front of
D .
u, u, (= 0) the wave is at rest, the
u .
- P1s D1s %0s Do» th;i :§§1°" region behind has acquired
e’ el . . »
& w00 30 a motion (imagine that
“~discontinuity
Fig. 1. Piston pushed intc a tube with we are pushing the
velocity u,. The discontinuity moves to the
right with velocity D.
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piston in Figure 1 to the right with velocity u1). The region near the
piston acquires the velocity of the piston, the wave front moves with constant

velocity. The wave front is a discontinuity (neglect of viscosity allows the

discontinuity).

We transform the picture above into the picture in Figure 2 in which the
wave front is at rest, the material on the right is flowing into the front at

velocity D, the material is compressed at the front and flows out at velocity
D'ul .

A-discontinuity
Fig. 2. Observer moves -t [ e
to right at wave velocity D-y, D
D. In this frame, the wave P1y D Po» Po
{discontinuity) is at rest. 1y M1

(If this were a rarefaction wave, Uy would be negative, and D-u1 would be
greater than D.)

Conservation of Mass

Mass flux, denoted by m, is density times velocity, so the mass flowing

into wave front in a unit time = °oD and the mass flowing out of wave front in

a unit time = pl(D-ul).

Conservation of mass requires the mass flowing in to be equal to the

mass flowing out (so that no mass accumulates):
pOD = pl(D"ul) (1)

Equation (1) is the mass continuity equation and can be written also as

21
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P1 'VO D s(
— O o = 2)
0o V1 Dy
or
u v
1. 1
n Vo (3)

where use is made of the fact that density equals the reciprocal of specific

volume.

Conservation of Momentum

We use Newton's Second Law: force = rate of change of momentum. The total
force (directed to the right) on a unit area of the front is Py - Pp- This

must be equal to the change in momentum in a unit time:
momentum (directed to the right) flowing into front in a unit time = %f (-mD) & mD

momentum (divected to the right) flowing out in a unit time = %f [-m(D-ul)] =

So
Py = Pp* -mD + fh(D‘ul)
or
Py * mD = pg *+ M(D-uy) (8)
But m = PP S0 that
Py = Pg = PgDyy

This is sometimes referred to as the shock impedance relation.
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Conservation of Energy
Consider a unit mass of material. In the initial state it has a kinetic
. enerqgy &02, internal thermal energyeo.and internal chemical energy -
We must also include a term due to the work of pressure on the material,
. PoVo- In the final state the kinetic energy is &(D-ul)z. thermal energy
; is e chemical energy is CIE and work term is P1vy Equating the total
; final energy to the total initial energy, we obtain
' 1.2 1 2
: 70"+ pvo tegtag =z (D-up)® *pvy +ey+a (6)
{
; We call the diTference 9 - 9 the energy of explosion and denote it by Aq:
4q = -9 (7)
Note that 9% is normally greater than qq so Aq is positive.
We can rearrange Eq. (6) by collecting the internal energy terms on
the left side:
: - ) 2
; e; - &y - 4 = pyvg - PVy + 2-[0 -(D-ul) ]
s = PgVp - Pyvy+ Dup - %-ug (8)
F By using the mass conservation and momentum conservation equations we can
i eliminate u, from Eq. (8).
i From the impedance relation (momentum conservation)
Dul = (pl‘po)vo (5)
f and from mass continuity
- u Vo=V
Yo
23
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Eliminating D from Eq. (3) and Eq. (5) we get

b U% = (pl'po)(Vo'Vl) (9)

Using (5) to eliminate Du, and (9) to eliminate u?, Eq. (8) becomes

el o o o A 0 A B S

ey = &y * 4q + 5 (P+Ry) (vg-vy) (10)

If we know the internal energy e as a function of p and v (i.e., if we
know the equation of state), then Eq. (10) gives a relation between p and v.
This is called the Hugoniot relation. If Aq = O this is the well-known

Hugoniot shock relation.

Summary of Important Results

Conservation Equations:

el - 52 £ i B .« sttt ST 1 3 il ol NG Kt Mt ek 1o —

u Vo=V
1 0 "1
Mass: = (3)
D Vo
Momentum (Impedance Relation)*: Py =Py~ Dpou1 (5)
Energy: e; = 4q + ey + 7 (ptg) (vg=vy) (10) ?

o e AR i e PN

* If the initial medium is not at rest but has velocity Ug» the relation is
then p-py = D pO(ul'“o) where D is the shock velocity with respect to
the initial medium. .

FRNPR WL SRRy 8
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Relations Qbtained by Re-arranging the Conservation Relations

If we eliminate Uy from Eqs. (3) and (5) we obtain

2  2P17Pg
D¢ =y (11)

For a given D, this is a straight line in the p-v plane, called the

Rayleigh line. Using mass conservation in the form of Eq. (1) we alsc

obtain

2 P17Po (12)

2
(D-u ) B Vy oo
1 1 Vo~V1

oy 2 Tt B TR it o B e Yo e o B N

D-u1 is the flow velocity of the material after the passage of the wave.
Just change vy in Eq. (11) to vy to obtain (12).
Normally, Vg» €g» Pp» 49 are known from the conditions of the problem.
If we know e as a function of p and v and if we can find a way to determine D,
then we have sufficient information to obtain Py and vq in the final state.

Figure 3 is a plot of Hugoniot's and Rayleigh lines in the

B

p-v plane using an equation of state similar to the ideal gas with y = 1.4.

The initial pressure Po would be, for

example, 1 atm. or .1 Megapascals. The
lower curve is the Hugoniot for Aq = O,

the upper curve is the Hugoniot for some

|
| Pl
? 1 E Aq > 0. The straight lines are the
j E Rayleigh Tines [Equation (11)] for various
; E values of D. The solution involves finding
- 1 the intersection of a Rayleigh line with
] g
Fig. 3. Hugoniot curves. the Hugoniot. For shocks (Aq = 0) there
. Dashed line is compressive 1imit,

typical of most materials, . |
is one solution for a given value of D. In the detonation case (Aq # 0), we

see that there are generally two solutions, labelled Py and Py in the figure.
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The lower pressure solution, py» s called the weak solution and does nov
exist as a stable solution in the idealized case and is unlikely to exist
in real life. There are probiems associate{ with the non-1-dimensionality
of a real flow which might Tead to a situation in which a weak solution

is possible, but this is beyond scope of this series of lectures. The
higher pressure solution, Pos is a possible solution, which we will discuss

later in connection with the piston model.

The Chapman-Jouget (C-J) solution is the solution in which the Rayleigh

line is tangent to the Hugoniot curve. In this solution, the flow behind
the wave is sonic, that is, the flow speed is equal to the sound speed.

We will show this in the following discussion of the piston model.

Piston Model

We can derive the same conservation equations using a model (Figure 4)
in which a piston is driven into a gas filled tube. This model corresponds
to a shock tube in which the "piston" is the expanding gas from the driving
section of the shock tube which compresses the gas ahead and causes a shock

wave to move down the tube.

At time t=0, the piston is at

D

: : position x=0 (dotted 1line), the gas is
/e .
P at rest at pressure Po» density o The

| / Pi1s Vi1, Ui Pos Voo

\ % Up=0 niston moves with velocity Ups compressing
¥ {

0 ut Dt the gas ahead of it to a constant state

Fig. 4. In time t, piston has

moved distance u;t, while shock has Pys Vs Ugs and the shock wave moves at
moved a distance Dt.

velocity D. Ahead of the wave, the gas

is still in the initial state. At time t, the piston is at position ult
and the shock wave is at position Dt.

26

PP .
2o hy s hiand, et e afadege e R . 5 .
i Wbt Lok yARA s e el i e B i e s e b I W LR TRV
T I LA WP PINGE T X WL - DR 2 B )

P =

PR R R L y : y 3 x . ;
I, i 52 H Bt B A AL i, e U, i N " ARk T e, T i T Bt




T TENTREIE NI T L T 0 P SR W AP ST TS VAT 5 sy

NSWC MP 81-399

Mass Conservation

The mass between the piston and the shock at time t is
m = pl(Dt-ult)

where we assume that the tube has unit c¢ross sectional area. This is the

same material that was originally between 0 and Dt at density Po» SO its

mass is
m= pth
Thus
OOD = (D-ul)pl
as before.

Momentum Conservation

Newton's Second Law: net force = rate of change of momentum.
Again, assume unit cross sectional area, then:
net force on material between piston and shock = P1=Po

momentum of material = muy = pODtu1
_q -

as before. This says that the wave is driven by a real force applied to

back side of the piston. And the force Pq must be greater than Po-
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Energy “onservation

The work done by the piston must be equal to the change in energy

from the initial to the final state. Consider again the material between

the pisten and the shock:

wurk done by piston in time t is the force times distance travelled by
the piston = - x = plult

kinetic energay increase = gnmi = &pthui

initial internal energy (e0+qo)DpOt (since e,q are energy per unit mass;

final internal enevgy = (e1+q1)DpOt.

Thus, energy conservation requires

_ 1 2
or
p,u
LS N
e; - & - (qp-q) = Tp, " 2 Uy

The right hand side reduces to 1/2 the sum of the pressures times the

difference in volume by using the mass and momentum conservation relations

as before:
e, - ey - Aq = . (Pytpa) (Va=v,)
1 0 FARLS WL IAM IS |

The piston model provides a useful first step to explain how a detonation
propagates. To susta’. th2 pressure and mass motion following the release
of chemical energy (e see that work must be done by an external piston

pushing at the detonation pressure. You may ask, 'How, tinen, does a real
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detonation proceed when the piston is absent and the products must be
escaping from behind the zone of reaction?" The answer will be given in
a later discussion. We will extend the piston model to a case where the
piston is stopped after state (1) is established. In anticipation of

the result we will point out that stopping the piston will cause a wave
of rarefaction to move forward. This wave cannot move faster than the
speed of sound in the compressed state. As a result a C-J detonation will
be one in which a rarefaction can only move as fast as the detonation
wave itself. The pressure formerly supplied by the piston then is
maintained at the head of the rarefaction wave as a result of momentum
changes in the rarefaction which keep the forces in balance. The energy
previously supplied by the piston then comes from the isentropic expansion

in the rarefaction wave. We will find that sound velocity plus material

velocity for a strong detonation exceeds the detonation velocity. Stopping

the piston then results in waves which overtake the detonation wave and
weaken it until a C-J state is attained. The weak detonation case is best

described after we consider the problem of deflagrations.

Properties of Shock Hugoniot and Small Amplitude Limit

'p; final state
S

Hugoniot at the initial state is equal

f to the slope of the isentrope passing
R initial thrcugh the initial point. Thus, small
state

amplitude waves (acoustic waves) are

isentropic. For example, the peak

L ﬁpﬂ

v Jﬁ pressure amplitude of human voice waves
1 0

e el

Figure 5.
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The slope (or tangent) of the shock
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5

is less than one pascal and atmospheric pressure is about 10™ pascals so

voice waves are isentropic to a very good approximation*. To show that the
Hugoniot and isentrope are tangent at the initial point refer to Figure 5.
The equation of the Hugoniot is
e, - 5 = 5 (P+py) (Vg-v)
1~ € % 7 PP/ Vg™V
Take the 1imit as Vi > Vg then the equation becomes
de = ~p dv
But from the second Law of Thermodynamics, we know that
Tds = de + p dv

where s is entropy. Thus at the initial state

Tds = de + pdy = 0
or ds = 0 on the Hugoniot at the initial state.

The Rayleigh Tine determines the shock velocity:

py - P
T W
0"

In the 1imit that Vi * Vo this relation becomes

2 . 2dp
ur = Vo dv

Since ds % 0, %%-on the Hugoniot at the initial state is the isentropic (adiabatic)

derivative. The definition of the isentropic sound speed is

c=vy- (%5) s

* If we ignore viscosity and heat conduction.

30
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Thus, in the limit of small amplitude shocks, U + ¢. The Hugoniot relation does
not apply to rarefaction (that is, one should not extend the Hugoniot to the
right of the initial point in the p-v plane). However, the small amplitude
Timit is equally valid for éompressions and rarefactions. In fact, rarefactions

of any amplitude are isentropic in our simplified scheme.

Small Amplitude Limit of the Mass and Momentum Conservation Equations

du = -¢ 9%
and since p = %-, - 9%- = g% SO
du = ¢ de
P
Momentum: Py - Pg = UpQu.1
In the Timit V, * Vps this becomes
dp = pcdu

If we substitute for du from the mass equation we get

dp = C2 dp

which is simply the definition of the isentropic sound speed again.
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Chapman-Jouyget Condition

Figure 6 shows the reaction Hugoniot--
the initial state is not on the Hugoniot
since AqQ # 0. We will show that when
the Rayleigh 1ine is tangent to the

Hugoniot, the flow speed is sonic behind

Fig. 6.

the wave, i.e., D-u=c.

First, we show that at the C-J point, the isentrope passing through that point
is tangent to the reaction Hugoniot.

We can write for points P and Po the relations
e, - & = A9 + 3 (P *py) (Vg-V;)
2" % 7 \PaPg/\Vg=Yy

e - e = Aq + %-(p1+p0)(v0-v1)

These equations, together with the fact that Pg* Pys and Py all lie on a straight
1ine (Rayleigh 1line) lead to

ep - &5 = 7 (pyhy) (vy=vy)

N L o, T e il i~ s N . e O . 8 - A M Ml i . R € e O Bl e ARG o A I

We can see this result without going through the calcuiation with the follewing

argument:

P2

e, - € = Aq + %-(92+p0)(v0-v1)

Aq plus aréa of trapezoid VoPoP2V2

B = s
"

P1

i
e, - &y = Aq + % (py+py) (Vo-vy) ;
1 0 FAALS RO TAM IS | 4
Po |
V2 Vi W L~

—_— — = Ag plus area of trapezoid VoPoP1Y1

Figure 7.
32
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Thus e, -e; = (ez-eo) -(el-eo) = area of trapezoid V1PyPoVy

So e, - e = %-(sum of bases)(altitude) = %-(p2+p1)(v1-v2)

Now, in the 1imit that the Rayleigh line becomes tangent, we have ViT Y,

and this expression becomes
de = -pdv  or de + pdv =0

Thus ds = 0, 30 at this point the Hugoniot is tangent to an isentrope.

The expression for the Rayleigh 1ine in terms of flow speed behind the wave is

2 P2Po 2 P1Po 2 P27Py

(D-u2)2 =y

The second and third equalities follow because, again, P> Py and n, ail lie

on a straight line.

Thus when the Rayleigh 1ine becomes tangent to the Hugoniot, Py + Py and

2 2.dpy _ 2
(D-u)® » -v(Gh) = ¢
So D-u=c.

Summary :

We have used the piston model to demonstrate some of the key equations for

4 e o T

detonation and shock waves. One can infer from this model that the work that
drives the wave comes from expansion of the product gas which has been formed

in the reaction which creates the detonation. In the case of the ideal gas

we are talking about waves reaching pressures of about 30 atm. The wave velocity

is much too high to be triggered by thermal conduction processes such as occur

33

i = o - .
e I i Sl e e o AL B B b e o

TR Yl okl ¢ et e M el Rt e

- imsE Sk

T ami e iR AL i




NSWC MP 81-399

in flames. The initiation of the reaction must be caused by the temperature

rise due to compression in the shock wave ahead of the detonation wave. If

-

g for some reason tkere is an insufficient reaction rate at the wave front

or excessive rarefaction effects, the wave will die out.

3.
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LECTURES ON DETONATION PHYSICS
Lecture #3 -- 20 October 1930

Equations of State for Explosives and Deflagration Processes
by Sigmund J. Jacobs
Notes by Frank J. Zerilli

Dr. Donna Price will give the next lecture in this series. She will
discuss critical diameter and critical shock initiating pressure.

Today we will discuss the ideal and gamma law equation of state for
use in solid explosives and we will say something about deflagration
processes.

REVIEW

In the last lecture we used two models to derive the equations for the
conservation of mass, momentum, and energy: the steady flow and the piston
model. In the steady flow model we use a coordinate system moving with the
wave front so that the front appears at rest, with material flowing in from
the right and flowing out to the left. In the piston model, a piston pushes
material in front of it, producing a jump discontinuity (shock) separating
the material in the constant initial state from the material near the piston
in a constant final state. The wave front moves forward with a velocity
denoted by U in the case of a shock and by D in the case of a detonation,

The important results were the equations of mass, momentum, and energy
conservation.

Uy VYo~V
Mass Conservation: T =
0

Momentum Conservation: Py - p0 = Dpou1

Energy Conservation: €, =49 v eyt %(pl ¥ p0)(V0 B vl)

where Uy final particle flow velocity
Vg = initial specific volume
Vi * final specific volume
Py = initial density = 1/v0

Py = Pg = Pressure difference between initial and final states
Aq = specific chemical! energy converted to mechanical energy

e, = final state specific internal energy
€ = initial state specific internal energy

35
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In shock waves Aq = 0, while in detonation waves aq > 0. If we know ;
e as a function of p and v, the energy conservation equation then becomes

a relation between p and v called the Hugoniot relation. The Hugoniot curve
in the p-v plane is concave up and looks something like a hyperbola -- for
an ideal gas, it is a hyperbola.

Eliminating Uy from the mass and momentum eyuations we obtain

o i G il R LA

1 Pp =P
il o = Voz'Vl':'Vg ’
¥ 0 1

which is a straight Tine (Rayleigh line) in the p-v plane:
1 p*

PI'PO""'V—Z'(VI-VO).
0

The slope of the Rayleigh line is negative, and the magnitude of the slope
is proportional to the square of the detonation velocity. The intersection
of a Rayleigh 1ine with a Hugoniot determines a possible final state.

There is an interesting geometric interpretation of the energies involved
in a shock or detonation wave. Refer to Figure 1. We see that area
A= %(pl + po)(vo - V1)~
! From the energy conservation
equation, therefore,
A= ey - eg - 4q.

-y

Again, from the figure, area
B = %(pl = po)(vo = Vl)-

T A Sl S At i, - -t Wt s A s i st TR\ P i a2

i

= |
| 3 Py - :
’ P E I ] Eliminating D from the mass |

| l ' NN and momentum conservation

| § 2;Q/lpir equations, we get :
| 5 RN By (by - p)(vg = vy) = u%. b
l i | Vo Thus area B = %ulz = change in o
F;EL:;*Z. material kinetic energy per unit 1

mass, area A = change in total
internal energy per unit mass,
and area A + B = pl(vO - Vl) is the work done by the "piston" per unit mass.
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THE IDEAL GAS EQUATION OF STATE ;

The ideal gas equation of state is f

3

y ' pv = RT, )
" where V = volume of one mole

" R = 8.3143 joules/mnle-9K

T = temperature in 9K

The specific volume v (volume per unit mass) is the molar volume (volume
per mole) divided by the mass of one mole, M, so that in terms of specific
volume the equation becomes

_R
pV-ﬁT.

L e T S e s B AL s bl A i

_1‘.‘ - o

In the SI (Systeme Internationale) units, one mole (Avogadro's number
of molecules) of C12 is arbitrarily fixed at 12 grams (a kilogram-mole is
fixed at 12 kg). This defines the unit of mass called the atomic mass unit
or a.m.u. Thus, M for any substance is simply its molecular weight in a.m.u.
We will attempt to use SI units consistently. Length will be given in meters
(m), mass in kilograms (kg), and time in seconds (s). In this system, the
density of water is 1000 kg/m3. Appendix A contains a table of recommended
SI units for propulsion variables which will be useful also in detonation work.

fakadl . Wt 2,

? Assuming constant specific heat, the internal energy per mcle of an ideal
: gas is

E=C,T, g

and the specific internal energy is

C

e=%¢=cﬁ. 1

where Cv is the molar specific heat capacity at constant volume, defined by+
_ [3E
T <§T>v '

*This is consistent with the usual definition: C_ = (%$) since
dQ = dE + pdV = dE at constant volume. v

e

~
B
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The specific heat at constant pressure is defined by’

oH q
C = ( ) + -

where H is the enthalpy, defined by

;
3
H=E+pV. %
Thus, for the ideal gas, H = (C_ + R)T so that ¥
i
Cp = Cv + R. ﬁ
Denoting the ratio of specific heats by v; we get g
: |
R p
Yy = =] + =, 4
i C% Cv

e S5 s i i -

For hydrodynamic pruposes, it will be convenient to write p as a function
of e and v. For the ideal gas, we have

- RT _ R

E _ E
R A A X

o S-S o - Lowes iR E 5

In terms of e and v, this becomes
_ e
P=(yy-1)5=(yj-1leo .

o ISENTROPIC PRESSURE-VOLUME RELATION é

The First Law of Thermodynamics is
de = Tds - pdv ,

where s is the specific entropy. When s is a constant,

lhg de = -pdv = -(yi - 1) %-dv , )
R so that ol
. S RAVERE ¥ |
;E Integrating this expression, we get - f
3 -(vj - 1) vy - 1

: e =A'v = A'p ’

YSince dH = dE + pdV + Vdp, we have dQ = dE + pdV = dH - Vdp = dH at
i constant pressure.
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S0
v Y Y5
p={(v;- DA =~ .
We have been using the subscript i to emphasize the fact that we have

derived these relations for an ideal gas. We will drop the subscript and

consider a generalized equation of state in which y may not be the ratio of
specific heats. In the generalized case we will use a definition of y directly
related to the sound speed. The sound speed c is defined by

2 3
¢ = (—R) .
Bps
For the ideal gas, then,

2:-9_. Yy = Y-]':lp.
c a5 (Ae") = yho o

Thus,
- ofep) . (3ln . _{3ln
¥ p<ap>s (ainp>s (alnv)s :
We will use this as the definition of y. In the case of the ideal gas with

constant specific heat Cv’ vy is a constant and is equal to the ratio C /Cv'
In general, y will not be constant and/or it may not be the ratio of specific

heats. We will use as our generalized equation of state the relation
e = PV
y~1°

where y is not necessarily the ratio of specific heats. We will refer to
this as the y-law equation of state (EOS).

SHOCKS WITH OR WITHOUT REACTION FOR THE y-LAW EQS

We now substitute the y-law equation of state in the energy conservation

equation to obtain the Hugoniot relation. The energy conservation equation is

e; = q +eq +k(py +pg)lvg - vq) . (1)
From the y-law EOS we have
!
e =y T (2a)

T
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PoVo

eo'Y_lc (Zb)
‘ Substituting Eq. (2a) in Eq. (1) we get
= 2(q + eg) +pylvy = vq)
. Py = —1+1 : (3)
s y-1"1" Y
gi This is the equation of a hyperbola with a horizontal asymptote at
i; =_X_-_1. i o= -1
L Py Y ¥ 1 Po and a vertical asymptote at ¥y %—;—T Voe This shows that

there is an asymptotic
limit to the amount of
compression that a y-law gas

can undergo in a single shock.
The limiting volume is

v, = %—}—% Vg -
Thus, for example, a gas with
y = 1.4 cannot be compressed
to less than 1/6 of its initial
specific volume. It is
convenient to write Eq. (3)
in terms of the dimensionless
quantities p1/po, Vl/VO’ and
q/eo.

0 (4)

When q = 0, Eq. (4) is a Hugoniot for a shock.

In the case of reactions,

however, the value of y for the product gases will not, in general, be the same

as the value for the unreacted materiai.

40
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The equation for the Rayleigh lines is

Py )
2 _.2P1 " Pg_ Po
U=y v, T PV T (5)
0" "1 !
Y0

NUMERICAL EXAMPLE: NITRIC OXIDE

We apply Egs. (4) and (5) to nitric oxide (NO). Nitric oxide
reacts to form nitrogen and oxygen:

2N0 -+ N2 + 02 (6)
The average molecular weight M for both the reactants and the products is

30. The heat of reaction q (which is the same as the change in specific
enthalpy ah) is 720 cal/g or 3013 kJ/kg. We'll assume the following values:

po = 1 bar = .1 Mpa = 10°Pa
¢, = 5R/2
y=1.4
_ 0
T, = 300°K

Vo = 831.4 cn’/g = 0.8314 m°/kg

If we assume that Cv is constant at 5R/2 from 0% to 300°K, then
= 0-"00 . 58 ki/kg , !

SO

Thus, the detonation Hugoniot is
v

78.5 - L

p v
.__]_'. = __.V—_Q. . (7)
0 6 2-1
0
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The shock Hugoniot (q = 0) is

s OIS b AT - 0 i T AT i VO~ M 3 7 it

N3
Q
v

e

—
o

Ty

A A

0o .2 .4 .6 .8 1.0
v/ vy
£ig. 3. Shock (d8) and detonation
(®) Hugoniot for y-law gas.

e

Detonation and shock Hugoniot's are plotted in Fig. 3 for q/eO = 15
and y = 1.4. The pressure on the detonation Hugoniot corresponding to v/v0 =1
is the constant vulume explosion pvessur‘e.+ Note that it is roughly half the
C-J pressure.

. S TN e S i

DEFLAGRATIONS

The relations obtained above can also be used in the case of deflagrations.
Here, we use the term deflagration tc indicate comoustion accompanied by expansion

fThis is the pressure that would be obtained if all the material were reacted
in a sealed and thermally insulated bomb (container).

zn
£
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% as occurs within a rocket motor. Figure 4 shows the reaction Hugoniot plotted ‘

for pressures smaller than the ]
initial pressure and volumes 5

' 1.0 v/vg=11.7 greater than the initial volume. i
.8} i i 1
; Deflagration For this particular p]o?, the :
; .6} Hugoniot constant pressure reaction product
: él 4l ¢;!90=15’ v=1.4 volume is 11.7 times the initial
b 0 .
: .2l CJ deflagration volume. The Rayleigh line tangent
{ T~ ‘ to the Hugoniot defines a "C-J
? 0 20 40 60 80 deflagration" state, but this
! Fig:£;04. does not represent an actually

occurring stable physical situation.

Figure 5 illustrates a rocket motor in
which the initial pressure of the unburned

2 propellant, p,, is 7 MPa (1015 psi) and the ‘\\_____‘,,a”
|

initial specific volume is 0.556 cm3g. The PosVo| P1» V1

heat of reaction ah is 6000 J/g, and at the 4,/"—_--"‘~.
high temperature which occurs in this situa-
tion, a reasonable value of y for the product Figure 5.
gases is atout 1.2. The deflagration

: Hugoniot is plotted in Fig. 6. To find the
state PysYy behind the burring front we draw the Rayleigh line whose slope corres-

it e B, ot M SRR S S o i bt

N

S 5t -

E ponds to the velocity of the front. ;
u 8 [vPos Vo The Rayleigh 1ine is labeled R; in !
6 | Fig. 6. The intersection with
— the Hugoniot gives the state PysVye
§ 4 Clearly, Py is only very slightly 1
:; P, less than Po since the burning j
2 isentrope . velocity is usually very small
/ : (of the order of a ¢m/sec), sd
0/ 200 40? gOO) 800 1000 the slope of the Rayleigh 1ine is
v (cm3/g .
Figure 6. very small. Upon passing through

the nozzle, the gases expand
isentropically. The isentrope passing through the point P1avy almost coincides with
the Hugoniot (the coincidence is closer, in fact, than the experimental error in

43
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measurement). As the gases expand, the fiow velocity increases, becoming
sonic as they pass through the throat and supersonic beyond the throat.

C PRESSURE AND DENSITY IN THE CHAPMAN-JOUGET STATE

We now obtain expressions for the pressure and density in the C-J
(Chapman-Jouget) state for a y-law gas. In the C-J state, the condition

D - u1 = c1

e B s TR A G E e Y it el o P e 2 A

is satisfied. From momentum and mass conservation we know that

2_.2P1" P
(D-Ul) -Vl ~\-,—0—-—_—v-1- . (9)

e R AR T TETT c.m  TTTT e e

{ From the definition of sound speed we have

2,2 () .
¢ =V (3p>s ACTAINE (10)

Equating (9) and (10) we get

R
i e ik

\ YP Y :
. po f
i 1- b" 3
v 1

For detonations we can set Pg *® 0 since it is usually negligible
compared to Py Typical detonation pressures for liquid and solid explosives
are of the order of several hundred kilobars, and Pos typically, is 1 ar :
(i.e., one atmosphere). Thus Po is about 105 Limes smaller than Py and can ‘ i
be safely ignored since the effect on accuracy is only .001% while detonation
pressures can only be measured to a few percent accuracy at best. Thus, 2
Eq. (11) becomes ki

<
3 v - v I
, 0 J _ 1 i AR

or

v
V_;=§_‘|Y’_T » (llb)

g where the subscript J is now used to denote the Chapman-Jouget state. From
f% mass conservation,

FrETERE AT -
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u Vah = V X

J 0 J 1 '

= = = (12) 1

0 Vo y+1 :

3

and from momentum conservation, ?
, 1

szO 1

Py = Dugeg * 757 - (13) |

The approximate Hugoniot, neglecting Pge is

2(q + eo)

y+1l., .
v-1Y1" Y%

by = : (14)

We don't neglect €, since we wish to use this equation for solid explosives.
For a gas, e, = povo/(y - 1) and we would neglect it. But for a solid, eg
will be the interral energy of the solid material and will be a small, but
not negligible, contribution (a few percent).

Setting Vi = Vg and substituting for vy from Equation (11b), we obtain
the C-J detonation pressure

Z(Y - 1)(q + eo)
Yo

pJ = (15)
The contribution volume explosion pressure is the pressure obtained

when the material is reacted at constant volume Vo Setting Vi = Vg in
Eq. (14) we obtain

e e e it o s i At B o PO A T okl e i S el N it st

(v - 1)(q + e) s |
Pe = Vo ) 3
4
Comparing this with Eq. (15), we see that C-J pressure is twice
the constant volume explosion pressure: i
p
Py = 2P (17)
Finally, we may obtain an expression for the detonation velocity by j
eliminating Py between Egs. (13) and (15): |
D% 20y - 1)(q + eg) f
p = =
iy
t
[
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This gives

0 = 2(+% - 1)(q + e) - (18)

For more exact equations of state, the C-J value of y is still defined by

alnp
9" (a "p)s '

If we know D; and q + ey» We can use Eq. (18) to find an approximate
value for AT

The pressure of the state in which the C-J Rayleigh 1ine intersects the
unreacted Hugoniot is called the von Neumann spike (Figure 7). If we recall the
piston model and imagine a
piston driven into a reactive
gas, the initial piston motion
creates a shock. Suppose the
PN velocity of the piston is such
| that the shock velocity is the
f C~J detonation velocity. The

pressure at the shock front will
T Py be the von Neumann pressure py
since the Rayleigh line intersects

-\

!pe the shock Hugondot at this pressure.

| Po The temperature rise produced by
—_—V—> the shock will cause the gas behind
Figure 7. the shock to start reacting. There

will be a zone of reaction behind

the shock. Within the reaction zone,
the states must 1ie along the C-J Rayleigh 1ine (this is required by mass and
momentum conservation). At the end of the reaction zore, where the reaction has

gone to completion, the pressure

Py will have dropped to the C-J pressure.
Thus, the detonation wave will have

$ Py
P the spatial distribution shown in
' Po Fig. 8. There is a jump from the
X pressure p, to the von Neumann pressure
Figure 8. py determined by the point where the

Rayleigh line intersects the unreacted
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Hugoniot. Then, there is a falloff as the reactiun proceeds and the states
move down the Rayleigh line toward the final C-J hressure. The pressure
then remains constant at the C-J value.

The degree of reaction along the Rayleigh line between PN and Py is
undetermined until some information is given about the reaction kinetics.
If we make appropriate assumptions, we can then doetarminn (at least mathe-
matically) the pressure versus distance and time.

THE MAGNITUDE OF THE VON NEUMANN SPIKE

It is easy to show that the ZVD {Zeldovich-von :eumann-Doering) pre-
shock state pressure (i.e., von Neumann Spike) is approximately twice the
C-J pressure in our y-law model. Since detonation p:essures are so high,
we may approximate vy by the asymptotic 1imiting volume:

Ly~ 1
' %‘I‘T Yo

Thus, from mass conservation we obtain

-

Uy Vo T YN _
T Vo Y

+ira

From momentum conservation we get

. 22
Py * Duypg = 551 D7pg = 2P = 4P, -

Thus the ratio of Pe to Py to Py is

pe:pJ:pN = 1:2:4
In actual detonations, the pressure PN does not satisfy this relation. However,
explosion pressures do appruximately satisfy the relation PaiPy = 1:2. The
explosion pressure can be e)perimentally obtained by reacting the explosive in

a closed homb, waiting 100 msec or so for things to settle down, and correcting
for heat losses.
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Gaseous and Liquid Nitric Oxide

Table 1. Measured vs. Calculated C-J Pressure and Velocity for NO.

Gas Liquid
To 300°K 115%
q 3013 kJ/kg 3013 kJd/kg
ey 208 kJ/kg 80 kJ/kg
Po .1 MPa .1 MPa
Y 1.4 1.4
v 831.4 cm’/g 0.775 cm°/g
Py (calculated) 3.10 MPa 3193 Mpa
D, (calculated) 2487 m/s 2437 /s
D, (measured) - 5620 m/s
Yy (from Eq. 18) - 2.471
Py (using YJ) - 11,740 MPa
py (measured) -- 19,000 + 1500 MPa

As an example, consiuer the gas and 1iquid state of NO (nitric oxide).
Assume for the gaseous state that the initial temperature is 300°k and for
the liquid state that the initial temperature is 115% (the boiling point).
The specific internal energy eq will be 208 kJd/kg for the gas and 80 kJ/kg
for the liquid assuming constant specific heat.? The specific heat of reaction
q will be the same in both cases (see the table above). The initial pressure
is taken to be .1 MPa (1 atmosphere), and we'll assume y is 1.4 since NO is
a diatomic molecule.

The calculated C-J pressure for the gas is 3.10 MPa and for the liquid
is 3193 MPa. The C-J pressure for the liquid is a thousand times greater than
that of the gas, principally because the density of the liquid is about a
thousand times greater than the density of the gas. The effect of density is
evident from Eq. (15). The detonation velocity is very nearly the same in

Tey = c,Tg where ¢ = 5R/2M and M = 30g for NO.
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both cases since, according to Eq. (18), the detonation velocity depends
oniy on y and q + ey The slight difference is due to the difference in
e, in each case. But ey is much less than q, so the effect is small.

The experimentally measured value of DJ for the gas agrees well with
the calculated value as does the experimentally measured pressure (these
values are not given in the table above). However, the experimentally
measured value of the detonation velocity for the liquid is about twice the
calculated value and, in addition, the ieasuied pressure is three to four
times the calculated pressure (see Arpendix B for values reported by Ramsey
and Chiles, Sixth Detonation Symposium). However, if we use Eq. (18),

0 = 24 - 1)(a + ) (18)
and substitute the measured value of DJ along with the given values of
q + g We obtain a value for Y

\
'YJ = 1+ m = 2,471 .

If we then use this value of Yy in Eq. (15), we obtain a value for Py

of 11740 MPa (117.4 kbar), which is reasonably close to the measured value
1 (see table above and Appendix B) of 730 & 15 kbar. Compare our result with
%5 results calculated from more sophisticated equations of state (again, refer
“ to Appendix B) and the same initial density: Smith, et al. - 105 kbar;
Kamlet - 119 kbar; Mader BKW - 106 kbar; Lee - 95 kbar.

- - N - 5 o > . . - - N
il - C ot el SN A 2T T e Tz e, A AR i i DI 7 i I b i T ol e ™ kit o e AT e S+ i bl ST il .

Our simple theory allows us to calculate approximately the detonation i
pressure if we know the detonation velocity and heat of explosion. Of course,
more sophisticated models, such as Kamlet's model, allow us to calculate both
the detonation velocity and pressure. Also, our simple theory does not give
nearly as good an approximation to the detonation pressure for denser materials ,
such as TNT (density 1.6 gm/cm). P

S

SUMMARY

Detonation pressures for solids are much greater than those for gases. #
The basic reason is that solids are much denser than gases, and the C-J
pressure is proportional to the initial density.
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In a detonation, a chemical reaction is initiated by a compression
wave and the wave, in turn, is driven by the expansion wave in the
r reaction products. This is in contrast to a deflagration, in which the .
’ reaction is driven by thermal conduction.
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APPENDIX A

RECOMMENDED S§1 UNITS FOR PROPULSION VARIABLES

Variable Basic SI Unit Recommended Unit
1. Time, t second (s) s
2. Length, L, R, D meter (m) km, m, mm, um
b 3.  Mass, m kilogram (kg) kg
‘ 3 4. Temperature, T kelvin (K) K
5. Chemical quantity, N mole (mo)) kmol
“ f 6.  Force, F newton (N) N
‘. 7. Angle radian (rad) rad, degree
‘ 8. Area, A m2 mz, cm2
9, Volume, V m3 m3, cm3
; 10. Veloeity, V m/s m/s
i 11, Acceleration, a m/s2 m/s2
1, 12, Mass flow rate, m kg/s kg/s
13.  Gas density, p, kg/m® kg/m®
; 14. Solid or liquid density, o kg/m3 Mg/m3
3 15.  Energy, E N-m (3) kd
: 16, Pressure, P N/m? (Pa) kPa, MPa
5‘5‘ / 17, Stress, o or 1T N/m2 (Pa) kPa, MPa
5 18.  Gas constant, R J/(kg-K) KJ/(kg-K)
, 19.  Specific heat, ¢, and c, J/(kg+K) kd/(kg K)
{ 20. Chemical enthalpy, H J/mol kJ/kmol
21 Thrust, F N N
22. Specific impulse, Isp N.s/kg N-s/kg
23, Total impulse, It N-s N-s
24, Temperature sensitivity, T K1 KL
25, Burning rate, r = ep" m/s mm/s
where the units of P are N/m? (Pa) MPa

Ref. CPIA Bulletin, 5, 5(1980)p 1
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APPENDIX B

Summary of Experimental and Computed Detonation Properties of Liquid NO

Density Pressure Velocity Mole Fraction Nj
(g/em?) (kbar) (mm/us) in Products
EXPERIMENT
This paper 1.294 100215 5.62 £0.07 -
Ribovich, et al., Ref. (4) 1.30 54 -
Miller, Ref. (3) 1.22 5.1
CALCULATED
Smith, Ref. (8)
P=0.2582p,D? 1.29 105 -
Kamlet, Ref. (11)
P=Kodd 1.29 119 598 0.50
D=1.01 (1 +1.30py)dV2
& = NMV2QV2 = 4,899
N = moles gaseous detonation products/g of explosive = 0.033
M = average molecular weight of gaseous products = 30.
Q = cal/g of detonation reaction = 720 cal/g
K = 1558NM 093
14.65 NM > 0.93 (This value wag used for the above computations)
Mader BKW, Ref, (6) 1.30 106 5.61 0.498
Lee JCZ3, Ref. (12) 1.26 (1.30)* 88 (95) 5.38 (5.51) 0.482

*Adjusted for density, dD/dp = 3.2 (mm/us)/(g/cm3), P = p,D?/(y + 1)

*John B. Ramsey and W. C. Chiles, "Detonation Characteristics of Liquid

Nitric Oxide," Sixth Symposium on Detonation, NSWC/WO, p. 727.
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Lectures On Detonation Physics

Lecture #4 - 3 November 1980

2 . Critical Diameter and Critical Shock
g Initiation Pressure

by
DONNA PRICE

Notes by Frank J. Zerilli

PREFACE

The theme of the series of lectures to be given by Dr. Price
will be the description of various critical parameters for the
propagation of steady state detonation and of critical initiation
conditions for the shock to detonation transition. There will
be a discussion of the relations which exist between these
§‘ critical parameters. Critical diameter will be considered first,
then critical particle size, critical temperature, critical

, density, and so forth.

The Two Most Common Critical Parameters

The two most common critical parameters are the critical
diameter for propagation of a steady state detonation and the
}7 critical pressure for initiation of a shock to detonation

} transition.

Definition of Critical Diameter

The critical diameter for propagation is the minimum diameter

2 I of a cylindrical charge for which it is possible to propagate
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a steady state detonation. The steady state condition is to a

be emphasized, since we wish to exclude situations in which,

for example, detonation occurs, followed by failure, followed

by re-ignition, and so forth. Although there is sustained

P i

; detonation in such a situation, it does not have a "steady

state" structure.

Critical Shock Initiating Pressure

The critical pressure for initiation of a shock to detona-

tion transition may be defined in terms of the way that it is

b N L RN Rl o e i wt -

measured by means of the gap test. In the gap test, there is
: a standard solid explosive "donor" followed by a solid attenuator
A material and followed, in turn, by the "acceptor" explosive ¥

(the material to be investigated). The thickness of the gap

R oy

is varied until a thickness is found for which the test explosive

detonates in fifty percent of the trials. If the donor-attenuator

Yol

o~

system is calibrated, then the thickness of the attenuator at
the fifty percent point can be related to the actual pressure

Q in the attenuator at the attenuator-test explosive interface.

We call this the gap pressure Pg. If, in addition, we know

the Hugoniot relation for the acceptor material, then the actual
critical initiating pressure transmitted to the explosive can

4 be determined from P_.

9
3 The necessary and sufficient conditions for producing a

steady state detonation in a cylindrical charge are that the

diameter must be greater than the critical diameter and the

34
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initiating stimulus must produce a shock in the explosive with

a pressure greater than the critical initiating pressure for

that specific charge.

The Ideal Detonation Model

The Zeldovich-von Neumann-Doering one-dimensional plane

detonation model describes a charge of "infinite diameter" and

has no dissipation processes.

T

expanding5
+ gas
p
| C-d 724
plane

{
|
)
|
!

reaction
o zone

L

e s o

Figure 1.

product gases.

If the reaction is

[

(a)

Figure 2.

]

(b)

Figure 1 shows a schematic plot

of pressure versus distance
for a ZND detonation wave.
The region between the

von Neumann shock and the

C-J plane is the reaction
zone, a steady state region.
The reaction is completed

at the C-J plane, and follow-
ing is a region of expanding
a homogeneous reaction of
homogeneous material (such

as a uni-molecular decomposi-
tion) then the drop in pressure
from the von Neumann spike to
the C-J pressure will take
place fairly rapidly over

a short distance after a

long induction period (see
Fig. 2a). The reaction takes

place mostly near the C-J

i i
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plane. 1If, on the other hand, the reaction is heteroadeneous
(though the material may be homogeneous), as in a reaction
involving hot spots, then the reaction starts sooner and the
drop is more like that shown ir Fig. 2b. The general case would

involve some of each type of reaction. The reaction zone is

a steady state region, that is, it propagates along the charge
%i unchanged in time: The expansion wave following the C-J plane
X .

is not a steady state.

A Relation Between Critical Diameter and Critical Pressure

Although the one-dimensional model is idealized, steady
state detonation zlso occurs in finite diameter charges. The
detonation structure is comparable-to the ideal case, although
disgsipative effects must be included so that the pressu.es,

Ll detonation velocities, and densities for the finite size charges
: will be somewhat lower than the values predicted by the idealized

F‘ one dimensional model.

The first relation between critical diameter and critical

ﬁ‘ initiating pressure can be inferred by considering a charge

having the critical diameter, in which the detonation is at

the threshold of failure. We know, then, that the structure ) F

of the wave opetween the von Neumann spike and the C-J plane

o is such that the steady state detonation barely propagates. }
Thus we can infer that the critical stimulus necessary to

initiate detonation (in a charge of critical diameter) is -

described by the pressure history between the von Neumann

spike and the C-J plane.

1 -ﬁﬁi ¥z

Cr A
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As the diameter of a charge gets smaller and approaches
the critical diameter, the detonation pressure, velocity, and
density will get smaller, departing more and more from their
ideal values. In charges with practically no voids (less than,
say, 2%), the ratio of the critical detonation velocity to the
ideal velocity is not much different from unity. The ratio
is .95 for TNT with an initial density of 98% of the theoretical
maximum density (TMD), whether it is cast or pressed. However,
for a granular charge of TNT of, say, 50% porosity, the ratio
drops to 0.65. For less powerful materials, the ratio becomes
even smaller. For example, for ammonium perchlorate having
25 y particle size and 50% T™D, the ratio is 0.45.

In the following, for simplicity, we will consider only
nearly voidless materials. We will use the one dimensional
model to get an idea of the magnitude of the pressures involved
in a solid explosive detonation, aithough the one dimensional
model cannot tell us what the critical diameter is.

The relation between the C-J pressure and detonation velocity

in the one-dimensional y-law model is+

i T v+l (b

We know from experiment that the ratio of critical detonation
velocity to the ideal detonation velocity for TNT is

D
= 0.950

ol
= 10

T8, J. Jacobs, Lecture 3, thix series.
57
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From Eq. (1) we see that the C-J pressure is proportional to

the square of the detonation velocity so

2
PD
e (% o
j L]

Coleburn and Liddiard'r measured C-J pressures for several

materials. For TNT they found

Pj = 189 kbar

(TNT)

P = 1,25 P,

vN ]

T SN RTINS T

Thus we infer the critical von Neumann spike pressure to be

(PVN)C x 0.9 PoN ~ 213 kbar.

This would be an upper limit to the critical initiating pressure

T e e st o 1 I e N 4 B S a2 L e s St Y N S SPLy TRV

for a charge of TNT at its critical diameter.

St it v e

Critical piameter and Khariton's Principle

Most of the experimental work on critical diameter has 4

been done by Russian scientists. In the Russian literature, ]

e vy e < g AR, R M T T

there are many references to Khariton's principle. The two J

original papers** are not very accessible, and the principle

is given in various forms in secondary sources.

*N. L. Coleburn and T. P. Liddiard, Jr., "Hugoniot Equations

of State of Several Unreacted Explosives," J. Chem. Phys. 44,
1929 (1966) .

T*Yu. B. Khariton and V. 0. Rozing, Dokl. A.N. SSSR, 26, 360 (1940);

Yu. B. Khariton, Collection: "Problems of the Theory of Explosives,"
Izd-vo A. N. SSSR, Moscow, 1947. These references are taken from:

A. N. Dremin, S. D. Savrov, V. S. Trofimov, and K. K. Shvedov,
"Detonation Waves in Condensed Media," Izd-vo Nauka, Moscow, 1970;

A. N. Dremin and V. S. Trofimov, "Nature of Critical Detonation

Diameter of Condensed Explosives," Combustion, Explosion, and
Shock waves 5 (3), 208 (1969).
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There must be some sort of dissipative process which leads

to the existence of a failure condition and critical diameter

AT

in explosives. The obvious process is the arrival of lateral

j rarefaction waves at the axis of a cylindrical charge with a
consequent quenching of the reaction in the detonation reaction
zone. Many others have had this idea, but Khariton was probably
the first to try to give this idea a quantitative form. 1In
order to quench the reaction, the rarefaction or relief waves
must travel from the surface to the center of the charge through
g, the dense gas products. The rarefaction waves travel at the

sound velocity c¢ and thus terminate the reaction at a time ¢ given

e e i T TR 2T A e S ek e T s i

| by ¢1 = R, where R is the radius of the charge. Thus Khariton's

statement of the principle relates the critical diameter to

ORI SREIE S

the sound velocity in the reaction products and to the reaction
time:

d, ~ 2tc (2)

where 1 is the reaction time and ¢ is the velocity of sound

» !
1 in the reaction products.

Another statement of Khariton's principle is

v (3) N

= -

which applies for a given material under varying conditions

# (for instance, same charge dimensions, same porosity, but

different particle size).

kR
3
i
,?i
4

[ 4
5
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Another version which is more frequently quoted is

d
39 « T¢ (4)
c

which can be derived from Eq. (2) by assuming a proportionality
between the sound velocity and the detonation velocity. Unfortu-
nately, the so-called "“constant of proportionality" in Eq. (4)
is not constant. It is a function of density and of Y, and
it differs from explosive to explosive.

In fact, Egs. (2) to (4) have been generally discredited
as far as quantitative applications are concerned, ever since
electromagnetic methods for measuring particle velocity and

reaction times have become available.

Relation Between Detonation Velocity and Charge Diameter

Soon after Khariton's work, Jones+ in England and Eyring*+
in the USA developed expressions relating measured detonation
velocity to the diameter of the charge. The simplest is Eyring's

expression for ..e detonation velocity in an unconfined charge:

(5)

=
[
Qi

where d is the diameter, a is the reaction zone width and Dy
is the ideal detonation velocity. Eq. (5) fits observed data
well for diameters large compared to the critical diameter

but poorly for diameters near the critical diameter. Jones'

H. Jones, Proc. Roy. Soc. Al89, 415 (1947).

H. Eyring, R. E. Powell, G. H. Duffy, and R. l. Parlin,
Chem. Revs. 45, 69 (8), (1949).
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relation is more complicated and fits the data slightly better,

but still not very well. At the Sixth Detonation Symposium,

Campbell+ presented a relation that is a modification of Eq. (5):

D - A
'61 l- g8

(6)

where R is the radius of the charge and A and B are constants

(for a given material). Eq. (6) fits the data very well even

up to the critical diameter for about a dozen voidless explo-

sives which Campbell examined. The relation, however, is a

purely empirical fit to the data and is not based on theory.

Measuring Critical Diameter

There are three closely related ways of measuring critical

diameter. In the first method, a conical charge as shown in

. D W

Figure 3.

1—

Fig. 3(a) is initiated at
the large face and the deto-
nation is followed either
optically or electronically
until it fails. Another
method is to use stepped
cylinders as shown in Fig.
3(b). The detonation is
initiated at the large end,
and the progress of the deto-
nation is followed through

the various sections.

A. W. Campbell and R. Engelke, "The Diameter Effect in High
Density Heterogeneous Explosives," Sixth Symposium (International)

on Detonation, ACR 221, ONR, U.S. Govt. Printing Of fice,

Washington, DC, 1978, pp. 642-663.
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In both configurations, the cone and the stepped cylinder,
the detonation wave is boosted beyond the steady state since
its stimulus has come from a larger diameter section. Thus,
in the case of the cone, one would expect a measurement of
critical diameter that is too small. 8So the cone angle is made
as small as possible to reduce the error. In actual practice,
an approximate measurement is made with a relatively large angle
cone. Then when the approximate critical diameter is known,

a conical section with as small an angle as possible is used
to obtain a more accurate value.

In the case of the stepped cylinder, the sections must
be long enough so that the detonation that is initiated in each
section can achieve a steady state. If the diameter is much
larger than the critical diameter, then a length to diameter
ratio of about three will assure that a steady state will be
reachedi But if the diameter is close to the critical diameter,
then &/d should be considerably larger. The Russian experimenters
use an %/d of 10 to 12. There are examples of perchlorate
charges that didn't fade until an ¢/d of eight or higher.

The third way of measuring critical diameter is, of course,
to make up a number of cylindrical charges of different diameters
and to map out the whole of the detonation velocity versus
diameter relationship. 1In this method, Eq. (6) would also
be used to help extrapolate to the critical diameter. But a

good value of critical diameter can be obtained by simply keeping
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the difference in diameter between charges small. The average
of the diameters of the smallest charge that propagates steady
state detonation and the largest charge that doesn't will give

a very accurate value,

Continuous Wire Electronic Method of Following Detonations

The electronic method we used for following the detonation
in the conical method of measuring critical diameter has other
applications which we will describe in another lecture. This

method, which was the inspiration of A. Amsterf, involves embedding

conical i isti i
& Charge ‘f-detonation front continuous resistive wires
ni¢chrome in cast explosive charges
wire—y
as shown in Fig. 4. Amster
copper
w?gg-’l placed a copper wire of
' r essentially zero resistance
/?onstant 7
current voltmeter parallel to a nichrome wire
source (osc111oscop%)
‘i ' (No. 40 wire with a resistance

" of about 2.3 ohms/cm) of

Figure 4. .
gure known resistance per unit

lengtih within the cast explosive. A constant current source

of about 200 mA is connected between the copper and nichrome

wires and the detonation front, which has low resistance, completes
the circuit. A voltmeter (oscilloscope) reads the potential
difference between the copper and nichrome wires. From Ohm's

Law,

R = (7

b

"A. B. Amster, P. A. Kendall, L. J. Veillette, and B. Harrell,
"Continuous Oscillographic Method for Measuring the Velocity
and Conductivity of Stable and Transient Shocks in Solid Cast
Explosives," Rev. of Scientific Instruments, 31, 188 (1960).

%ﬁ
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the resistance R of the nichrome wire remaining in the circuit

is obtained. Then knowing the resistance per unit length of

the nichrome wire, the distance to the detonation front can

be determined.

The Bureau of Mines picked up the idea, improved on it

= <

somewhat, and published it before Amster did. The experimenters
of the Bureau of Mines used Moleculoy wire with a resistance

of 3.7 ohms/cm and they spiraled the wire around a central metal
core to give a much improved measurement of distance. However,

the large mass and size of the core (0.1l" in diameter) together

with the spiral wrapping produced large disturbances in the

) flow. Particularly in the case of liquids, reflections could

ﬁ produce hot spots. The 3 mil aichrome wire and the slightly

JI thicker copper wire used by Amster also disturbed the flow,

but the disturbance was negligible.

The development of the method for casting of the wires
within the charges was done by Jaffe* and co-workers. The wires

were held in a mold and the casting material poured around them.

SN L Rt B ™ et o DS N i R U ol A XV vt MR e o et B ot

X-ray photos of the charges showed the results. 1In the first
attempts, the wires were not molded in place very uniformly. ) g
However, with trial and error, the proper tension to place on

the wires and the schedule to follow in molding was determined

AR A

and good results were obtained. Nk

fI. Jaffe and D. Price, "Progress Report on Adaptation of Continuous
Wire Method for Measuring Transient Phenomena," NOLTR 63-136
(Sept. 1963), U.S. Naval Ordnance Laboratory, White Oak, Maryland.
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From the resistance versus time record, the distance versus

time data was obtained. The distance-time data is differentiated

to obtain the detonation

velocity. Figure 5 shows

\\>

detonation velocity versus
position in the cone for

a particular charge. We

see the decrease in detonation

\ ' velocity down to the value
i N L

" <. s
S R B B £ s il D B T et B G sk il

e e i B R

A i | 1 1 4
O 3 8T et B % T ® | at the critical diameter.
Figure 5 Knowing the cone's angle,

we can thus obtain the value

of the critical diameter.
The difference between critical diameter determined in
this way and critical diameter determined by the use of, say,

stepped cylinders is probably not any greater than the difference

e e,

which will be obtained in critical diameter due to the different
preparation of the same cast material at two different laboratories. ]

Very small differences in procedures can make extraordinary

differences in critical diameters. This is probably one of 3

the reasons we have not yet a very satisfactory theoretical

description of critical diameter.
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Critical Height

Very sensitive and powerful explosives have very, very
small critical diameters so that it is very difficult to make

cylinders of sufficiently small diameter for measurement purposes.

. Th 11 cylinder ill
initiate at € sma Y s v
base end ' also be difficult to initiate
properly. Thus, there have
been attempts to measure

the so-called "critical height"

of a rectangular slab of
explosive and to relate the

Fig. 6. Wedge of explosive for critical height to critical
measuring critical height.

diameter. Russian experimenters

tried this with TNT and discovered that the critical diameter
was twice the value of the critical height*. They have used
this relation for all the more sensitive explosives for which

it is hard to f£ind the critical diameter.

Relation Between Critical Height and Critical Diameter

One might expect a relation between critical height and
critical diameter. However, there is nowhere any data for
critical heights and critical diameters for experiments done
on the same explosives in the same laboratory.

The data that is available shows no clear relation. The

Los Alamos Scientific Laboratory has published a collection
t++

of data which includes critical heights determined by using

1A. F. Belyaev and M. K. Sukoyan, "Detonability of Some Explosives
with Increase in External Pressure," Combustion, Explosion, and
Shock Waves 3, 11-13 (1967).

1""M. J. Urizar, S. W. Peterson, L. C. Smith, "Detonation Sensitivity
Tests," LA~7193-MS, Los Alamos Scientific Laboratory, Los Alamos,

WM (April 1978). 66
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wedges and extrapolating to zero wedge angle (Fig. 6). Like

the Russians, LASL uses a bottom witness plate but unlike them, ;

LASL has confinement on the sides as well. The following table

lists critical heights extracted from the LASL report for four

cast explosives and four pressed explosives for which critical

i i e oo YT

diameter data is also available. The ratio of critical diameter

- e LT

dc to critical height hc is listed in the last column of the
table. One sees that the ratio is not two, even for TNT. The
ratio runs from 1.2 to 7.6 and it seems to make no difference
whether the material is cast or pressed. If we hope to obtain

a relation between critical diameter and critical height, a

great deal of more careful work will have to be done.

R P A S SR T _ Y e T T

Table 1. Critical Heights and Diameters for Various Charges _
Material Po (g/cm3) hc (mm) d, (mm) dc/hc ;
50/50 Pentolite (cast) 1.70 1.39 6.7 4.8 :
Comp B (A) (cast) 1.71 1.42 4.3 3.0 j
Comp B-3 (cast) 1.73 0.82 6.2 7.6 3
75/25 Cyclotol (cast) 1.75 1.51 6.0-8.0 4.0-5.3 i
DATB (pressed) 1.72 0.73 5.3 7.3 ,ﬁ
PBX-9404 (pressed 1.82 0.46 1.2 2.6 S
Comp A-3 (pressed) 1.63 0.56 <2.2 <3.9, }
INT (pressed) 1.63 2.16 2.6 1.2 :

The next lecture will start with a discussion of "detonability

curves.”" These are plots of critical diameter versus density

or porosity.
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LECTURE ON DETONATION PHYSICS

LECTURE #5 - 17 NOVEMBER 1980
DETONABILITY CURVES AND CLASSIFICATION OF EXPLOSIVES
by
DONNA PRICE
Notes by Frank J. Zerilli

Introduction

’

The existence of a critical (failure) diameter for propagation is not unique
to detonation. There is a similar failure diameter for the propagation of steady
state deflagration and anotﬁer failure diameter, not as well defined, for propa-
gation of a metastable disturbance called low velocity detonation.

The reason for the existence of a failure diameter is the same in all three
cases. It is that energy for propagation gained through exothermic reactions is

exceeded by energy loss through dissipation mechanisms. The actual energy loss

mechanisms are different in the three cases.

Factors Affecting Critical Diameter

The critical diameter for propagation of detonation is a function of many

variables, and more can be named than can be measured., The variables known to

affect critical diameter are: chemical composition, temperature, pressure, por-

osity, permeability, available reactive surface area, critical initiating pressure,
and form of the material. Similarly, the critical initiating pressure can be

considered to be a function of the critical diameter and all the other variables

in our Tlist.

Detonability Curves

Detonability curves are relations between critical parameters. We will use

the term "detonability curve" to refer to relations plotted in the diameter versus

-
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charge loading density plane. We will express loading density as a percent of
the TMD (Theoretical Maximum Density) so that we can cumpare materials of different
compositions. Sometimes the percent porosity (100% - %TMD) is used instead of
%TMD.

The most familiar detonability curve is that for pressed TNT of 200 micron

initial particle size, shown in Fig. 1. The curve is a "limit line", that is,

it marks the threshold between the
12
region where detonation can be
5 ok DETONATION achieved (above the line) and the
I .
8 region in which detonation cannot be
g ‘i FAILURE achieved (below the 1ine). Thus, for
a fixed loading density, there exists
1 1 1 i 1
% ® n w0 » 100 a critical diameter, above which
PERCENT THEORETICAL MAXIMUM DENSITY (1004)
detonation can be achieved, and below
Fig. 1. Detonability curve for which the detonation must fail. On
pressed TNT of 200 micron initial . .
particle size. the other hand, if we fix the diameter,

we find that there is a critical loading
density, above which detonation can be achieved, and below which the charge must
fail. Thus, we can speak of either a critical density or a critical diameter depend-
ing on which of the two parameters we wish to hold fixed. |

TNT is typical of a group of materials which we will call Group 1. In these
materials, the critical diameter decreases as the loading density increases. The
more nearly voidiess the materials, the smaller is the diameter of charges that will
achieve steady state detonation. This means that the reaction zone length becomes
shorter and shorter, with less and less separation between the von Neumann shock

and the C-J plane as porosity decreases.
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Figure 2 shows a detonability curve for ammonium perchlorate which is a

typical member of the Group 2 materials. In this case, ve see the opposite

trend -- the critical diameter (and,
LN o

therefore, the reaction zone length) 4
4
ok increases as the material becomes %
g denser (.e-= porous). Thus, AP ﬂ
g DETONATION %
2 “© (Ammonium Perchlorate) behaves less ”
FAILURE ideally as we increase the loading §
oF :
1 [ density and more ideally as we de- :
r rm) 75 ® % . g
PENCENT THEORETICAL MAXIMUM DENSITY (10083 crease the loading density. So AP
Fig. 2. Detonability curve for exhibits a detonability trend ’i
ammonium perchlorate, a Group 2 3
material. ‘The symbol '+' indicates oppusite to that of TNT. i
a detonation, ‘-' indicates a fail- b

ure. These iwo points were bracket- when this was first discovered,

: ed, the other three were determined
; more exactly. it was thought that this was an un-

ambiguous classification and that all

IO MR PEE S W T

other materials would probably tall into one class or the other. It didn't turn out
quite that way. It was known that

! i LQJ nitroguanidine could be "dead pressed", ‘j
”t - ﬁzr~ that is, it could be pressed to a high f
p \R‘.‘/}! density at which it would not detonate. ;
%.- \Q\\ e o Thus, it was thought that nitroguanidine !
§.~ o belonged to Class 2 1ike ammonium perch- 'é
5. lorate. However, this is not so. Figure §
*r 3 shows the detonability curve for high é
O bulk density nitroguanidine (NQ-h). The L‘;j
: Fig. 3. Detonability of high curve has a minimum critical diameter at , I

bulic density nitroguanidine. i

- a certain value of the loading density. i

%:
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Fig. 4. Detonability of low

density ammonium perchlorate.
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Fig. 5. Detonability of 10u

dinitrotoluene (DNT).

At densities lower than this value,
NQ-h behaves as a Group 1 material and,
at higher densities, it behaves as a
Group 2 material. Similarly, as Fig. 4
shows, ammonium perchlorate behaves as
a Group 1 material if it is made suffi-
ciently porous.

Thus, the general curve is U-shaped
and there is no sharp division into
distinct groups. This was not dis-
covered in the case of nitroguanidine
for a long time, since the commercially
manufactured material is a low bulk
density material consisting of small
needles and is very difficult to compact
to, say, 80% TMD. Similarly, it is
difficult to obtain ammonium perchlorate
with 70% or greater porosity, so its
Group 1 behavior was not easy to discover
either. In summary, nitroguanidine is
chiefly a Group 1 material, but at high
density, it behaves as a Group 2 material.
Ammonium p2archlorate is chiefly a Group 2
material, but at very 1w density, behaves
as a Group 1 material.

Another material that shows both
Group 1 and Group 2 characteristics is
dinitrotoluene (DNT). In the Russian

literature, the statement was made that
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dinitroaramatics behaved, in their failure phenomena, very much like ammonium nitrate
which is definitely a Group 2 material. Thus, DNT, which is easy to obtain, was
expected to be a Group 2 material. In fact, as seen in Fig. 5, 10 u DNT shows
chiefly Group 1 behavior. However, it appears that the minimum of the detonability
curve is being approached at close to 100% TMD. This approach to Group 2 behavior
was later confirmed by the discovery of a dead press region for DNT.

So, although the general curve is U-shaped, most materials will have a
behavior that falls mostly in one group or the other in the normal experimental

ranges of loading density.

Detonation Velocity-Loading Density Curves

Another useful type of curve is a plot of detonation velocity versus loading

density for several different charge
diameters. The failure behavior of a
material (that is, whether it is Group 1
,i 70 F tOEAL
£ or Group 2) has a marked effect on the
2 - ,,’//// pattern formed by these detonation
8 e
§ &°r d. .72 .7 4 velocity - density - diameter curves;
> 47 /, 7/
é d3 :}/' their patterns can be used for classifi-
< , d ”
g i 9 ’,L” cation as well as the detonability curves.
50 -~ C e s
,,/’ FAILURE This is illustrated in Figs. 6 and 7.
1 1 1 o Figure 6 shows data obtained by Coleburn
%0 80 0 0 20 100 +
PERCENT THEORETICAL MAXIMUM DENSITY (% TMD) and Roslund' for HBX-1, a typical Group 1
Fig. 6. Detonation velocity ) .
versus porosity for HBX-1, a material. Note that the detonation velocity
Group 1 material. .
is not only a function of the material

composition and of the density but it is also a function of the diameter of the charge.

For a given diameter, the detonation velocity versus density relation is a straight

+L. A. Roslund and N. L. Coleburn, "Hydrodynamic Behayior and Equation of State of
Detonation Products Below the Chapman-Jouguet State," Fifth Symposium (International)
?37getenat%gn ONR Report ACR-184, U. S. Govt. Printing Office, Washington, D. C.
p
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line starting from the 100% TMD point on the infinite diameter (or ideal) curve. The

slopes of the lines increase as the diameter of the charge decreases. In fact, the

slopes are linear functions of the reciprocal of the diameter. The behavior is most
ideal near 100% TMD. As the porosity increases, the behavior becomes less ideal,

departing further and further fram the infinite diameter curve.

In Fig. 6, actual data are indicated by unbroken lines while the dashed lines

are extrapolations. The only justification for the linear extrapolation comes from

a set of data in the Russian literature’ and more recent data which doesn't go to as

small diameters from Los A1amos*+. In the data for TNT, all the lines are straight

and the data were taken all the way to the failure point. For HBX-1, only one criti-

BT T L

cal diameter was determined and that locates one point on the failure curve -- the

i

]

%

4

i

)

A

i

the only other explosive for which as detailed data as this exists -- TNT. There is j
k|

5

.

|

y

rest of the failure curve is estimated, and indicated by a dashed line in Fig. 6. :
]

; But the smallest diameter TNT that was tested started out as a straight 1ine and

then showed a curved path to the failure A

pid point. Thus, the extrapolations shown as

Tinear probably should be curved, but

/
i /

N such curvature cannot be resolved on some :
: ‘///,/4:,””‘y‘\\\( of the more rapidly reacting materials l ';

A [ 3 g
/s’ /“-\/ - such as HBX-1. ;
- /

ANLUNE

Figure 7 shows the pattern for 10 u

i .

DETORATION VELOTITY D /st
s

)

| L % L L 3 particle size ammonium perchlorate, a i
“f PURCENT THEOM TICAL MAXIIUM DEMBITY % THD) . ;}‘ 4
typical Group 2 material. In contrast to § de
LR

Fig. 7. Detonation velocity Group 1 materials, the curves fan out from ¢

versus porosity for ammonium
perchlorate with average particle
size of 10u (Group 2).

a center at somewhere between 30% and 40%

TMD and are nearly linear between about

50% and 60% TMD. They fan out with slopes

which decrease as the diameter gets smaller.

T'L. N. Stesik and L. N. Akimova, "An Indirect Method of Estimating Reaction Zone
Width of a Detonation Wave", Russ. J. Phys. Chem. 33, 148-151 (1959).

M‘M. J. Urizar, E. James, Jr. and L‘~£{ Smith, Phys. Fluids 4 (2), 262 (1961)
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Group 2 materials also show a much greater tendency for the reaction to fade

over a long distance than Group 1 materials. The Group 1 materials generally quench

. sharply. A very small change in diameter leads to either a go or no go (this is

what makes possible the measurement of critical diameter by the conical method).

The Reason for Two Groups

i
o i e et i,

Why do explosive materials fall into two classes? One possible reason is that

two types of reaction are possible with different proportions of the two types of

reaction occurring in a given material under given conditions. One type of reaction

is a homogeneous reaction (especially if we have a single pure material). The homo-

T T S i Lk

geneous reaction is a bulk reaction. That is, the entire bulk of material in the
reaction zone heats up uniformly and undergoes what we may call a "thermal" explosion.
At the other extreme 1is the heterogeneous reaction (occurring both in pure materials

and in mixtures). The heterogeneous reaction is a hot spot reaction. That is, the

reaction is initially concentrated in local hot spots and not throughout the mass

-

of the material.

It is generally agreed that heterogeneous or hot spot reactions are the important

e b e i i

factor in the initiation of explosives to a shock-to-detonation transition -- both for

N St

Group 1 and Group 2 materials. But in Group 1 materials, after the transition to

steady state has occurred, the detonation propagates with very high pressures compared

to the normal initiating pressureT. In this case, it is conceivable that the entire

PR

bulk of material in the reaction zone is heated by a combination of compression, shear,

and friction. If so, a homogeneous reaction may predominate during the propagation of .

e P e &

steady state detonation.

In the case of Group 2 materials, even in steady state detonation, there is still

a great dependence on surface reactions. The more these materials are compressed, ) 4

TIn the case of homogeneous materials atnearly voidiess density .(the least
sensitive of explosive materials), the C-J pressure is roughly three times the
critical initiating pressure and the von Neumann pressure is about 25 to 30
percent higher than the C-J pressure.

<
35

75
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the.1ess surface is available for reaction, and so they become less ideal. Thus
homogeneous reactions do not dominate in the case of Group 2 materials. The fact
that they tend to fail very slowly also indicates a surface reaction with a dying out
of the flame rather than a bulk reaction. Abrupt failure, on the other hand, indi-

cates a drop below the critical temperature necessary for a homogeneous reaction.

Detonation Velocity - Density Curves for Group 1 Materials, DNT and Nitroguanidine

FRLR O T TR s
e 132 TN A

P D g AMASRRER ST I RS S I e st S

The fact that the general detonation velocity versus density plot is curved rather
7.8

than linear as the failure 1ine is approached
is illustrated by the curves shown in Fig. 8
for DNT. The detonation velocity - loading
density curves are quite linear at loading
densities near the TMD but become non-1inear
at lower densities, even those well above

the failure point. Nitroguanidine also

shows the same general detonation velocity

DETONATION VELOCITY D{Ad/p92C)

pattern.
There are two different types of

nitroguanidine. One is a low bulk density

(] .0 1.2 1.4
LOADING DENSITY 3, (0/€C)

Fig. 8. D versus p, for 10u DNT

material which consists of long thin

%§y§¥§1d§§:§§%3t,§“§fgg g}ggfters. needles of about 5 to 10 p diameter and

60 to 100 y: Tength. The pour density+ of this material is about 0.2 g/cm3, and it is

very difficult to compress into a charge with any sort of structural strength. The
other type of nitroguanidine is a high bulk density material which is made*+ by pre~
cipitating the nitroguanidine in the presence of a small amount (1% or less) of a
colloidal agent such as methyl cellulose. This produces a material which consists of

chunky cylinders about 20 u long with a length to diameter ratio of about four. This

+Pour' density is the density of powdered material aftet simply being "poured"
into a container,

Tht the Naval Ordnance Station, Indian Head, Maryland
76
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material is much easier to compress to high densities.

Figure 9 shows the detonation velocity versus loading density curves for the

i; high bulk density nitroguanidine (NQ-h) at several different charge diameters.

s The "infinite diameter" or ideal curve ﬂ

is the one already established using d

Tow bulk density nitroguanidine. There

E is no difference between the high and %
i Tow bulk density nitroguanidine as far é
% g, as the ideal detonation velocity - ?
g loading density curve is concerned. 4

% : Two diameters in the detonable range ﬂ

Wl T are shown. The smaller diameter 5

;,AL—TT l charges, 3.8 cm, fail at both the Tow ﬂ

o de F f density end (1.36 g/cm3) and at the ;ﬁ

ol high density end (1.67 g/cm3). This ;f

T °%mmm&;nwa$%m R indicates that at 3.8 cm diameter, we :

N Dansion 10d peudo-deanstion of | are near the valley (minimum) of the !

U-shaped detonability curve for high bulk density nitroguanidine (Fig. 3). The f

larger diameter, 5 cm, fails at a Tow end density of 1.2 g/cm®. Except for the ;

dead pressing effect for 3.8 cm diameter charges, both of these curves are typical £

of Group 1 materials. The curves are straight lines, fanning out from the upper a

end of the ideal curve, with smaller diameter charges having greater slopes. ﬁ

Just as for dinitrotoluene, the straight lines start to curve as the failure : f%

noint is approached. |

TDonna Price and A. R. Clairmont, Jr., "Explosive Behavior of Nitroguanidine",
Twelfth Symposium (International) on Combustion, 1969, pp. 761-770,

keI - - -
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Low Velocity or Pseudo-Detonation

Figure 9 also illustrates the phenomenon of low velocity detonation (LVD).
The 5 cm diameter charges fail at 1.2 g/cm3, but when we go to lower densities
we find disturbances that propagate at a constant, but much lower, velocity. The
same occurs for the 3.8 cm diameter charges and even for two smaller diameters which
are subcritical and hence don't show normal detonations at all. At these loading
densities all the diameters are sub-critical. The type of disturbance observed in
this density range is referred to as a low velocity+ (or pseudo-) detonation.

It is possible to observe low velocity detonation also in super-critical
diameter charges, if an inadequately strong booster is used. In this case, LVD
often transits to steady state detonation provided it propagates far enough.

The phenomenon of low velocity detonation is only seen in granular charges when

the material is very coarse. It has been seen in very coarse tetryl and it has been

seen in a very small density range in large particle size RDX (as well as in NQ-H).

It is also seen in non-granular charges which are ge]s++ -- nitrocellulose colloided

with nitroglycerine exhibits this type of low velocity (but supersonic) disturbance.
And it is also seen in many liquid explosives.

The mechanism of propagation of low velocity detonation in liquids is fairly
well understood. It is not well understood in the case of coarse solids, although
it is fairly certain that only a partial reaction occurs because, in some cases,
unburned, unreacted material remains after the disturbance has passed. It seems to
be a partial, surface reaction and the shock wave probably produces an ignition wave.
The 1ight which is detected could come from a series of hot spots (ignition spots)
along the path of the shock wave.

*A]though the velocity is still supersonic.

~MA gel ic a dispersed system such as common jelly in which one component provides

a structural framework with chain crosslinking for rigidity and the other components
fi11 the space between structural units.
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The low velocity detonation releases far less energy at the propagation front

than a steady state detonation in the same material. Thus a cellulose acetate "“flasher"

o, c- P R ORI ) . . . - . . -
M e ol 2 il T 3 ) e ol U Sl Tun e i e e b

must be used to enhance the luminosity in order to measure the velocity using a streak
camera. The flasher is a wrapping which holds some air next to the charge. The shock
produced in the air by the wave front makes the air luminous enough to produce a good

streak record. A sensitive explosive is also used at the end of the test charge to

jnsure that the reaction has indeed been followed. A typical streak record will then

show a not too bright line with a change in slope when the LVD initiates the explosive

witness at the end of the charge.

Detonation Velocity - Loading Density Curves for Group 2 Materials

i E We will examine some Group 2 materials. Figure 10 shows detonation velocity

versus loading density+ for several diameters of charges composed of 95% ammonium

e seron e
e

perchlorate and 5% aluminum with an AP

particle size of 9 u and aluminum

particle size of 7 u. This shows the

same pattern as pure ammonium perchlorate.
Figure 11 shows detonation velocity }

versus loading density for hydrazine
t

mononitrate. The data were taken in

the late 40's and it was the first time it

anyone at NOL had seen a detonation

ST SO

/ 1 . 1 N velocity versus loading density curve )
T e oo ) with a maximum in it. The data were ‘g ;
Fig. 10. Detonation velocity reported at the First Detonation Symposium % |3
versus loading density for ammonium 3
perchlorate/aluminum (95/5). % 3
+D. Price, A. R. Clairmont, Jr. and J. 0. Erkman, Combust. Flame 20, 389 (1973). gji

++D. Price, T. P, Liddiard, Jr., and R. D. Drosd, "The Detonation Behavior of
Hydrazine Mononitrate," U. S. Naval Ordnance Laboratory Report, NOLTR 66-31, 1966.
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in 1951 and were then ignored until ammonium perchlorate and similar materials began

to be studied.

Several charge diameters were studied from 1.27 cm up to 6.35 cm. The largest

diameter had a behavior almost exactly

on the ideal curve. However, a diffi-
culty appeared: the data at high
densities fell on a straight Tine and the
data at low densities fell on a straight

line, but they didn't join up! The

resolution of the difficulty is that
hydrazine mononitrate is somewhat

hygroscopic (though not as much so as

ammonium nitrate) and it absorbs water.

The charges were prepared and kept in

Fig. 11. Detonation velocity dessicators, but nevertheless they had
versus loading density for
hydrazine mononitrate (HN). to be removed from the dessicator to be

set up for firing. The crosses and pluses
in Fig. 11 in the lower density region are data obtained on very small diameter charges
which were prepared in glass tubes and kept in the dessicator. These could be brought
out and fired more rapidly. These data are scattered around the line extrapolated

from the high density data. This supports the suggestion that water absorption was
responsible for the initial discontinuity. In any case, the pattern is clearly a

Group 2 pattern.

Explosives Classification Summary

In summary, Group 1 contains TNT, all of the more common, energetic explosives,
all of their mixtures, and their mixtures with inerts such as wax. It may be possible
to press these explosives above TMD and then find Group 2 behavior, but that has not

been done as yet. In an intermediate group, we have 10 u particle size dinitrotoluene

A TR R TR T R T ST AT, e e
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and high bulk density nitroguanidine. These show chiefly Group 1 behavior, but

showed Group 2 behavior and the dead press phenomenon at very high densities. Finally,

’
L T o e oo

Group 2 contains ammonium perchlorate, ammonium nitrate, their mixtures with fue]s*, and
. hydrazine mononitrate. According to the Russian literature, hydrazonium azide and

ammonium azide also belong to Group 2. That and the tact that lead azide dead presses

indicate that lead azide is probably in Group 2 also. At this point there does not

seem to exist an organic explosive which belongs entirely in Group 2.
There are not many explosives which have been examined over a large range of

loading density and charge diameter. Table 1 is a summary of data for four explosives

L B o i MG SN L - St it 2 o A I 2 e e

which have been studied fairly thoroughly. For each explosive (AP, NQ-h, DNT-10 u,

e .

s e

and TNT), the table gives the loading density (expressed in % TMD) at which the minimum
in the detonability curve occurs, the loading density (in % TMD) at which dead pressing
occurs, impact test ignitability (in cm), and chemical energy (cal/g). Note that the

minimum in the detonability curve and the dead press location show the same trend as that ‘}

Table 1. Behavior of Four Explosives

Location of %

Material Detonability Location of Impact Chemical :
Curve Minimum Dead Press* Ignitability Energy E

~ (% TMD} (% TMD) (cm) (cal/q) :

3

AP(10 u) 44 80 100-133 405

NQ-h 84 92 >320 921

DNT (10 u) ~100 ~99 >320 1151

TNT >100 >100 160 1297 y §
4

*% TMD at which steady state detonation cannot be initiated in the iargest diameter
charge tested (depends on charge diemeter).

v
X

i

k.
;
b
Y

4
of the chemical energy - these points occur at higher % TMD for the more energetic %

materials. The impact test ignitability, however, does not seem to correlate. The

TIFor example, wax, aluminum, fuel oil. Amatols are mixtures of ammonium nitrate
with TNT -- the TNT is a fuel in this case, since TNT is oxyaen deficient.

8l
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chemical energy of 405 cal/g for ammonium perchlorate (AP) is typical of most Group
2 high explosives (HE) including the azides. The value of 1300 cal/g for TNT is at
the lower end of the range for Group 1 high explosives. Nitroguanidine and DNT both ‘

have intermediate chemical energies and detonability behavior.

L
L P R TR SR

Table 1 is meant to suggest areas of study. It is not meant to suggest that

one can rely on chemical energy as the sole guide to classification. For example,

hydrazine mononitrate with a chemical energy of 900 cal/g has Group 2 behavior and

}ﬁ so is an obvious exception to the trend shown in the table.

e 2l e e T Ll e i i i

ok Particle Size as a Critical Parameter

B by

| Another critical parameter is initial particle size in pressed, granular

s

Eﬁ explosives. The effect of particle size on typical Group 1 and Group 2 explosives is

s

F) shown in Fig. 12. Figure 12a shows

detonability curves for 200 u particle
size TNT and for 10 to 50 u particle
size TNT. Figure 12b shows the

detonability curves for the mixture

. e e . <om L Co A

of 88% ammonium nitrate and 12% peat

, moss for different particle sizes. 4
| CHNCAL MACINT MIOMITICAL MAXIMUM DINSTY (05,) o
This is a mixture consisting of a fuel ]

‘ Fig. 12. Effect of particle i i
| size o detonabi]iey. (peat moss) and an oxidizer (ammonium

nitrate). A more common mixture is

,,
P

ammonium nitrate and fuel 0il, Peat moss was used here since it can be ground to

P
u

B F g A

varying particle sizes which would not be possible with fuel oil. Figure 12

illustrates the same effect of particle size for both groups -- the finer the

material, the lower the value of the critical diameter at any given loading density.

82
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Figure 13, below, shows the same data that was displayed in Fig. 12a for
TNT, but on a different scale. Also shown are the detonability curves for 25 u
ammonium perchlorate (AP) and 10 py ammonium perchlorate. We should note that, in

all cases, when we speak of particle size, we are referring to the initial particle

CRITICAL DIAMETER d, [mm)
s s

25,5 AP /WAX
/10
1 1 1 1 1
) M ™ "
%TMD %THD

Fig. 13. Detonability curves for Group 1 and Group 2
materials, showing the effect of particle size.

size of the material before it is compacted to a given loading density. At high
compactions, the particle sizes are different from the initial size; nevertheless,
the smaller the initial particle size, the smaller the failure diameter of the
material.

It is clear from Fig. 13, that, for both Group 1 and Group 2 materials, if we
fix the loading density, then there is a relation between critical diameter and

particle size -- the smaller the particle size, the smaller the critical diameter.

83
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Thus, just as in the case of the diameter versus loading density plane, there should

be a threshold curve in the diameter versus particle size plane. The only such

experimental curve is for ammonium
o |- perchlorate and comes from the Russian
- Iiterature.+ Figure 14 shows this
o "detonability curve" determined on
i ™ cylinders and cones. In both cases
¥ o the loading density was 1.1 g/cm3 or
i 56.4% TMD. The symbol "plus" in the
“r figure means a cylinder that detonated,
~ 0
° "minus" means a cylinder that failed.
B~
o o ) B a5 W] The open circles are data obtained
[ ¥
from conical charges. There is a
1. DATA FOR CYLINDRICAL CHARGE
2. DAYA FOR A CONE
& e D NOERSON, ot 8. difference in the results between cones
Fig. 14. Dependence of critical and cylinders and this difference is
diameter of AP on particle size. . . :
fairly large in the case of AP and, in

many cases, with other 1ow power explosives. In any case, the data are consistent
with the measurements of Anderson’™ and with the NSWC measurements for 10 u and
25 u AP. Thus, we can speak of a critical particle size for a given loading density
or charge diameter.

The next lecture will finish the discussion of critical parameters for pro-

pagation and begin a discussion of the critical pressure for initiating detonation.

tv. A. Gor'kov and R. Kh. Kurbangalina, "Some Data Concerning the Detonation

Agizity ?f Ammonium Perchlorate," Combust., Explosions, and Shock Waves, 2 (2),
12 (1966).

T1W. H. Anderson and R. E. Pesante, Efght Symposium (International) on Combustion,
Williams & Wilkins, Baltimore (1962): pp 705-710
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Lectures on Detonation Physics
Lecture #6 - 1 December 1980
Factors Which Affect Critical Parameters
by
DONNA PRICE
Notes by Frank J. Zerilli

Effect of Particle Size -- Continued

In the preceding lecture, the effect of initial particle size of an
explosive on the critic 1 cona.tions for propagating steady state detonation
was discussed in some detail. It shouid be emphasized that initial particle
size (as well as initial temperature, initial pressure, and any other vari-
able vhicn may affect detonability) must be specified in giving a detonability

curve since initial particie size has a great etfect on the curve. Figure 1

shows detonability curves for

ammonium perchlorate and TNT for

" \f\K:TnmJ particl: sizes covering a fairly

r

Bk

C;ix\:ﬁku’ large range. Decreasing the
\

CINCAL DIETE., & tami
&

particle size increases the det-
e LY
u{”‘_"_‘_"‘"’ oy onability, that is, decreasec
iR Ll
— —_ . W the critical diameter.
" " " » " " "
3 e Russian investigators re- )
Figura 1. Detonability Curves, ported tha* DNT has Group 2 :

behavior. It 1s possible that DNT with a coarser particle size (commercial
samples of DNT come with particle sizes of 400y and more) would show Group 2
behavior 1f the effect of particle size on its detonability curve is similar
to the effect of particle size on the detonability curve of ammonium perchlor-

ate as shown in Figure 1. With iacreased particle size, the U-shaped detona-
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ability curve seems to be pushed up and to the left, thus exposing & greater
range of Group 2 behavior,

Melt-Cast Materials .

Casting is more an art than sciencr.. The method of casting and cooling

will determine the particle size of the solid charge and thus its detonability.

Typicaily, cast materials are TNT-based. For TNT and TNT-based materials,
the more rapidly the melt 1s solidified, the smaller the particle (crystal)
size, and so the smaller the cr.tical diameter (greater detonability) of the
material,

One of the earliest quantitative studies of the effect of casting pro-
cedure on particle size was made by Cybu]ski* and co-workers. They made
castings of TNT with three different procedures: poured clear, creamed, and

creamed plus ten percent fine solids. Table 1 summarizes the results.

H Table 1. Effect of casting method on detonability of TNT.

%1 casting method critical diameter de (cm)
i' poured clear 3.17 < d¢

f creamed 2.20 < dg < 2.54

; creamed plus 10% fines 1.26 < d¢ < 1.66

=
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In the first method, the TNT was poured clear, that is, the liquid was above

the melting point or very slightly supercooled (melting point about 81°C)

when it was poured. The casting was then maintained at room temporature,

dop -

& .
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thus co-ling siowly. S$Since the cooling 1s from the outstde in, the cooling

o
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rate and temperature gradient will be di fferent for different sized castings.

-

.'-
W. B. Cybulski, W. P n, and D. W. Woodhead, Proc. Roy. Soc. (London)
1978, 51572 (1949, e @
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Also, within a given casting, the cocling rate varies with distance from
the surface of the casting. This is one factor which makes it difficult
. to reproduce melt-castings. In the second method of casting, the melt was
creamed, that is, it was stirred until it turned milky due to the formation

of small crystals. At this point, the melt was poured into the mold. In

the final casting procedure, the melt was creamed and fine solid particles
of TNT (those passing through a #300 sieve) wefe added to the melt in a
proportion of 10% by weight.

The tinree methods produced castings with, respectively, finer and
finer particle sizes, and, as seen in Table 1, smaller and smaller critical
diameters. Procedure number one (poured clear) gives the largest crystals

and the critical diameter is the largest. Procedure two, creamed cast,

S R B LI A A 2 s

produced castings with a critical diameter between 2.2 and 2.5 cm. This

is the method normally used at NSWC to prepare creamed cast TNT and the
critical diameter agrees well with the NSWC measured value of 2.7 cm. The

last method produces the smallest crystals and the smallest critical diameter’

Effect of Temperature Cycling on Cast TNY i

Russian 1nvestigatorsH studied the effect of temperature cycling on 1
cast TNT charges of two different crystal sizes -- fine crystals and coarse
crystals. The results are summarized in Table 2. Since there is not much

room to go to higher temperatures without melting, the castings were cooled 1

to 779K. Although the critical diameter at room temperature, as expected,

1s smaller for the finer material, when the materials were cooled to 77°K,

e i N - > 2

+Cybu]sk1 referred to the third type of casting as creamed cast TNT, leading
to some confusion since the second method of preparation is referred to as
creamed cast at NSWC.

++V. V. Kravtsov and V. V. Silvestrov, "Effect of Low Temperature on Detonation
' Parameters of Cast Trotyl," Combustion, Explosions and Shock Waves, 15,
387-390 (1979). —
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Table 2. Effect of temperature cyc11ng on the detonab111ty of cast TNT,

Critical Critical Critical
Charge Critical Diameter Diameter Diameter

Material Density  Diameter Cooled (slowly (after a
Crystal (at (at to heated second

Size 2909K) 29009K) 77.49K) to 2900K) cycle
fine 1.62 g/cm®  15.0 mm 9.0 mm 7.0 mm 6.5 mm

coarse  1.60 g/em®  27.5 mm 9.0 mm 9.0 mm 6.5 mm

the critical diameters not only became smaller, but also became identical.
When slowly heated back to room temperature, there was no change for the
coarse material and a slight change for the fine material. After a second
complete temperature cycle, both the fine and coarse materials had the same
critical diameter. The Russian investigators reported that there was no
visible change in the structure of the materials due to the temperature
cycling, but they did not say how the structure was examined (they did re-
port a change of about %% in density, however). In any case, with any cast-
ing, even with plastic binders, one must always consider the possiblity of
a structural change which is not very obviou , but which may affect the
characteristics of the explosive.

Effect of Temperature on Detonability

It is to be expected that higher initial temperature would increase

detonability since higher temperature would increase the reaction rate thus

shortening the reaction zone and critical diameter. Russian invest1gators+

have studied the effect of initial temperature on the critical diameter for

pressed TNT at a density of 1 g/cm® over a temperature range of -1939C to 750C.

*A. F. Be]{aev and R. Kh. Kurban?alina, "Effect of Initial Temperature on
Critical Diameter of Nitroglycerine and Trinitrotoluene," Russian J. Phys.

Chem. 34, 285-289 (1960).
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Figure 2 shows the results. It is the usual type of threshold curve which
divides the plane (in this case,

diameter vs. temperature plane)

into two regions, in one of

which detonation is possible

and another in which detonation

j
3
i
3

I Y
WS

is impossible. Thus, for a

Py

fixed diameter, one can speak

of a critical temperature, be-

low which detonation will not

£ >, .

Figure 2
Critical diameter of powdered TNT as a occur.

function of initial temperature. (+ is
steady detonation, - indicates failure) The concept of critical

[

temperature is not discussed as much as that of critical diameter. Yet it
is a useful concept and it is particularly important in characterizing the
Tower energy materials such as ammonium nitrate and ammonium perchlorate

which are frequently used as propellants. For example, ammonium nitrate

(of unspecified size, but probably in the form of prills which-are about 1
to 3 mm) in 1.5 inch diameter charges, highly confined in steel, will not

detonate with normal boosters until the initial temperature gets beyond

B Yk s i il o il i b D0} o k'l  Eyoadet D

| 1400C. Above that temperature, ammonium nitrate detonates readily. In the
ii course of gap testing propellants, propellants have been found which would

%{ not detonate in the standard system at -60°C or -32°C, but would detonate

f“f readily at 259 or 669C. The effect of temperature on ammonium perchlorate's
critical diameter 1s about five times greater than the effect on TNT's

critical diameter -- the critical diameter for ammonium perchlorate decreases

about 0.1 mm for every degree (centigrade) increase in initial temperature.
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Effect of Chemical Composition on Detonability

One of the earliest descriptions of the effect of composition on
detonability comes from Russian work in the fort1est The Russians describe
an odd effect of mixing material from group 1 (TNT-1ike materials) with
material from group 2 (AP-1ike materials). In a mixture of 50% TNT and 50%

ammonium nitrate, it was observed that at low density (low % TMD), the
material exhibited group 2 behavior, that is, the critical diameter increased

as the density increased. Then there was an intermediate range in density

R P S R S

in which only failure was observed, and then at higher densities, grecup 1

’ behavior was observed. Subsequent Russian workt

shows that mixtures of

A

4 ammonium perchlorate and HMX (cyclo-

A

.

40— AP s HHX tetramethylene tetranitramine, also 3
1 - 95:5 called octogen) do not exhibit this '
2 - 90:10 :
; o 3 - 85:15 odd pattern. Figure 3 shows the
4 - 75:25 .

effect on ﬁhe detonability curves f

of adding HMX to ammonium perchlor-

? i;,L—”"”’///;i:::::j;// ate. The top pair of curves is for }

: 95% ammonium perchlorate and 5% HMX.

1o— .
';: “‘i
;. + - =3 The top curve (+) of the pair in- 4

T - et 4 ]

. olJ L ! | dicates detonations occurred, while i
; 1,2 14 16 18 ¥
: pg/cm3 the bottom curve (-) indicates
ai Figure 3. Dependence of critical failures; so the detonability curve
5 diameter on density for ammonium
f' perchlorate mixed with octogen, lies somewhere in between. Similarly,
{ ki

K, K. Andreyev and A. F. Belyayev, "Theory of Explosives” (OBORONGIZ),
Moscow, 1960, through a partial translation by W. A. Erwin, Jr.

L. N. Akimova and L. N. Stesik, "Detonation Capacity of Perchlorate Explosives,"
Combustion, Explosions, and Shock Waves, 12, 247-251 (1976).
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the pair marked "2" delineates the detonability curve for 90% ammonium

perchlorate and 10% HMX, number 3 is for 15% HMX and number 4 is for 25%
HMX. There is a perfectly regular transition from group 2 behavior.to

R group 1 behavior as the percentage of HMX is increased. At 15% HMX, the

; behavior changes from strongly group 2 to weakly group 1. According to more
recent Russian work*, the same is true for mixtures of ammonium perchlorate

and TNT. In the case of TNT, 1t takes about 32% TNT for the transition to

SRR R -

group 1 behavior. This is more

reasonable than the earlier re-

=" e Tl Tl e T

AP o) port and agrees with a spot

E check study done at NoL*Y for

: mixtures of propellant components.
The results are shown in Figure 4.
Curve I 1s for a mixture of

ammonium perchlorate, aluminum,

and wax, while curve II is for

I A/AL, WS

e I
" T the same mixture with 20% HMX
1 1 1 1 | J
L A A added. The behavior shown by
Figure 4. Dependence of critical curve II is not group 1 but it
diameter on density for composites.
I - AP/A1/wax, 62.5/18.75/18.75; is very close to group 1 and
IT - AP/A1/wax/HMX, 50/15/15/20.
(0,+:detonation; 0,-:failure) there is no dead press phenom-

enon exhibited at nearly void-

e e e

less density.

If two members of the same group are mixed, the behavior of the mix-

ture 1s representative of the same group. Figure 5 shows the dependence

YAkimova and Stesik, op. cit. é% |
**D. Price, A. R. Clairmont, Jr., and J. 0. Erkman, "NOL Large Scale Gap Test A

111, NOLTR 74-40, 8 Mar 1974, i
91 :
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of critical diameter on composition

for cyclotols, which are mixtures

R Sl diivs PR AMNORIN Lo e S

el

of the group 1 explosives, TNT and

RDX (cyclotrimethylene trinitramine)
at a density of 1 g/cm3. The criti-

cal diameter changes uniformly from

; e that of pure RDX at 1 g/cm3 to that
k

Figure 5. Dependence of critical of pure TNT at 1 g/cm® as the com-
diameter on composition for cyclotols.

position varies from pure RDX to

pure TNTT
5 Effect of Non-Explosive Materials

If 5% aluminum is added to ammonium perchlorate, the detonability is
increased (critical diameter decreased, see Figure 4). There is no published

data for an aluminized granular group 1 explosive, but there is data for

-t Tt < ;ﬂ'ﬁ- TN G N T o i AN i o Ak e ot B A 2 - i T s ST

aluminized cast TNT, given in Table 3. The same effect on detonability is
exhibited. As the percentage of aiuminum increases from none to 20%, the

critical diameter drops from 2.7

AR b

; Table 3. Effect of adding em to 0.7 cn. Thus, adding
f aluminum to the critical diameter E
k of cast TNT. aluminum to either a group i or §

group 2 explosive apparently

Bzt e

Critical

AP1er<:1ent Diameter increases the detonability. On

i'minum (cm)
the other hand, adding water to

0 2.6%3
2 member of either group lowers

4.8 2.26

the detonability - water acts
20.0 0.70

as an inert diiuent.

Wax has opposite effects on

members of group 1 and group 2. Adding wax to a member of group 1 increases

*Akimova and Stesik, op. cit.
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the critical diameter. In this case wax apparently acts as an inert material.
But adding wax to group 2 materials (which are oridizers) decreases the
cr1t1qa1 diameter (see Figure 1). In fact, adding any sort of easily burned
fuel %6 ammonium perchlorate or ammonium nitrate’ increases the detonability.
Furthermore, Russian 1nvestigators++ have shown that, if solid fuel (e.g.,
polymethylmethacrylate) is added to ammonium perchlorate, the finer the fuel
particles, the greater the decrease in critical diameter at a given loading
density. Thus, the indications are that the fuel 1s taking part in an
oxidation-reduction reaction with the ammonium perchlorate. The fact that
the addition of these fuels to ammonium perchlorate increases the detonation
velocity at constant porosity is also evidence for the presence of an

5 oxidation-reduction reaction.

éj Apin and Stes1k+++ studied the effect of adding dense inert materials

such as calcium carbonate and tungsten to nearly voidless cast explosives.

They found that a certain percentage of such diluents reduced the critical
0t diameter, that 1s, increaced the detonability. They suggested that the
2 increase in detonability accurred because the inert materials produced

focal points for the formation of hot spots by the reflection «f shocks at

TG ATIC T T g 4T [ PR e £
o YR

the heterogeneity. This may be the reason for the effect that the additien

0¥ aluminum has on explosives (see Figure 4 and Table 3) since aluminum

(density 2.7 g/cm3) is denser than any of the explosives with which it is

mixed.
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TAmatols are fuel-oxidizer mixtures composed of TNT and ammonium nitrate.

T akimova and Stesik, op. cit.

Trhya, A. Apin and L. N. Stesik, "On the Mechanism of the Chemical Reaction at
. the D%tonation of Compact Explosives," Zh. prikl. Mekh. Tekh. Fiz., 2, 146
('1965).
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Effect of Confinement on Dgtonab111ty

It has been known for a long time that, if a heavy metal sleeve is
placed around a charge, it can frequently be detonated with the same Looster
that failed to detonate it without the confining sleeve. The confinement
adds resistance to the expansion of tha gaseous detonation products, and
by doing so, maintains the high pressure and high temperature a little
bit Tonger. Thus the reaction is maintained longer before lateral rare-
factions from the side quench it. Table 4 gives date’ showing the effects
of confinement on ammonium perchlorate and ammonium nitrate, two materials
with relatively large critical diameters under the usual experimental
conditions. The ammoﬁ1um perchlorate had intermediate particle size -- it
had been put through a sieve with 70u openings. The particle size of the
ammonium nitrate was not specified, but it was probably that of pr1'l1s++

of 1 mm diameter or less.

None of the confinements for the ammonium perchlorate weré'yery strong.
The smallest critical diameter was obtained using copper foil as the con-
finement. With the weaker glass confinement, the critical diameter increased
by a factor of four to five. Replacing the glass with a thin cellophane
sleeve again increased the critical diameter by yet another factor of four

to five.

*v. A. Gor'kov and R. Kh. Kurbangalina, "Some Data Concerning the Detonation

Abi1ity of Ammonfum Perchlorate”, Combustion Ex
: te", (plostons, and Shock Wav
2, 12 (1966); also R, Kh. Kurbangalina and L. I. Patronova. "Effect of o

. Steel Sheath on the Critical Detonation Diameter of Condensed Explosives, "

Combustion, Explosions, and Shock Waves 12, 587-590 (1976)

-

tp.
Pri1l is the name given to anmonium nitrate particles, as produced. and 3ald

commercially. It {s now possible to produce porous or non-porous prills

at specified sizes. In general,
Tharecified sizes. g 1, they are approximately spherical and of

94

C e e sy B T




NSWC MP 81-399

Table 4. Effect of confinement on the critical diameter of ammonium
perchlorate (AP) and ammonium nitrate (AN).

Critical
Material Density Confinement Diameter
AP (70y) 1.1 g/cm3 copper foil b
" " glass ~5b
u n cellophane ~(5%b
AN 1.06 g/cm3 steel <3 mm
" " glass 80 mm
" " cellophane ~100 mm

The critical diameter for ammonium nitrate with the steel sleeve was less
than 3 mm. Replacing the steel with glass increased the critical diameter
to 80 mm, and with cellophane, the critical diameter increased to 100 mm.

Variables Affecting Initiation of Detonation Through Shock to Detonation
Transition

We have discussed above a fairly representative sample of the variables
that affect the propagation of a steady state detonation and have estimated
the effects by the degree to which they change the critical diameter. Now
we will change our focus and examine the variables that affect the critical
conditions for initiating detunation through a shock-to-detonation transition.
In this case, we will estimate the effects by the effect on the critical
initiating pressure.

The critical initiating pressure is that pressure just sufficient to
initiate detonation (that is, produce a transition from shock to detonation)
with a probability of one half. It 1s measured in a number of different

tests, some of which will be discussed later. It 1s very dependent on the
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; test variables and it will be strongly affected by the design of the test,

3; in particular, the physical dimensions, since the physical dimensions de-

ig termine the time at which the rear and lateral rarefactions arrive to quench
| the reaction.

o In 1959, Hubbard and Johnson™ published a paper in which they considered
a chemically and physically homogeneous material reacting homogeneously by

thermal decomposition. They showed theoretically that, for a given initiating

? pressure, there is a minimum dura-

tion of the initiating shock pulse

DETONATION below which detonation is not

possible. This is illustrated

L

graphically in Figure 6 in the form

FAILURE

o B i § S e i R T i T i TG O E 5 i P AT o B (ot mambia e et G - e i

l of a threshold curve in the pressure-

% Twe, time nlane. The curve divides the

E Figure 6. Variation of initiating Plane Into two reglons, fn one of

" pressure with its duration, which detonation is not possible

E s and the other in which detonation

R 1s possible. Three years later, Brown and Whitbread™™ performed experiments ]

on initiation of heterogeneous explosives by impact of cylindrical projec-

A Wi i

5 tiles. The resuits showed that the critical initiating pressure must be

maintained for a definite minimum time in order to effect a shock to deton-

-

ation transition. Moreover, if the projectile velocity was higher than that f
necessary to produce the critical initiating pressure, the shock to detonation a

i
+H. W. Hubbard and M. H. Johnson, J. Appl. Phys. 30, 765 (1959). .g

++S. M. Brown and E. G. Whitbread, Les Ondes de Detonation, Edition du Centre
Matianal de la Recherche Scientifique, Paris, 1962, pp. 69-80.
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transition occurred in a shorter time than the time required at the critical
pressure. Both these pieces of work have produced general agreement that
there must be some threshold in the pressure-time plane which determines
whether a shock to detonation transition can be achieved.

It is important in describing a test to state all of the conditions
under which 1t is done so that it is repeatable and can be correlated with
other tests. In many cases 1t is much easier to measure pressure than to
measure both pressure and duration. In many tests, the duration cannot be
or has not been measured. In the wedge tests done at Los Alamos Scientific
Laboratory, the pressure pulses are essentially square and of infinite
duration as far as the effects being studied are concerned. Just the pres-
sure is reported. In the NOL large scale gap test, again only the pressure
is determined although the duration can be estimated as will be discussed
later.

The shock sensitivity behavior of all explosives exhibits a few general

characteristics. First, there is a critical initiating pressure for a given

set of experimental conditions.

At the critical pressure there
is a definite distance between

3 PRTONATION the point at which the shock en-

ters the material and the point

FAILURE

downstream at which detoration

AUN LENGTH/DELAY TIME TO STEADY-STATS DETONATION
—_—

Figure 7. Variation of run length as the run length. If the exper-
or delay time with amplitude

but pressures higher than the

critical pressure are imposed, then the ruh length is reduced, as Figure 7

occurs. We refer to this distance

of the initiating shock, imental conditions remain constant,

e

~
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{1lustrates. Corresponding to the run length there is a total delay time
which is the difference between the time of entry of the shock and the time
of onset of detonation. This quantity also behaves as illustrated in
Figure 7. At very high pressures, the transition is so rapid that detonation
occurs nearly at the point of shock entry. At lower pressures, the run
length and delay time increase and as the pressure approaches the critical
pressure the run length and delay time bacome much greater.

This tyne of behavior has been observed for a number of years. Figure 8
shows an experimental curve of run length versus shock pressure obtained at

the Naval Weapons Center at China Lake™ for cast Comp 3t with a stee

attenuator. We see the pattern

oot AT O TMER o described above. The higher the
%::%-—"r %uw[ pressure, the shorter the run
é“’ é““ length. As the critical initia-
§:: §'” ting pressure (about 20 kbar) is
2 T g':t approached, the run length in-
gz;m".m'fm’fm‘f g °“2...c Sy, creases greatly. The longest run

Tength shown is about 70 mm which

Figure 8. Run length is quite close to the end of the

dependence on shock pressure .
experimental and ca]culated: charge which was 75 mm long. The

observations, of course, were of
the Tateral surface of the charge. The detonation transition in the interior

of the charge may have occurved sooner.

[y

L. N. Cosner and R. €. S. Sewell, NavWeps 8507 (NOTSTP 3489) Apr 1964
and Explosivestoffi: N, 10/1969, pp. 230-~238, See also D, Price and
F. J. Petrone, J. Appl. Phys. 35, (3) {p*, 1]. 710-714 (1964).

N i

**Comp B is & mixture of 60% RDX and 40% TNT to which 1% wax has heen added.
5
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Effect of Charge Diameter on Shock Sensitivity

One other characteristic we must consider in studying shock sensitivity

is the effect of charge diameter on the critical initiating pressure. We

clearly do not expect to obtain

detonation in a charge which is

smaller than the critical diameter.

For a charge at its critical di- g

a |

ameter we expect the critical

DETONATION pressure to be of the order of

FAILURE the C-J pressure or von Neumann

O e e —— e e —

spike pressure for that particular

DIAMETER, explosive. As we increase the ;
Figure 9, Variation of critical diameter above the critical diame- f;
initiating pressure, P¢i, 1
with charge diameter. ter, the value of the critical P

initiating pressure will decrease. .
Figure 9 illustrates this trend; above the curve detonation occurs, below it, h

only failure. As the diameter gets larger and larger, the critical initia-

ting pressure does not get indefinitely smaller, but approaches asymptotically

what we may call an "infinite diameter value". To find the value of the ;z
infinite diameter critical initiating pressure it is necessary to extrapolate % i
the results of experiments on a series of larger and larger finite diameter }éig
charges. Unfortunately, that would require a great many experiments. g é
Measuring Critical Initiating Pressure lg %
There are a variety of tests which can be used to measure critical '%'
initiating pressure. Among them are the gap test, the booster:test. the % ]
wedge test, and projectile impact tests. We will disc iss in detail only {

the gap test and the wedge test.

B
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Figure 10 shows the experimental arrangement for the gap test. It
consists of an explosive donor which produces a shock wave in an attenuator
material (the “"gap") which, in turn, transmits a shock inte the acceptor

(test) explosiva. The attenuator

or gap is variad in thickness to

0.!0——1‘
B e, " ! adjust the amplitude of the shock
wp__ et

. +
”“ﬁzﬁﬁ:r”ﬁg\\ E oot transmitted into the acceptor.

Tetryl (trinitrophenyimethyl ni-
tramine) was originally used as
the doncr explosive because of

its reproducible characteristics.

However, there is no longer a
Figure 10. NOL large scale gap

test experimental arrangement. good commarcial source of tetryl

pellets so pressed 50/50 pentoiite

(50% TNT, 50% PETN) pellets are now used. The attenuator is PMMA (pcly-
methyl methacrylate, trade names Plexiglas, Lucite, and Perspex) or its
equivalent’f+ In the standard test, the acceptor is about one and a half
inches in diameter and 1t is confined in a standard steel sleeve. The
acceptor 1s followed by a steel witness pliate wiiich {ndicates whether
detonation or failure occurs. There is a small air gap between the steel
sleeve and the witness plate,

The detonator initiates the booster (donor) at a pouint, producing a

spherically expanding detonation front which flattens out &s it progresses.

+The booster test 45 similar to the gap test, but in the booster test, the

am%unt of booster or donor 1s varied {nstead of the thickness of the atten-
uator.,

TTThe equivalent 1s 1 layer of celluiose acetats cards, each & hundreth of
an inch thick.

A




NSWC MP 61-39%9
A shock 1s transmitted into the attenuator which is varied in thickness un-

til the point of 50% probability of produciig detonation in the acceptor is

found. If the acceptor s a f. v ., “owerful explosive at high density, then

variation of the thickness of .“: ox; 2 the 50” point will produce drastic

changes in the effects on the wit- .. #.:t:. For example, for a group 1

explosive at high densitiy, the wiitme . - .o will be slightly dented for a

gap thickness of one card (0.0. ) greuter cnan the 50% gap, but it will be

punched (clean hole) at a gap equal tc the 50% gap. In this case, the wit-

ress plate gives a sharp, clear indication of detonation, However, if the

explosive is of low density (porous) or if the expiosive is comparatively

weak (ammonium perchloratu, tor example) the witness plate will not be a

good indicator. Then, if from suppiementary information you know that the

acceptor can detonate in the test

configuration, a more sensitive

2 witnass can be used, e.g., the

l configuration shown in Figure 11.
In place of the steel witness
plate, a second tube containing

an explosive with a known criti-

cal initiating pressure is placed,

Figure 11 Then the standard witness plate

Explosive witness in the gap test,

is placed at the end of this

explosive witness.
Table & shows the results obtained by using an explosive witness to

measure the critical initiating pressure (in the gap test) for ammonium

perchlorate at a density of 0.85 g/cm3. Usine a standard steel witness did
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Table 5.

Witness

steel
Comp B
TNT

Shock sensitivity of
ammonium perchlorate at 0.85 g/cmi.

50% ga
!cardsg
N<O

212<N<225
207

Pci

jkbar)

?
5
]

used, each one hundredth of an inch thick.

not give usabie results. Using
Comp B and TNT as explosive wit-
nesses gave a value of critical
initiating pressure of about

5 kbar. In the table, the 50%
gap 1s given in terms of the
number of cellulose acetate cards

The point to be made is that the

type of witness to be used can be tatlored to the type of material under

study.

The next lecture will discuss the NOL large scale gap test (LSGT) and
{ts calibration.

e G et e e 2 e A ke e
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Lectures on Detonation Physics

Lecture #7 - 12 January 1981
by
DONNA PRICL
. Notes by Frank J. Zerilli
THE LARGE 3CAIL% GAP TEST - I

Introduction

The standard large scale gap test (LSGT) arrangement is
illustrated in Figure 1. It consists of a detonator, a donor
explosive, an attenuator material, a confined acceptor (test) charge
and a steel witness plate. The standard donor is now 50/50

pentolitef of density 1.56 g/cm3.

The original donor used was 1l.51 g/cm3
——— a.n-—-‘
487 nuaTe z tetryl. The detonator initiates a
N e
x . - detonation with a spherically ex-
e O . on g .
: panding front which, in turn, transmits

a shock throngh the attenuator to the
test explosive., The test explosive is

confined within a steel sleeve. The 4

attenuator, polymethyl methacrylate or

Fig. 1. Large Scale Gap Test cellulose acetate or a combination is

experimental arrangement. varied in thickness until the trans-

mitted shock is just sufficient to

P

initiate detonation in the acceptor in : i

fifty percent of the trials. A steel witness plate shows whether the ¥
. . . . t :

reaction in the acceptor is actually a detonation *. The standard : 4

donor is 50.8 mm (2") in both diameter and length.

SR e e 5

AT

R STTT «
3 R T

L

1-
Mixture of 50% TNT and 50% PETN (pentaerythritol tetranitrate).

t* The shock loading of the witlness plate by the detonation of common
explosives punches a hole through the plate.
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Calibration of the System

In order to calibrate the system we must know what the pressure
is in the attenuator material after the shock produced by the
standard donor has traveled through a given thickness of attenuator.
There are several methods of obtaining the pressure as a function of

thickness.

One method is to use the relation which comes from conservation

of momentum:
P = poU“ (l)

In Eq. (1), P is the shock pressure, po is the density of the un-
shocked material, U is the shock velocity, and u is the particle
velocity in the material behind the shock. We have assumed that the
initial particle velocity and initial pressure are zero. Thus we
must measure the shock veiocity and the particle velocity to obtain
the pressure.

Another method is possible if we know the Hugoniot relation for
the attenuator material, Many solid materials, to a good
approximation, exhibit a linear relation between the shock velocity
and the particle velocity:

U= ag + su (2)

where a. and 8 are vonstants specific to the explosive. Substituting

o
Eg. (2) into Eq. (1), we obtain

P = polagu + su) (3)

Equation (3) is a guadratic rela*ion between the shock pressure
and the particle velocity. Thus we need only measure the particle

velocity to obtain the shock pressure.

Alternatively, we can solve Eq. (2) for the particle velocity, and
substitute it in Eq. (1) to obtain the relation

2

P = p,(0 -aoU)/s (4)
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In this case we measure the shock velocity to obtain the pressure.
At NSWC we have used all three methods at one time or another.

The method based on Eg. (4) is the one that was originally used
and is perhaps the most generally used since it seems so simple in
principle. Using a streak camera, a record of the distance the shock
has traveled versus time is obtained. By differentiating the record,
the shock velocity versus time is obtained. This gives us the shock
velocity versus distance, and finally, from Eq. (4), we obtain the

pressure versus distance in the attenuator.

However, the situation is not as simple in practice as it is in
principle. 1In the first effortf, the shock velocity was measured both

with a streak camera and with pressure.probes. The experimental

arrangement is shown in Fig.2a,

Detenater Part of the attenuator was made
Weed Block
into a blast shield to keep the
Tateyl Pollets
7 Blaat Shiald gaseous detonation products from
Lusite : .
Prassure Probes obscuring the view of the shock
L front in the PMMA. Probes were
— L = Mater. set into 0.05 inch diameter holes
SRR ol
£~ SO bored into the PMMA at half inch
=

intervals. (The precision of the
measurement of position probabily

r
I
::>hr“.___—.——af"" did not justify that many probes,
~
A

however). The PMMA cylinder ended

=

Fig. 2. Shock attenuation in under water so that the records
ucite and water experiment.
Jucit P showed the shock not only in the

PMMA but also in the water. A

spark underneath the transparent water tank was used to provide

* 1. Jaffe, R. L. Beauregard, and A. B. Amster, NAV ORD Rept 6876.
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NSWC MP 81-399
a fiducial point on the records. Figure 2b gives another view of
the arrangement, showing the cylinder of PMMA with flats machined
on two sides, a light source on one side and the camera on the other.

Figure 3 shows a camera iecord of the shock front distance versus

time. The horizontal streaks are
interruptions of the light caused

by the pressure probes in the PMMA,

There is a change of slope as the

shock enters the water. At the

bottom left is the fiducial mark

produced by the spark.

Fig. 3. Camera record of shock
wave in lucite and water.

In this first calibration, the

difference between the probe record
and the streak record of distance versus time was well within
experimental error although neither was very precise. The experi-
mental set-up for the last of a series of calibrations that were
carried out was considerably better and the streak records were
considerably better.

There is a great difficulty in obtaining accurate velocity
data, because we must differentiate a function which is known only
approximately from experimental data points subject to random errorét.
At least an order of magnitude in precision and probably more, is
lost every time we have to differentiate experimental data.

tSee John Erkman, NOLTR 68 117
] ~1 Sept 1968, and D. Tasker, "The Low
Amplitude Shock Initiation Te;t" Seventh Symposium ) i
: on D
be published) for discriptions of cult volved irg”

: the diffi i i
techniques that may be used. 1fficulties involved and

106

A RNTY!

R

e

THANE Zaet v

o
bWl

e A s e B et

o
E?:.;.-‘!

s

o

P

P AT P vt TR I S N~ L RS X TR T -




NGUC 7 01-399

— PAL MRS rr 10
DAJTA FOR & »

------ FINAL MIULTS HIOM SMOOTHING

2 OAIA JOR + >San

DISTANCS, ==

Fig. 4. Shock velocity versus distance for
the LSGT with pentolite loading.

Figure 4 shows the shock velocity versus distance curve that
was obtained for PMMA.} The dotted curve shows the final results
fron reading the record and the solid curve yives smoothed results
which are used for th~ actual calibration. The curve has an
obvious bulge which is real and not due to experimental error. The
calibration has been repeated many times, and it is believed that
the bulge is due to the arrival of the lateral rarefaction wave at
the central axis of the PMMA cylinder.

If it is so hard to measure shock velocity by differentiating
the distance-time curve, what other choice do we have? The other

choice is to measure particle velocity directly.

MEASURING PARTICLE VELOCITY WITH THE ELECTROMAGNETIC VELOCITY GAUGE

We have used the electromagnetic velocity gauge (EMV) (sometimes

called the foil gauge) to measure particle velocity. The system was

developed by Russian scientists **;our system is a copy of theirs

.f
J. O. Erkman, D. J. Edwards, A. R. Clairmont, and D. Price, NOLTR
73-15, April 1973.

tty. M. zaitsev, P. F. Pokhil,and K.K. Shvedoy, Dokl. Acad.Sci.,U.S.S.R.,

132(6),1339, (1960). 107
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NSWC MP 81-399
on a smaller scale. Figure 5 shows the arrangement*. An aluminum

foil 0.5 mil thick, in a staple

ater  otmootrm
through the material, the material

Gau;;?. 5. Electrumagnetic Velocity acquires a flow velocity and since

the mass of the foil is relatively

small, the foil rapidly acquires
the same velocity as the adjacent material. As the foil moves, it
cuts the magnetic field lines, producing and emf V which is directly
proportional to the foil wvelocity.
V= Hur e 1074 (5)
In Equation (5), V is the emf in volts, H is the magnetic field
strength in gauss, u is the particle velocity in millimeters per
microsecond, £ is the length of the portion of the foil which is
perpendicular to the flow (the "base" of the staple) in millimeters.
The typical base length used is 10 mm, although a 5 mm base has
occasionally been used.
In the calibration study of PMMA, a plane wave generator was
used only at the highest pressuve loading. For all the other work
the standard donor with point initiation was used as shown in
Figure 6. In order to keep the metal particles out of the
magnetic field, an aluminum baffle was used and, in addition, primacord

was used instead of a metal cased detonator. Any metal and gas

ts. J. Jacobs and D. J. Edwards, "Experimental Study of the Electro-
magnetic Velocity Gage Technique", Fifth symposium (International)
on Detonation, ONR ACR-184, U. S. Gov't Printing Off. Washington D.C.

A5 shape, is placed into the material
I” under study, perpendicular to
AS
//4, l [ the expected flow. A magnetic
N v o, ;éﬁ va ng field is imposed, perpendicular
both to the expected flow and to
MASE OF GAOE

vt hosce s the foil base. As the shock passes
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detonation products in the field con-
tribute to noise nn the record.

In the study of PMMA, the PMMA

was cut into several pieces and the

foil was folded over one piece.

Then the pieces were cemented back
together using chloroform as a
solvent and putting the assembly
under pressure. Figure 7 shows

tracings from typical oscilloscope

records for thicknesses of PMMA of

TR ST e T

Fig. 6. Use of the electromag-

; netic velocity gauge. 5, 35 and 100 mm. The records them-
g - . . : . - selves show a resolvable rise time of
q ' about 25 ns. 1In Figure 7, voltages
il | have been converted to velocities
“r ) through Eq. (5). In each case, the
L b s o . particle velocity in the PMMA should 1
vk " anmJ-rn) i be the pgak velocity shown in the ]
%|“ 1 record. It was estimated that the !
y r~\‘\\\_\ values obtained for particle velocities ”
“r x ) were accurate to a +2%. In Figure 8 ;
el ‘\\\~\“ n the peak particle velocities have 1
b 4 been plotted as a function of PMMA %
“k‘ . ] thickness. Also plotted in Figure 8 3
T are the results of a two dimensional ;
R m$~ W hydrodynamic computer code calculation ?
' Qrosagéd7ﬁy :A?%M&Yom the records carried out by Kamegai and Erkman’. { ‘

T

M. Kamegai and J. Erkman, “Numberical Analysis of a Diverging Shock

Wave in Plexiglass Cylinders", Fifth Symposium (International) on
Detonation, 2RN ACR-184, U. S. Goverument Printing Office, Washinrgton
DC, 1972, p.477.
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Unfortunately, the value of y used in th> computation was 2.5

mism e~

instead of 3.0. Since the pressure is proportional to (Y+l)'l the

.0

O v WY

\ © 9-0 MUATY, ZOME 6.12 OV 30

-
-

Fig. 8. Comparison of experimen-
tal results with results computed
using the HEMP code.

computed pressure and particle
velocity is too high. However, the
shape of the experimental curve

was reproduced and the bulge in the
experimental curves appears also in
the computed curve, confirming the
explanation of the bulge as being
due to the lateral rarefaction

reaching the lorigitudinal axis.

.
8 :
{ 200}
| |
i {
) i
, \
= \
o i
| ;
‘ E & oo
%
PUTANCL, - o tlp |t n‘i iln
QAP THICKNESS, L' (N, x 100}
Fig. 9. Results of fitting peak
particle velocities versus distance Fig. 10. Calibration curve for
(tetryl donor). the NOL Large Scale Gap Test with
pentolite donor.
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NSWC MP 81-399
Figure 9 shows the results oi later measurements and includes a

measuvrement in which the gap was a single card of cellulose
acetate 0.0l inches thick. With the additional and more precise
data, a better curve fit was obtained showing a distinct cusp

i at a thickness of 35 mm. This is the thickness at which the
lateral rarefaction has reached the longitudinal axis. If we
use Eq. (3) to convert the particle velocity to pressure,
then the cusp woulcd be reflected in the calibration curve.
However, using the best measurements of shock velocity versus

TQ distance and of particle velocity versus distance. a compara-

Ly tively smooth curve shown in Figure 10 is obtained. The curve, f 1

i however, does show the bulge, characteristic of the lateral

rarefaction reachiag the central axis.

The flow in a Detonating Cylinder: Hydrodynamic Computer Calculation

We will discuss the details of the flow in a detunating cylindrical

; , charge and follow the shock transmitted into the attenuator.

In 1966 Piacesi’ did a hydrodynamic flow computer calculation

for a detonating cylinder of explosive. The computation, using the
3

v
&E NOL CYCLONE code for 50/50 pentolite but at a density of 1.85 g/cm
| instead of the standard donor value of 1.56 g/cm3. Thus the results
give us a gqualitative picture of the flow when applied to the
{g standard donor.

The geometry used in the calculation was that of a two inch

diameter charge, and the computations were carried out to a length
o diameter ratio of 1.7. Since the standard LSGT donor has an

;3 £ over d of one, the computation goes beyond that needed tc follow

i
q
&
1
i
!
]
3
q
&
3
L
%

T

the flow in the donor. The computations are summarized in the chart

p= sl

D. Piacesi, Jr., NOLTR 66150, Jan 1967.
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&
|

shown in Figure 11, below:

|
i
0 GAMOUS IXMOSION MODUCTS
I POINT OF .
i WETIATION JOLO Wi (A OMVE DITONATION FRONT
ii \\ SOLI0
g ~ CEINTAALA IS - - - - — niGK
z 1“1\"(» Of AR txmHOsVE
: MANFACTION WAVE
g .
; {1-0) CYLINOIR OF HIGH IXPMOSIVE. INITIATION TAKES (10} CROSS SECTION OF THE EXPLOSIVE CYLINDER BEFOM THE
‘ PUACE AT FOINT ON CENTRAL AXIS AT ONE TND FACE, DELIONATION FRONT RIACHLS THE SIOE OF THE CYLINDER,
[ LATERAL SHOCK LATERAL $HOCK
X LATERAL SURACE OF [XPANDING LATESAL SURACE OF
GARIOUS [XHOSION MODUCTS IXPANDING GAS
: DITONATION FRONT ] /" \ar DTONATION FRONT
. ,
* sotio GASIOUS g soLiD
| HIGH EXPLOSION =) HIGH
B EXPLONVE [ * Wl S txnosvi
MEAD OF LATERAL N
RARE} ACTRON ViAVE ) N
WAD OF LATERAL
SARIFACTION WAVE
(1+¢) CRO%S SACTION OF THE EXPLOYVE CYLINDER SHORTLY {141 CROS3 SICTION OF THE DETONATING CYLINDER ATTER A
APTEN THE DATONATION FAONT MACHES THE 1108 OF CONUDIRABLL LINGTH OF TIAL FOLLOWING INITIATION.
THE CYLINDAER, THE LATERAL RAREFACTION HAS ANNIHILATID THE REAR
WAMFACTION,
Fig. 11. Computer cazlculation for a detonating cylinder of explosive.

Figure 11 (l~-a) shows the point of initiation on the axis of a
4 6 cylinder. The initial progress of the detonation front is depicted

$ in Figure 11 (l-b). The rear rarefaction and exprnsion of the

Sare

prp o

§ detonation products is shown also. There is no lateral rarefaction
yet, since the detonation front has not reached the lateral surface
of the cylinder,

In Figure 11 (1-c) the detonation front ha: ceached the lateral

surface and is producing a shock in the surrour .ng air. The
curvature of the front is dec:reasing}r and a shock is being trans-
nitted to the air while a lateral rarefaction is reflected back into
the detonation products. In Figure 11 (1-d), the detonation has

progressed further and the lateral rarefaction has reached the

longitudinal axis and has obliterated the rear rarefaction. ] é
: . 8

it

. . . . s R F K

tThe d&tonat;on wave is spherical with a radius equal to the distance b ‘é
from the point ¢l initiation to the front. LI
112 4N
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The spherical expansion with radius of curvature egual to the

distance from the point of initiation which was calculated
numerically up to an 2/d of 1.7 has been checked experimentally with
tetryl up to an /4 of 2. This contradicts some information found
in the literature.

The summary of Figure 11 was constructed from a series of
computer generated plots, examples of which are shown in Figures

12 and 13 below.

B 1 R 1 Y T
N ot DETONATION-PRODUGT GAS 1
™ e
i) SOLID PENTOLITE
- EXPLOSIVE
S sk -
Y
H
X
(V]
-t '
X &g
E ol Bl | axis o
Z SYMMETHY
y
=<
v
Z 0.5}~ -
-t
5 DETONATION FRONT
=
S ol _
L 1 1 i L _J
.0 -0.5 [4] 0.5 1.0 Lr 0

Z/d (AXIAL DUSTANCE / INITIAL CHARGE DIAMUTER)

Fig. 12. Cros§ section of the detonating cyiinder at
6.249 usec after initiation, The detonation front has
reached the side of the cylinder and the detonation product

as expands radially. The point of initiation is at
(h7de2/d) = (0,0

Figure 12 shows the lattice distortion .t a time of 6.3 y sec
which corresponds to the detonation front reaching 48 mm (in the

LSGT, this corresponds to just 2 mm short of the donor/PMMA interface).
113
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SOLI0 PENTOLITE
EXPLOSIVE

R7d @ADIAL DISTAMNCE / INITIAL CHARGE DIAMETER)

AXi
or SYMMIETRY
DETONATION
FRONT Pe245kb
o5k SPMERICAL TAYLOR -
WAVE REGION
AD OF LATERAL
R REFACTION WAVE
R TIME (MICROSEC) 7.8163 -
1.0 MICETCLE o88
1 [N ] | } i
1.0 0.5 0 0.5 1.0 1.5 2.0

Z/d (AXIAL DISTANCE / INITIAL CHARGE DIAMETER)

Fig. 13. The pressure distribution in the form of isobars
is shown in the cross section of the detonating cylinder at
7.6163 usec after initiation. There is a difference of 10 kbar
between adjacent isobaric lines. The point of initiation is
at (R/d,z/d) = (0,0).

Figure 13 shows the isobars at a time of 7.6 u sec which
corresponds to a distance of 58 mm (this is beyond the end of the
standard donor in the LSGT). The lateral rarefaction is shown and
the rear rarefaction is still evident at this point.

In experiments in which a donor of twice the standard length
is used it is found that the critical initiating pressure in the
acceptor iy the same as the critical initiating pressure found in
the case of the standard donor. Since the effect of the rear
rarefaction ie still evident (the 50% point gap thickness is greater

for the longer donor), increasing the length of the donor increases .

the duration of the shock. Thus the fact that this has no effect

on the critical initiating pressure indicates that, for the materials

under consideration, the pressure pulse produced by the standard

AL
donor is of long enough duration to be considered effectively ‘%
"infinite" in duration. 114 i
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Piacesi used the two dimensional CYCLONE hydrodynamic computer
code to predict the pressure versus distance behind the detonation

front. He compared it with the pressures in a spherical Taylor wave

expansiont.  The comparison is shcwn in Figure 14, Dbelow.
o o34 )
1& 1 Q)
!
M
5 OOAVIOR WAWE ’
00l + CYCLOME CALCULATINNS ; o
y
- .: <
2 DETONATION g
wot- ; FRONT
§ TIME (WICROSICONDS) 7.4390 | o0 §
- cycLt on g | .
g ’ L ) 3
y S z
'n‘
% i ,r'". l T g
TAYLOR WAVE . - o @
o} CONSTANT STATE 10N "’"‘"....'\ | Doa
$GION g L l g
~ “ s 6y & .. :"A v l deis
o s RAR MAMPACTION WAVE |
. ) J
- .
. l
0 I IV TR SR A A A A 1 4 A A I Y A e ) 0.2
- -\ ° \ 1 ) . ) ) 7

T AXIAL DISTARCE EW)

Fig. 14, Comparisor of the pressure and particle velocity along the
central axis (CYCLONE calculations) and the radial pressure and particle
velocity distribution in a spherical Taylor wave. The CYCLONE values are
for 7.6359 usec after initiation. The point of initiation is at z = 0.

The two computations coincide from the detonation front down
to the sonic point (the point at which the particle velocity is zero).
Thereafter, they diverge. The significant feature to note is that
the pressure gradient near the dstonation front is very large. Thus,
it is very unlikely that it will ever be possible to measure the
ideal CJ pressure**. A good reason to use a plane wave generatoxr

to initiate cylindrical charges (instead of point initiation) is that

te. Taylor, Proc Roy Soc. 200A, 235 (1i950}.

TTR. Cheret, "Theoretical Considerations on the Propagation of Shock
and Detonation Waves," Fourth Symposium (International) cn Detonation
ONR, ACR~-126,U. S. Govt. Pranting Off ., Washington,DC, 1967; pp 78-83,
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this makes the shock front less curved and the gradient less steep.

How to Determine the Pressure in the Acceptor Material

We have described how the gas pressure Py at the attenuator
side of the attenuator-acceptor interface is determined. Since
critical initiating preassure is the best measure we have of the shock
sensitivity of a material, we wish to determine the pressure trans-
mitted into the acceptor. To do this, we must know the unreactive
Hugoniot for the acceptor material.

It is most convenient to have the Hugoniot plotted in the
pressure versug particlie velocity plane. This is because both

pressure and particle velocity must be continuous across the boundary

between the attenuator and acceptor materials—_both before the shock

passes and after it passes. As an example, consider the shock

passing from PMMA (density 1.18 g/cm3)into cast TNT (density 1.62 g/cma).

o

r The Hugoniots? are shown in Figure
Lﬂ&l‘lﬂlﬂlo

15. The curve labeled "PMMA

e incident shock" is the PMMA i
otama $HOCK
ARFLECTED \
SHOCK

e e 3

Hugoniot for rightward traveling y
shocks which start from an initial
state in which pressure and par-

- ] nl- ticle velocity are zero. The gap : :

pressure Py for a probability of

-4

o L L L S one~-half for the detonation is 5
. - about 45 kbar. Thus the state of g
Fig. 15. Determination of Pc1 ‘
from Py in cast AT, the shocked PMMA is represented by ¥

[T
L

the point labeled "a" on the Hugoniot. As the shock passes through .

PP Rt

A
e el

Gt
o e o o i

the boundary, a shock is transmitted into the acceptor and a wave

o)

ﬁ?f TSec, for example, High Pressure Physics and Chemistry, Vol. 2, Ed. by 3
" R. S. Bradley, Academic Press, New York, 1963, p. 222, ﬁ
3 116
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(which in general could be either a shock or a rarefaction; it is
a shock in this case) is reflected back into the PMMA. As the
reflected shock propagates back into the PMMA, there is a change
of state (i.e., pressure and particle velocity) in the PMMA
which is described by the PMMA Hugoniot for waves travesling to the
left and starting from state "a". This Hugoniot is the dashed curve
in Figure 15 and is simply the PMMA incident shock Hugoniot reflected
about a vertical line through "a". The shock transmitted into the
TNT produces a change of state from an initial state with zero
pressure and particle velocity to some final state of, as yet
unknown, pressure and particle velocity. This change of state is
determined by the Hugoniot curve labeled "TNT transmitted shock"
which is the non-reactive TNT Hugoniot for waves traveling to the
right and passing through zero pressure and particle velocity. Since
pressure and particle velocity must be continuous across the boundary,
the point where this curve intersects the PMMA reflected shock Hugoniot
gives the pressure and particle velocity in the transmitted and re-
flected waves. This point is labeled "b" in Figure 15. This gives
us the pressure in the acceptor material which we call Pgj, or
critical initiating pressure.

In the example shown in Figure 15, the acceptor Hugoniot is
steeper than the attenuator Hugoniot, so the transmitted shock has
a higher pressure than the incident shock (the transmitted particle
velocity is lower). Also, the reflected wave is a shock since
it has an increased pressure over the incident wave. If the Hugoniot
for the acceptor is less steep than that of the attenuator, the
transmitted shock will have a lower pressure than the incident shock
and the reflected wave will be a rarefaction. Since a rarefaction

wave is isentropic, we must use the isentrope for the reflected
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wave in the PMMA and not the Hugoniot.

According tc Eq. (1), the steepness of the Hugoniot is

determined by the cquantity poU which is called the shock impedance

TIRem T

and is the product of the imitial density of the material and the

h shock velocity. Most voidless explosives are of greater density

: than PMMA and so have a higher shock impedance. Thus, the trans-

4 mitted shock will have a higher pressure and lower particle velocity
: than the incident shock. There are some porous, granular explosives

with lower densities than PMMA and their Hugoniots lie well below

the PMMA Hugoniot. In these cases, we have a problem since,; in
order to determine the transmitted pressure, we need the rarefaction

isentrope for PMMA as well as the shock Hugonint for the granular

material*.

S0 T

B e

e R e

t1f the voidless form of the explosive has a known non-reactive :
Hugoniot, there are varicug methods to predict the non-reactive . Co ]
Hugoniot of the corresponding porous charge and the approximations
are good as shown by checks on the inert materials. Unless the
equation of state (PVT relation) for a material such as PMMA is
known, there is no way to predict the ilsentrope. However, the : o
denser the material, the nearer the isentrope is likely to be 5
to the Hugoniot and the approximation c©f the one by the other X
igs common ir metals st pressures greater than 50 kbar. 3
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LECTURES ON DETONATION PHYSICS
Lecture #8 - 26 January 1981
by
DONNA PRICE

Notes by Frank J. Zerilli
The Large Scale Gap Test - II

Introduction

In the last lecture, we examined the divergent flow produced during the

detonation following the point initiation of a standard donor and the transmission

e a— of a shock into the attenuator. The
W il ol :\A calibration of the donor-attenuator
g N e L

J |

N N system to determine the pressure in
iy o«a&'\ 3 as?
“egueten)
E“ ‘ the attenuator as a function of attenuator

thickness (gap) was described, Finaily,

the method for determining the pressure

transmitted into the attenuator was

outlined. We found that, in the donor,

Fig. 1. Large Scale Gap Test the detonation front expanded spheri-
experimental arrangement.

cally from the point of initiation so

that the radius of curvature was equal to the distance travelled by the detonation

front,

What Happens When the Shock Enters the Attenuator

The amplitude of the shock decreases as it travels through the attenuator,
and the curvature changes as if the PMMA were an extension of the donor for

about the first 25 mm or so. Then, at about 256 mm into the PMMA, at a radius of 7

curvature of 76 mm, there is an abrupt increase in the curvature with the radius

¢
g
1 19 ‘;,:
i 0
A
W
v
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of curvature dropping to about 66 mm. Thereafter, the shock expands spherically

again. 7The increase in curvature is due to the lateral rarefaction effect.

There is a comparable effect on the pressure which will be discussed later. .

Effect of Confinement on the Gap Test

There is another rarefaction effect that is relevant to the use of the

Large Scaje Gap Test to determine critical initiating pressures. This concerns
the behavior of the standard test with and without the standard confining steel

sleeve around the acceptor.

Effect of Confinement: Experimental Work

7 An experiment was done in which the progress of the detonation front in the
i . acceptor was observed under the condition of standard confinement and under the :
% condition of no confinement.” The progress of the front was followad by using i
§ .
¥ the continuous wire method, desciiued previous]y.** The acceptor material was ¥
. cast DINA (diethanol nitramine dinitrate) with a melting point of 52.5°C. DINA f
¢ , 4
' is very easy to cast and to work, but ;
' o ' it is fairly shock sensitive, quite %
é . i close to 50/50 pentolite (50% TNT and ~”ﬁ
1 g‘_ 50% PETN) in shock sensitivity. The it
y 1
g 3 distance between the point of entry of i H
i
Y. S,L sconnto the shock into the acceptor to the ;E f
onset of detonation was plotted as a % i
b A
) - , B - function of the pressure transmitted '§'§
e into the acceptor. The results are T
Fig. 2. Comparison of run length i)
versus initiating pressure for con- shown in Fig. 2. We see that the y b
fined and unconfined charges. % 4
; ¢ i
* D. Price, J. P. Toscano, and 1. Jaffe, NOLTR 67-10, April 1967. ‘% é
t Lecture #4, this series, 3 Nov 1980. :51
) 120 p §
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higher the initial pressure, the shorter the run length to detonation for

both the confined and unconfined s .tuation.

As the initiating pressure

approaches the critical initiating pressure, the run length becomes larger

and larger.
0.18¢~
L}
£
=, 0,10~
£
2
0,05~
t
0 1 ] ] j
19 0 k(] 40 50
PRESSURE TRANSMITTED YO DINA, ¥ (kber!
Fig. 3a. Reciprocal run lenr-h

versus pressure for confined u.iA.

o
0.|5r /
'i
X
>. 0.0~
§ A
§' 0,05} -
]
0 J 1 | J
10 0 X 40 0
PRESSURE TRANSMITTED TO DINA, P (kbae)
Fig. 3b. Reciprocal run length

versus pressure for unconfined DINA.

' D. Price, A. R. Clairmont, JR., and J. O. Erkman, NOLTR 74-40, March 1974,
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For large initiating pressures, the two curves coincide. For

smaller pressures, they diverge and
approach different critical pressures.

The curve for the confined explosive

is smooth, but the curve for the
unconfined explosive has a cusp. The

cusp was located experimentally in
numerous runs anu exists for the same
reason as the cusp in the PMMA calibration:
it results from the effect of the lateral

rarefaction. The same data plotted in

another 1’ashionJr

and 3b.

are shown in Figs, 3a
Here the reciprocal run length
is plotted as a function of pressure.
Figure 3a shows the data for confined
DINA. The three diamond shaped points
ir Fig. 3a, however, are taken from
the data for unconfined DINA and show
the agreement in data for confined and
unconfined charges for the first few
millimeters of run length. Figure 3b
shows the cusp in the data for uncon-

fined DINA.
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" We conclude from this comparison that ithe confinement of the acceptor in
the standard large scale gap test prevents the lateral rarefaction from pro-
ducing a large disturbance. The confinement gives a result which is comparable
to that which would be obtained for a very much laraer diameter unconfined

charge. The result may even approach that which woulu be obtained in one

dimensional flow.

Effect of Confinement: Numberical Computations at Livermore

.

Numerical computations done at Livermorér using the DYNA two dimensional
hydracode support the suggestion that the flow may approach one-dimensional flow.
The available printouts are for a gap of 1.5 inches of PMMA and appear in Fig.

4, which shows the tattice distortion and isobars at times between 0.96 us and

18 us after initiation. for each time, the lattice distortion is shown in the
top figure and 'sobaric contours in the bottom figure. Each lattice is divided
into several fields. The bottom-most field is the donor, the next field is the
first inch of PMMA, the next field is the other half inch of PMMA, and the last
field is the acceptor and its confinement. The acceptor field is divided into
sub-fields, the first subfield (the layer next to the PMMA) having a smaller cell
size in the computa%ion.

At 0.96 ps we see the early spherical wave from the point initiation, at
2.97 us the wave has expanded almost to the sides, and at 6 ps the wave has

progressed through most of the donor. The numbers at the top of the isobaric

contours are the pressures of the leading isobars.

* Unpublished,
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TR TR TANSC T 1 it s m ;i e e e B

Bt

=l v

QRO P i

16 us

17w 8 us
% us

Fig. 4. Numerical computation of flow in the large scale gap
test. For each time, the top drawing shows the mesh and the bottom
drawing is an isobaric contour plot.
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At 11 us, the detonation has progressed through the donor and the transmitted
shock has progressed through nearly an inch of PMMA. Note that the pressure has
fallen to 65 kbar at this point. At 14 us, the shock has progressed to the PMMA
side of the interface between the attenuator and the acceptor and the pressure
is down to 4% kbar.

At 15 us, the shock has crossed the interface into the acceptor. The
acceptor is assumed to be PBX 9404 which has a density of 1.83 g/cm3 and the
unreactive Hugoniot is used in the computation so that no veaction occurs in
the resulting calculation. The pressure has increased to 55 kbar as required
by the conservation Taws and boundary conditions when a shock moves into a
material of higher shock impedance. The increase is greater than in the typical
case, since PBX 9404 has higher density than most non-aluminized explosives.

The important thing to note is that the shock front has fairly low curva-
ture when it enters the acceptor and it flattens out (as it progresses through
the acceptor) somewnat more rapidly than would be expected solely from spherical
expansion+. This appears to be a result of the steel confinement. Thus, the
computation supports the hypothesis that the standard large scale gat¢ test
behaves in a manner approximating a nlanar {one-dimensional) system.

Figure 5 compares gap pressure vs. gap thickness obtained from the Livermore
computations to the NSWC calibration for the large scale gap test. The triangles
are points obtained from the computation, the circles are points from the current
calibration curve. The pressures obtained from the computation are somewhat
higher than the calibration curve values because a density of 1.73 g/cm3 was used

for the tetryl donor in the computation, while the density of tetryl in the
standard gap test is 1.53 g/cm3. The shape of the computed curve compares
well with the calibration curve except that the jog due to lateral rarefaction

does not show up in the computed curve. However, the number of computed

* Also, the pressure is decreasing since the non-reactive Hugoniot has been
used in the calculation so that no reaction occurs in the acceptor.
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! points is too small to show such a
5’ .F
§ jog and, in addition, the pressures
§ were obtained from the pressure of the
Lt l-r leading isobar. This wuyld produce an
g ervor of the order of ten percent. Thus,
i
i . . .. .
1 considering the limitations of the
@ calculation, the agireement is good.
y Fig. 5. Comparison of NOL gap
; test calibration versus lLivermore
A computation.
‘ Shape of the Pressure Pulse
A pressure versus time curve was also obtained from the Livermore computations.
i The pulse shape is shown in Fig. 6. The pulse nas a uidth at half amnli~ de of
| T e about 3 psec and a total duration of
-' - ! : - .
oo : “w o about & to 7 usec. This agrees in order
! at s ;
ol ; of magnitude with what was determired carlier
Dlu:. j AL
ot i from an optical study of shocked PMMA."
‘u-A ; . R
i : Figure 7, taken with the Jacobs focal
- i .
Fooe . i plane framing camera, shows the curved
= o o | , |
A ! shock entering the PMMA. The opaque
A
areas following the shock are due to
Fig. 6. Pressure pulse shape. ..
P P the spalling (break up) of the PMMA

prriuced by the change rrom compression in the shock to tension induced by the
.rrival of following rarefraction waves. The width of the compression pulse is
tnhe distance between the shock yront and the beginning of the opaque area. Knowing

. the writing speed of the camera and the shock speed in the PMMA, an estimate of

* 1. Jaffe, J. Toscanc, and D. Price, NOLTR 64-66, Sept. 1964.
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e the duration of the shock can be made.
s . F:; From Fig., 7, it can be estimated that
J:ﬁ@fi?; - ‘{;“T ) | the duration of the shock just as it
;i “{ T enters the PMMA is about one or two
: i AN microseconds. The width of the shock )
" :?‘E increases as it travels through the
1 ) s PMMA (in addition. of course, its
'% . : _ : amplitude decieases).
Fig. 7. Shock front after 33 mm
travel in Plexiglas (Jacobs Camera).

Effect of Confinement: Numerical Computations at LASL

Another numerical computation for the NOL gap test was done at Los Alamos

o
Scientific Laboratory . The results shown in Figure 8 are for the large scale

-

[a)

Fig. 8. HNumerical model
for NUL gap test. Shock
wave in ViQ-2 at a 40.2 mm
gap. Isopycnic contour
plots (0.1 g/ecm® interval),

19 us 0 us
K »;!
N
alt
u‘ ¢‘.‘
I ;1‘: !
A ", fi;
v Y
Lo
: ' i
. ' i
Dus !

YA, L. Dowman, J. D. Kershner, and C. L. Mader, LA-8408, October, 1880.
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gap test with confinement. A reactive code (Forest Fire) was used so that the
computations follow the transition to detonation in the acceptor. Only the
half of the cylinder to the right of the longitudinal axis is shown since the
other half is the mirror image. The contours shown are isopycnics, that is,
Tines of constant density. The isopycnics will show the same general variation
as the isobars.

The shock entered the acceptor at some time between 16 and 17 usec. The
first plot in Fig. 8 is for the time 17 psec — the shock has already entered.
As the shock progresses, it flattens out due to the interaction with the steel
confinement. The reaction appears to start at the walls and not at the center,
It is not known whether this is correct or if it is an artifact of the reaction
code. The actual detonation is not shown in this series which ends at 24 usec.
The detonation occurs at about 25 usec.

The same computation was carried out for the case of an unconfined acceptor.

The results are shown in Fig. 9. Again, a curved shock front enters the

Fig. 9. Numerical
model of NOL gap test
without steel contine-
ment tube. Shock wave
in VIQ-2 at 36.5 mm

ap. Isogycnic contours
?0.1 g/cm® interval).
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acceptor, but in this case, the curvature increases as the wave progresses.
The reaction starts at the longitudinal axis, but the actual detonation occurs

at about 26 psec, so it does not appear in the series shown in Fig. 9.

What's Wreng with the LASL Computation

A1l agree that the shock transmitted into the attenuator must be less
than that which would be transmitted in the case that the donor achieved the
ideal C-J pressure, since the pressure gradient is so large (as we have
discussed above). But the LASL investigators used what was called a "C-J
volume burn" to compute the pressure achieved in the standard donor. This
gave a value of 145 kilobars in the donor (compared to an ideal C-J pressure
of 228 kilobars) pricr to the transmission of the shock into the PMMA., It
31s0 predicted a steady pressurc (with a very small gradient) t-ansmitted from
the donor to the attenuator. This 1s at variance with all measurements and

s with the Taylor wave and CYCLONE

numerical computations which indicate
an extremely steep gradient. In fact,
as shown in Fig. 10, the LASL com-
putation gives results which diverge
strongly from the NSWC calibration

for the first 10 mm of PMMA attenuator.

Beyond the first 10 mm, the LASL cal-

test calibration and LASL computation
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b O - HL cudlawtion “sa
[ O o culations parallel the NSWC calibration,
L o but 1ie above it by an amount which is
M 0 2.0
L (o) about the maximum estimated experi-
Fig. 10. Comparicon of NOL gap

mental error.
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If we examine the results of the Taylor wave and CYCLONE code calculations
(see Lecture #7, Fig. 14), it is very difficult to believe that a shock with a
neariy constant pressure of 103 to 90 kbar for the first 10 mm of attenuator
could be transmitted into the attenuator.

None of the experimental data supports this. We can infer the shape
of the pressure distribution from the shock or particle velocity versus
distance curves. The shock velocity versus distance curve has a very steep
gradient for small distances into the attenuator (see Lecture #7, Fig. 4).
To be fair we should note that the curve is not too accurate for distances
between zero and five miilimeters since streak records cannot be well resolved
in that region and it 15 subject to differentiation errors {as discussed in

Lecture #7). However, the curve of particle velocity versus distance is not

subject to differentiation errors and

right up to nearly zero attenuator
thickness. This curve (see Fig. 11)

also shows a very steep gradient thus

The particie velucities can be

between shock velocity and particle

velocity for PMMA is

L LI A

Fig. 11. Results of fitting peak U= 2,561 + 1.595 u
particle velocities versus distance
(tetryl donor).

where the velocities are in mm/us.
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the particle velocity has been measured

implying a very steep pressure gradient.

converted intc pressure in the PMMA by
using the PMMA Hugoniot. The relation
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Equation (1) is valid for u > 0.54 mm/ps. The momentum conservation (shock

impedance) relation is

P = pglu (2)
4 Thus, the PMMA Hugoniot is

] P = 1.185(2.561+1.595u)u (3)
where P is the pressure in GPa (1 GPa = 10 kbar). Table 1, below, shows pressures
calculated from Equation (3) for several small gap lengths and compares the

pressures so calculated with the pressures from the standard large scale gap

test calibration curve. The calibration curve pressures agree with the pressures

calculated from particle velocity to within 5% for gap thicknestes of 2.5 wm or

PE R S NN e LB E I TERFE R P SN A S I e WO TOE LYOC W R R T 2 S B R B 5 AT ST 3

Table 1. Gap pressure P, calculated from particle velocity
measurements and compgred with calibration curve Py

. Measured Calculated Calibration

¥ Gap Thickness Particle Velocity Gap Pressure Gap Pressure
1 Lg_(mm) u_(mm/ps) _Pg (kbar) Py (kbar)
1 0 2.37 178 213

} 2.5 1.98 (interpolated)  134.6 142

%k 5.0 1.77 113 112

: 10.0 1.50 88 88.5

greater. The reason for the larger discrepancy at zero thickness is that the j

calibration curve was forced to have the value 213 kbar at zero thickness since

that is the value which would be transmitted into the attenuator if the donor

actually achieved the ideal C-J pressure. The shock velocity data also agrees
with the particle velocity data. The smoothed shock velogity versus gap thickness
curve extrapolates to 2 value of 6.25 mm/us at Lg = 0. This gives a value of P

of 171 kbar for Lg = 0, Hindsignt shows us that it would have been more accurate

AR ONNIEICY NN TR -SORSNEI - S ey
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not to mix in this bit of theory, but to rely more heavily on the actual

measyrements. In any case, the steepness of the gradients in pressure, particle

velocity, and shock velocity versus distance mikes the results of the LASL

computation of the shock loading of the PMMA questionable.

Does Gap Pressure Correlate With Critical Initiating Pressure?
Figure 12 compares gap pressure Pg

COMPARISON OF SHOCK LOADING R N R ,
AT 50% PUINT WITr INITIAL against critical initiating pressure P_,
. PRESSURE IN CrARGE ¢l
in] 7 for several cast and pressed explosives
OOI- g !
§ ‘ //Z which are nearly voidless’. The corre-
| o/ R
;:I 1 Tation is good and it 1s linear as far
f i
f.i ‘ as can be determined from the precision
g ——3 of the data. Using P_ instead of P,
PREVSURE AT END OF LUCITL g ch
GAR, $10CK LOADING [ KBAR | N ,
merely compresses the scale, with a

Fig. 12. Gap pressure versus range of Pg of 33 kbar corresponding ©

critical initiating pressure. a range of Pci of about 42 kbar., Figure v
13 compares critical pressure against

ok gap thickness. For high sensitivity (i.e.,
Tow P_;) explosives, the scale in terms 't
3”._ \\0 of gap thickness becomes gre:ztly expanded. ;

o A plot of P, versus the log of gap thick-
ness would be more nearly linear, since yj
T ST the pressure in the attenuator decreases : _
3 g«éﬁn ;; approximately exponentially with distance. ? ;
. If we compare gap pressure for cast V g
S ML IS | T s 5 sl votatess o oo i
' pressure for 50% TMD ammonium perchlorate i g
*'D. Price and 1. Jaffe, ARS Journal, 31, 595 (1961). & j
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which is very porous we find a large compression of the sensitivity scale as can

be seen in the table below.

TN A R T T AT,

Density
Material (g/cmg) Pg_{kbar) Py (kbar)
cast TNT 1.61 31 37
ammonium parchlorate 0.85 15 5

SRR RELLE ET RS M

Effect of Porosity nin Relation Between Gap Pressure and Initiating Pressure

Parosity has a great effect on the gap pressure and critical initiating

In the example above, the effect of porosity did not change the
Figure 14 illustrates the effect

pressure.

relative ovdering, but, in general, it could.

[{‘ of degree of compaction on ten different organic exp]osives+. The measured
gap pressure is plotted against percent of theoratical maximum density.
Note that the curve for dinitrotoluene (DNT) approaches an infinite slope

near 1004 TMD. The curves for the nitroguanidines (NQ-1 and NQ-h) also approach

infinite slopes for high density. This behavior is to be expected for group II

explosives and is an indication of the approach to critical conditions for the

propagation of steady state detonztion. The approach to critical conditions was

confirmed by making a scaled, slightly smaller version of the large scale gap

test. In the smalle- =cale test, the dinitrotoluene and the nitroguanidine
1
In the

Sy

could be dead pressed and could not be initiated with a standard donor.

standard small scale gap test**. almost every explosive thqt has been tested

shows the large increase in slope as 100% TMD is approached.

oL

Whenever a very steep slope appears on a sensitivity curve, it is necessary

to determine whethc: critical conditions for propagation of detonation are being

approached, since approach to critical conditions increases the reguired

A D B i e i ek 53 A

t oo, Price, A. R. Clairmont, Jr., and J. 0. Erkman, NOLTR 74-40, March 1974,

t+ In the standard NOL small scale gap test, the acceptor is confined in a brass v
sleeve which has an inside diameter of 0.2" and an outside diameter of 1". :x i
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initiating pressure and so distorts the

"l sensitivity ratings. Thus, in order lo
.l Mt get a correlation between the NOL smal)
b scale and the large scale gap tests, the

portion of the small scale gap test

-
A —— " a m — —

values where critical conditions are
being approached is not considered.

The curve for high bulk density
nitroguanidine (NQ-h) in Fig. 14 shows
an odd change in slope at about 78% TMD.
It is believed that as the loading density

decreases, steady state detonation is

replaced by low velocity pseudo-datonation.

Fig. 14. Large scale gap test The Tow velocity detonation’ is a
gap pressure P? for pressed charges
of organic explosives. metastable reaction travelling at constant

velocity. It is supersonic, with speeds as high as 4 to 5 mm/us and the energy
release is of the same order of magnitude as the energy released in steady state
detonation (quite enough to punch a hole through the witness plate). The gap test
would have to be suitably insteumented te verify that the phenomenon is, in fact,
due to low-velocity detonation. A similar phenomenon has not yet been observed
in low bulk density nitroguanidine.

The trends in Pg versus % TMD are the same for all porous explosives, both

Group 1 and Group 2. The higher the % TMD, the higher P_, which means the less

g
sensitive the explosive. The more porous the explosive, the more sensitive it is.

* The Tow velocity detonation was observed in NQ-h every time the charge diameter
fell below the criticai diameter for a given density. Sez Lecture #3, this
series, pp. 9-11 for a more complete description.
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—— - The correlation between the large
' T SRR S e ccumancn K
£ scale gap test and the small scale gap
é il o test was used to obtain a gap pressure
i ) f versus density curve for TATB (1,3,5-tri-
}' 5 .l 9 /
. : ,/// ftee amino-2,4,6-trinitrobenzene), one of the
.' a . / DY L MR} .
3 g ol /////’ more insensitive explosives . The only
l"‘v g //I‘ﬂ~fr ',F !
3 .»"M/ / HATSL AJYS) \-n, -l b : d : 'l.r e
, 1 | Mﬁgézgég;gﬂﬁ point actually obtained in the larg
e B scale gap test is the one marked by the
d e
| A e arrow in Fig. 15, The other points
f  S— T TR were obtained from the correlation
g between the small scale gap test and the
; Fig. 15. Gap pressure versus
density for NQ~g,pTATB, DNT, DATB, large scale gap test because the supply
: and TNT.
E of TATB was inadequate for more than one
; L T large scale gap test. Alsc of interest
)
in Fig. 15 1s the compariscn of large
la--*'fifﬁ'fm“ / ) n Fig. 15 is the comparison of larg
! ‘ / ; scale gap test data for two different
- 1
E’Kr / / batches of DATG. The curves agree quite \
& Y :
E well.
v ] Propellants show the same trend as ]
explosives. fFiqure 16 shows data for !
A three propellants at three different g
temperatures (the explosives were all .ﬁ
Y~ n ) W i s ot
‘ PUACENT MANGACTERER BMSITY (%) shot at a condisioned temperature of 25°C) ", i
p Propeilant number II is a simple composite g
; Fig. 16. Effect of porosity on P ) !
of propellants (II - simple compositg; propellant consisting ol ammonium perchlo- R
V, VI - double base). ;
rate and an organic fuel. Tt will not ]
!
T Data in NOLTR 74-40, previously cited. . 8  §
t* D. Price, 1. Jaffe, and G, E. Robersen, Ind. Chim. Beige., 1967, 32 (Spec. No.), y ’i
506-510. i g
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. Fig. 17. Effect of temperature on
P, of explosives (Il - simple com-
pgsite; [II ~ composite + HE; 1V, IX
- double base; VIIT - double base
blus AP and/or Al),

il’«
* FALED AT -8y°C;
S YESTS BETWEEN

|
n*’

B AN -,
S ELED AT -31°c;

N0 TESIS BEYWLEN
-4 am -3t

BSNINAL 3% PRESSURE (KBAR;

.
H ] MS}L‘
Il__“ 1

]
TEMPERATORE (°C)

Fig. 18. Effect of temperature on
Pg of explosives (Ii - simple com-
posite; VI, VII - double base).

T price, Jaffe, and Roberson, op. ¢it.

detonate in the LSGT at 100% TMD but
it will detonate if there is some
porosity in it. The other materials
are double-base propellants consisting
of nitrocellulose and nitroglycerine,
both of which are explosives. These
will detonate in the LSGT at 100% TMD,
but. colloiding of nitrocellulose with
nitioglycerine makes the product some-
what less sensitive than either of the

components separately.

Effect of Temperature on Gap Pressure

Figure 17 illustrates the effect of
temperature on the gap pressure Pg of
explosives’. The materials in Fig. 17
are used as propeliants but the effect
illustrated is the same for any material
in which the reaction rate increases with
increase in temperature -- the higher the
temperature, the lower Pg.

Some materials that exhibit a more
drastic effect with change in temperature
are illustrated in Fig. 18. Materials

II, 1V, and VII failed at the Towest

temperatures but did detonate at higher

A R i e
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temperatures. This indicates that

350K

there was a critical temperature some-
where in between the temperature at
which they failed and the temperature
at which they first detonated. Material
11 failed to detonate at 25°C, and

PETN showed a tremendous increase in
wr SUALL SCALE GAPTEST sensitivity at 66°C. The very large
200 ° variation is an indication of approach
N : . N A to a critical condition.

[7) %
LANMITY, S/CHY

Effect of Particle Size on Gab Pressure

Fig. 19. Small scale gap test for

data was obtained by See]yJr using PETN,

? two samples of PETN, Coarse material The effect of particle size is

! has specific surface of 3500 cm?/g,

3 fine has specific surface of 10,000 illustrated in Figs. 19, 20, and 21. The
b cm-/q.

: a very sensitive explosive, in a porous
' PETN
s} odser- EMALL SCALL o4b TERT form, which enhances its sensitivity, in
: g OENSITY 0,93 & cM'?
! ¥ odool~ MRS the LASL small scale gap test. Figure 19 3
s § . 1
‘ i ool shows the results for fine and coarse 5
o;- \0\\0 ' 1
Foaoal-  * *eq particle size PETN at various porosities. ;
: \'“*‘1~4L:;_~_ ]
srsal- ¢ — In all cases, the coarser material is %
| l | L L more shock sensitive (larger gap thickness i
1000 4000 10000 14005 18000 9
SPECITIC SURFACE, ch' e’ ) é
or smaller gap pressure for detonation '%
i

Fig. 20. Effect of particle size 50% of the time).
in small scale gap test.

sy

s e, o

T L. B. Seely, "A Proposed Mechanism for Shock Initiation of Low Density Granular
Explosives," Proc. 4th Elec. Initiation Symposium, Franklin Institute, Philadelphia,

1963; Paper 27 of Rept. EIS-A 2357.
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In Fig. 20, the effect of par-
PETN

SATURATED WITH Water

L seac oar Tent ticle size is shown by plotting gap

1

thickness versus specific surface area

e
H
\
-]

for a given density of PETN. Specific

TRICKNERS, INCUER

i ’/////,o v 8 cu® surface is the surface area of a unit
s 0 mass of particles, so the smaller the
T e T e T T particle size, the wmore surface per unit
BPLCIFIC BURFACE, CWl e

mass. Again the coarser the material,

Fig. 21. Small scale gap test the more shock sensitive it is.

results for water saturated PETN. 3 ;
The specific surface measured for the The effect of particle size shoun

dry PETN. Precision of the two c s . . .

points at high specific surface is in Figs. 19 and 20 is for materials in

pour -- about 10%. which the pores are filled with air or

a vacuum. When the air is replaced with

a condensed medium such as water, the trend is reversed, as shown in Fig. 21.
Here the coarse material is less sensitive than the fine material. The mechanisms

by which initiation occurs must differ in the two cases.

Seely suggested that, in the case of air filled pores, hot spots can be
formed by the collapse of voids (this mechanism has since been supported by numer-
ical computations). Also large particles can spall {break up) and produce high
temperatures when impacting other large particles. However, if a condensed medium
such as water fills the voids, the collapse of the voids and the motion of the
spalled particles is inhibited. In this case, the most important mechanisms will
be shock compression, friction, and shear, all of which can create hot spots.
Initiation will be enhanced by a high density of hot spots; such a high density
is easier to obtain with a large number of sma:( particles of HE (high explosive)
rather than with a smaller number of large particles of the same HE. Whatever the
mechanism, it is at the explosive particle that the hot spot is located.

Thus in the case of voidless charges of pure cast explosives or explosives

embedded in a matrix of condensed material, the sensitivity increases with

137
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decrease in particle size. The situation becomes more compiicated, of gourse,

in the case of composite explosives with many conporents.

Effect of Composition on Gap Pressure

If wax is added to TNT or to RDX, the¢ shock sensitivity is decreased,

that is, the required initiation pressure is increased. On the other hand,

as illustrated in Fig. 22, if wax is

added to ammonium perchlorate, its shock

1

pressure, the fact that the detonation

e velocity increases at the same time,

and the nature of AP/wax as an oxidizer/

Fig. 22. Large scale gap test
rezuggstor pressed charges of AP
an fuel - ;- : : ; 1 i
145, 86;‘6 —(AP 125/&?1§SZE, s AP an oxidation-reduction reaction is

- AP 145/A1 9C/1G, 7u).

fuel combination strongly suggest that

contributing to the observed behavior

of AP/wax.

Adding aluminum to AP has different effects at different densities as Fig.
23 111ustrates++. At densities below 75% TMD, adding aluminum decreases the
sensitivity (the gap is decreased so the pressure has increased), while at
densities above 75% TMD, adding aluminum increases the shock sensitivity.

Adding aluminum to TNT at high compaction decreases the shock sensitivity as
shown in Fig. 24?+. This is true for both cast and pressed charges. Thus,
the effect on TNT, a group 1 material, is opposite to that on AP, a group 2

material, at high compactions.
t 0. Price, A. R. Clairmont, Jr., and J. 0. Erkman, Combustion and Flame,.17,
.. 323-33¢ (1971). See also NOLTR 69-16.

"t Data in NOLTR 74-40.
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1 s W %
. 3 1 « » provses (N g o 10 0 Bpsad) 4
. FaR © ot KT Luaths WS, put i3 e 0 gsmd )
H v ¥ taet TRT fuithaut HUS, po 13w 1970/0))
Do 5 it :
= 710 AP/AI =
z = Ns&mu ' NN -
] + \ o T .
~
r APL145) B4 o . » Toe ]
b ] 1 L L " - L
4 9 Y 80 90 " d-uv‘::vhf(-nl ¥
% TMD
( Fi, 25, Shock presure (50%)
] Fig. 23. Effect of aluminum on versus draor diameter in NOL large
g the shock sensitivity of AP. scale g1vn tests rov several acceptor
! explosives,
A j
0
«"
O‘E
ast )
sop- . Effect of Donor and Attenuatoy Diameter
r'd
" oo
z Schilperoord’ investigated the effect
3” on gap pressure when the diamceter of the
L]
(-
o donor and attenuator was decreased below
op o= . .
PRESSED __--" the standard size (apparentiy, ¢ . acceptor
e @
.6” . . ,
ﬂ’,.‘r was maintained at the standerd size).
n \ L A Figure 25 shows the rasuits for cast and
0 10 2 X «
PERCENT ALUMTNX pressed TNY as the acceptor. The cast
. Fig. 24. Effect of addiny material is always less sensitive than
aluminum tc TNT at 95% THMD. . - .
LA, | the pressed material, which is to be
. expected., Both curves fiatten out and

U A, A, Schiiperoovd, "The ©ffect of the Physical State of an Explosive in Shock
Wave to Detonation Transition: Theory & Experiments," Presented at Internationale
Jahrastagung 1979, ICT-Korlsruhe, 2¢-29 Jdun2 1979.
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change very iittle as the donor diameter approaches the standard diameter

(50.8 mm). Thus, we would not expect very much change in results if the

diameter were increased beyond the standard size,
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LECTURES ON DETONATION PHYSICS

Lecture #9 - O February 1981

Critical Energy and Pressure for Initiation; Wedge and Gap Test
by Donna Prlice

Notes by Frank J. Zerilli

Critioal Energy for Initiation

The existence of 8 aoritical energy for initiation, a constant for
each explosive, has been proposed a number of times in the past., Some
observed effects of the duration of the shock pulse imply an effect
depending on the energy of the initiating pulse. Walker and Wasley+
made the first quantitative formulation based on the results of the
initiation by projectiles of a tew voidless explosives, in particular,

pex-ghoutt

. They used square pressure pulses of known amplitude and
duration and arranged the experimental conditions so that multi-dimensional
effeats such as lateral rarefactions played no part. Under these restrioted
conditions, they found that there was a critical value of energy per

unit area which the shock must transmit to the explosive before detonation

can ocour.

If the shock is a square pulse of amplitude P and duration T, and

if it produces a particle velocity u in the explosive, then the rate
of work per unit area done on the explosive is Pu (rate of work is force
times velocity, and pressure is force per unit area). Thus, since the

pressure acts for a time 1, the total energy per unit area produced

U F. E. Walker and R. J. Wasley "Critical Energy for Shock Initiation
of Heterogeneous Explosives", Explosivstoffe 17 (1969) pp. 9ff.

H PBX-940Y4 consists of 9U% HMX, 3% nitrocellulose (12% nitrogen content)

and 3% Tris (B-ochloroethyl)-phosphate.
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in the explosive (called "fluence" by Walker and Wasley) is

E =z Put (1)
Sinoce P = Py Uu from momentum conssrvation (where po iz the initial

density and U the shook velooity), we can aluso write

2
P

B o5 At (2)
PuY

For values of E below the oritical value, detonation does not oocour,
The oritical fluence relation has turned out to be a ugeful enginsering
development guide as long as it iy applied to voidless explosives of
the conventional CHNO (oarbon-hydrogen-nitrogen-oxygen) composition.
It 13 not a general relation, however., A number of investigators have

studied its validity for a number of diff'erent materials. The Franch

vorkers de Longuevilla and

4 : ,
. Fuuquignon1 examined a number

wor of materials and some of their
INY
el NM Liuiol results are shown in Fig. 1, in
3 ' which oritionl initiating cnergy
S tow ﬁi'iwﬁfvﬁ?ﬁ’mm-
< €« VEX 3404 fluenoe is plotted agrinat shook
wol- amplitude., Two explosives,
1] .
. l~.~1=u;;;;::*~ PBX~9404 (B in the filgure) and
o \ —msempesa, R -
) 7] 100

slib) Coup B (C in figure) show a constant

. . itical +
Fig. 1. Energy threshold depen- oritical fluence over the pressure

dence on shock pressure. range investigated. Plastic bonded

HMX (curve B) and plastic bonded

RDX (ourve D) show soms variation from conatant flusnve, and the critical fluence

t Y. De Longueville, C. Fauquignon, and H, Moulard, "Initiation of
Several Condensed Explosives by a Given Duration Shock Wave, "Sixth
Sympocium (Intarnational) on Detonation, ONR ACR-221, U.S. Govt.
Printing Office, Washington, D.C., 1978, pp. 105-114.
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k for porous RDX (not shown here) varies even more. The oritical fluence
:x for the liquids, nitrom~thane and molten TNT varies greatly with pressure.
é TATB/Kel~F mixtures also show & strong pressure dependence of the critieal
[\ . ‘ initiating energy per unit area.
Moulard another Franch inve:ﬂ:iga\tor‘,.f repeated sove of the work.
fFigure 2 is a plot of pulse pressure against pulse duration for Coup B3
whioch Moulard determined had a
plisn] 2
wd constant coritical fluence of 140 J/om”“.
\ O - no detonation
\\. @ - detonation The dashed aurve in Fig., 2 was
{. \\Q * somputed using this constant fluence
;Q ’ ;"4\.\\: of 140 J/om®. For points above
!” u I S - the ourve, detonation occurs and,
\-\ for points below, detonation does
1 Y “ u O not owour. However, the situation
jf Fig. 2. Experimenta) sensitivity changes when oylindrical steel
b g;rgﬁaggrsﬁggk*S;SLStzgn_ozocgggogg_ projeotiles of varying diameters are
tory 8- Setopation). The dathed | wsea o snitaase detonation
critical energy fluence of 140 J/em™.) o0 wane paterial. Figure 3 Shows
data for projectile diameters i
up to 15 mm. The values in parenthesis
are the values of the fluence corresponding to the projectile velocity and :
o diameter for a given experimental point. Again, there iz a threshold curve, f
above whioh detonation ocours and below which it does not. In this case, the f
¥ H. Moulard, "A Critical Area Concopt for the Initistion of Solid
High Rxplesives by the Inpast of Small Projectiles, presented at
. the Seventh International Colloquium on Gas Dynamiocs, Aug. 1979,
and to be published in Progress in Aeronautics and Aatrowautics.
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¢ ax) 9 - detonation

o - failure

local critical
energy value in 9
parentheses (J/cm”)}

§

(0e2)
oy~

] 0 G Pl

Fig. 3. Sensitivity curve for
Comp B3 under the impact of
cylindrical steel projectiles.

1
[ (]
MLCIPROC L DIAMETIEN (OM!)

Fig. 4. Diameter effect on

initiating pressure under the impact

of cylindrical steel projectiies.

NSWC MP 81-399

experimental conditions produce

a two dimensional flow, and the
critical fluence is significantly
larger for smaller diameter projectiles.
ke the projectile diameter increases,
tns required fluence decreases

and, presumably, it should approach

the one dimensional aritical fluence

as the diameter gets larger and

larger. Hence, Moulard proposed

“hat the area of the shocked portion

of uhe material as well as temperature,
pressure, and 8o forth must be
included in the variecbles that

affect shook sensitivity.

The faot that tne required
anergy, pressure, or pulse duration
changes witlk the diameter of the
projectile in initiation by projectiles
has been known for a long time.

Figure 4 shows critical initiating
pressure as a runation of reciprocal
projectile diametdr plotted frou

data obtained by WQnogradT aome

years ago.

:F'

J. Wenograd and E. G. Whitbread, unpublished data, E.R.D.E. 1958-59;
also, the Ballistioc Research Laboratory, Aberdeen, Maryland has a
large collection of data of this sort.
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NSWC MP 81-1399

The Wedge Test

Critical initiating pressures are generally determined using cylindrical
charges because this geometry is usally the most convenient. But in
the 50's, Jzatcxc:bs.r pointed oul the advantages of using a wedge geometry
instesd of a cylindrical geometry for studying shock initiation. Figure 5
shows the geometry of the wedge. test. If' the base nngle ot the wedge

; ig sufficlently swall, then the

! txuﬂwum\ AruMiizen shook will reach the slant face
; INITIATOR sanr //’"-f (the face seen in the front view
| \\\ oAb in Fig. 5) before lateral rarefaction
¥ Z
ﬁﬁ?““'// \Rﬁ§t1%:;/ waves interfere. In other words,
,
NANAIER SLATE behavior observed in the wedge
{SHGSK ATTENUATON}
&Egmw 'A&Rzmw is that of the interior of a oylindrical
W EBTAR g o 4 mn t ias charge. Also a continuoua optical
Fig. 5. Wedge test arrangement. pecord of the distance the shook
front has travelled versus time

gan be otained. The shook front

would appear as a horizontal line travelling downward in the front view shown
in Pig. 5. This line is the intersection of the plane shook tt with the slant
face of the wedge. Thus the diatance that the Line has moved down in the front
view 1s proportional to the distance the shook has travelled through the wedga*+?.

An aluminized mylar film covering the slant fsce refleots light into the osmera. !

Tha ahoock alters the reflection, thus revealing its position to the namera. The

camera is a streak camera with its slit in the vertioal plane (Fig. 5b). Thus it

produces the normal streak record showing position versus tlme.

t J. M. Majowlez and S. J. Jacobs, NavOrd 57 ;
- . . E 1 0 M . . . .
NavWeps Rept. 6026, Oct 1960, + Mar 19583 N. L. Coleburn,

11 Note that a nlane wave lena followed by an explosive booster la
vsed to produce a planar shock.

. Run length = & tan ¢ where & is th
- R = 8 the vertical dista
hias moved and ¢ is the base angle of the wadge, noe the Line
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The record obtained showu th¢ initiating shock and the onset and
progress of the detonation. Although this test is muoh more sophisticated
than the large scale gap test, it is still necessary to send in shocks
_‘ of different strengths to get a complete picture. The variables usually
g. measured in the wedge test are: run length, delay tiwe, and initiating
‘; shook pressure. The run length, denoted by Xgs is the distance om
' the initially shoocked suriace to the plane at which detonation occurs.
The delay time, denoted by Tyt is the time interval between the time
: the shock enters the wedge and the time at which detonation occura,

A related quantity is the excess delay tiwe, denoted by A, which is
i the amount by which Ty exaeeds the time which would be required for

the detonation to travel a distance Xgs that 18 A =1, - xs/D where

]
D is the detonation velooity. The initiating shock pressure, denoted

by Pi’ is the pressure in the wedge material just as the shock enters
the wedge. Just as in the large scale gap test, a occlibration must
be wade to deterwine Pi‘ Different pressures are obtained by varying

the explosive booster pad and by varying the mate.ial and thiokness

of the attenuator.

Relations Between Run Length, Delay Time, and Initiating Praessure

Study of wodge test data has led to the discovery of several relations
betweern run length, delay time, and initiating pressure. 1In 1961, the
sensitivity group at NOL examined wedge test data obtained in 1957 by

Jacobs and MaJowiozf using three differient initiating pressures on each
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of three different cast explosives.

linearly with initiating pressure.+

length with initiating pressure.

In 1965 Ramsay and Popolato*+*

In 1963, Jacobs, Liddiard, and Drimmer

It was found tha% the reciprocals
of run length, delay time, and excess delay time all appeared to vary
However, since there were only

three data points for each explosive, the linear variation was not certain.

L obtained much more data on

cast Comp B Wedges and confirmed the linsar variation of reciprocal run

analyzed wedge test data and concluded

that the dependence of log X, on log Pi was linear over an appreciable

0o
| R T
i L _
J coMP, &
] r2 gree
E of—\ | umo?g:u&a&;_
s [ N
[} ] ‘
£ | o -
§ 10 [— " u; Y/ee vt
i rETN
~ L0 y/ee 15 e
o L] 1

L] 0o
PRESSURE  Wbar

Fig. 6. Log-log plot of run

for several explosives.

distance versus infitiating pressure

range for several explosives,

Sinve then, plots of log X versus

log Pi have been referred to as

"Pop" plots. Figure 6 shows their
results., They also Pound that

log Xg varied linaarly with log A

for PBX-9404 as shown in Fig. 7.

These results agree with the previously
observed linear dependence of
reciprocal run length, rceciprocal

delay time, and reciprooal exceass

transit time on initiating pressure.

t D. Price, "Large Scale Gap Test:

pp. 517-529.

k) bR I AW s L L (i, o ARSI

. o . M e LM oy
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As Fig. 6. shows, each type of

Interpretation of Results for

Propellants," NAVWEP 7401, 15 Mar 1961.

t S. J. Jacobs, T. P. Liddiard, and B. E. Drimmer, Ninth Symposium
(International) on Combustion, Academic Press, New York, 1963,

Tt J. B, Ramsay and A. Popolato, "Analysis of Shock Wave and Initiation
Data for Solid Explosives," Fourth Symposium (International) on Detonation
ONR-ACR-126, U.S. Govt. Printing Office, Washington, D.C. (1965).
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100 T 1
DISTANCE ve EXCESS  TiME
for PBX-3404
5| ]
8 .
L
g 10~ ~4
®
8
1 i
ﬂ"u o

0l L]
EXCESS TRANSIT TIME puec

Fig. 7. Log-log plot of run
distance versus excess transit time.

100

L i
~ ’ PRESSURE ve EXCESS TiME 1
for PAX-9404
100

AN S AL R ALE B

PRE:
| B
1

] |
O i ) 10

EXCESS TRANSIT TIE ueee

Fig. 8. Initial pressure versus
excess transit time for plastic
bonded HMX, py= 1.83 g/cm®.
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material has a different xa-Pi
relation and the relation also
depends on the density of the
materisl and the method of preparation.
Figure 8 shows Ramsay and Popolato's
plot of initiating pressure versus
excesy transit time for PBX-9404,
This log ~ log plot is linear
for pressures below 50 kbars,
agreeing with the NOL findings
which were for this lower pressure
region. However, for pressures
greater than 50 kbar there appears
to be sonme deviation from linearity.
Figures 9 and 10 show the
Jagobs and Majowloz data with
reciproocal run length plotted
a3 a funotion of initial pressure,
Each ourve ends at the left (low
presaure end) at a point whioch
correspondys to the large scale
gap test value of initial pressure
and a run length of about 50 mm.
Note that the position of this
point on the graph is not very
sensitive to the value of the

run length since reciprocal run

length is the quantity plotted.
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The value of 50 mm is reasonable since breakout of detonation is

cbserved in unconfined charges

at run distances up to two charge

.

e diameters. The LSGT charge diameter

is about 35 mwm and it 1s a confined

1 gg,aﬂﬁ;:‘::’ charge. Thus a 50 mm run length
L 1 1 )

s would be in the appropriate range.

L e e
t
< Y
s \

st
[ 4

In Fig. 9, the upper ourve

Fig. 9. Run length deperdence ,
on shock pressure (o - cast pento- represents data obtained for cast
lite, wedge data; o -cast DINA, pentolite using the wedge test

large scale gap test).

and the lower curve represents

data for cast DINA using the instrumented j

gap test (continous wire method). There is an apparent inversion between

the pentolite and DINA LSGT pressures P0 but the pressures are, respectively,

i
11.0 and 11.9 kbar, a difference which is within the five percent precision

of the LSGT calibration. y
Figure 10 shows wedge test data for five more cast explosives. )

The curves for Comp B3 and Comp B differ significantly, although the

"o compositions are nearly the same.
Comp B3 is 60% RDX and 40% TNT,

while Comp B is 60% RDX, 40% TNT ‘ ¥

with 14 wax added. The difference

in sensitivities is probably due

“ to a particle size effect and

[ -
0t batmteld, ¥ fhmi

Fig. 10. Run length versus shock not to the composition difference. f
pressure (o - Comp B3; a - octo) i

e i et e

65/35; A -Comp B; § - cyclotol 75/25; ] The particle size specification 4
e - TNT), all cast explosives. + % ‘
for the RDX component of Comp B3 jﬁ g
T Specifications for RDX are found in MIL-R-398C. k)
L1y
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|
!
% is strict; the average particle size is 58 u with a verv narrow distribution

of sizes around the average. In Comp B, the RDX has a wide range of

particle size distribution; the average size for the Comp B used to

g obtain this data was 130 u. The Comp B3 which has a smaller particle .
i size is more sensitive than Comp B with the larger particle size. (Here,

é sensitivity is rated by run length for a given initiating pressure --

the shorter the run length, the more sensitive the material.) Another

3 example of the effect of particle size is illustrated by the difference

between Comp B (60% RDX, 40% TNT) and cyclotol (75% RDX, 25% TNT).

Although cyelotol contains a greater percentage of the more sensitive

component RDX, oyclotol is less sensitive than Comp B. The average

particle size of the RDX in cyciotol is about 740 y which is much larger
than the Comp B specification and the particle size effect apparently
dominates the sensirivity behavior.

Wedge test data provides two measures of sensitivity: run length

and delay time for a given initiating pressure. But run length and

delay time alone are not dependable measures since, in the case of pressed

charges, run length and delay time decrease as the porosity is decreased, %
yet,'in terms of critical pressure, the more porous charges are easier ;
L

to initiate, that is, Pci is lower, despite the fact that it takes a

little longer run and a little longer time to get to detonation.

i 5 e e i

It is often not possible to compare sensitivities of explosives

i

unless the conditions under which the comparison 1s made are precisely

specified. For example, if the explosives, pentolite and DiNA, in Fig. 9
were plotted on the same graph is those in Fig. 10, their curves would
intersect some of the curves for the explosives in Fig. 10. This, at

a low shonk pressure one explosive may be more sensitive (shorter run

»
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NSWC MP 81-399

length) than another, but at a high shock pressure it may be less sensitive
(longer run length). So a single rating point may be misleading. An
explosive can only be truly characterized by a multi-variable threshold
surface in a multi-dimensional space which includes all the quantities

which affect shock sensitivity.

RELATIONS BETWEEN DIFFERENT GAP TESTS

Confined Versus Unconfined Charges

Let us consider the effect on the gap test results for confined

versus unconfined charges. Figure 11 shows a comparision of the attenuator

thickneas at the 50% detonation
40
F probability point in the standard
large scale gap test with that
+RDX
| w |- ] oot in the same test after the standard
| 5 DINA
| ; confinement has been removed from
)
| § the acceptor.* The result is
; g COMP B
i g surprising in view of the curves
) 0
3
¢ TNT obtained from the instrumented
|
‘ Lae gap test. Figure 12 shows the
game data, but plotted in terms
. . o B of gap pressure P8 rather than
] L) t »
S GAP, UNCONPINED CHABGE ( IN, X 1oY) gap thickness. While Fig. 11
Fjg’ 11. Effect of confinement indicates a very good linear relation 4
0 i ]
ggptggsg?% gap in the large scale between gap thickness in the confined

and unconfined tests, the point

for TNT deviates considerably from a linear relation between

T NOLTR T4-40
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T T T AT ey

pact

RTINS T T

gap pressures as i’ ustrated in

oI Fig. 12. The reason for the difference

I between Fig. 11 and Fig. 12 may

\

& §
¢ = be that TNT 1s the only explosive
s wr
E R ’,,//’// in that particluar group for which
ur ]
£ |~ o the 50% gap thickness is less
E TR % w % @™ ®
Py lhccerron unconrimtn) (uasa) than 35 mm. The gap thickness

of 35 mm 1s the point at which

Fig. 12. Effect of confinement
on gap pressure in the large scale

ap test.
gap the cylindrical axis of the unconfined

the lateral rarefaction reaches

attenuator and produces breakup

of the attenuator. Thus, for

the cther explosives inh this group, breakup has occurecd in the attenuator;
that, in turn, ray have some effect on the nature of the transmitted
shock. This is another example which shows that it may be unwise to

use gap thickness rather than critical pressures in comparing explosive

g; shock sensitivity.

Large Scale Versus Small Scale Gap Pressures

Figure 13 shows the small scale gap test gap pressures plotted

ﬁﬂ against large scale gap test gap pressures for several explosives.

The shaded area is a region lying beyond the original region of calibration

(recall that the original calibration was done by measuring shock velucity

as a function of thickness and the shock velocity could not be méasured well at

-~

t NOLTR T7U-U0
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saall thicknesses). Since almost 3
; all zaterials tested in the suall .?
A3 QUTHuat ChLBALTION 1 :
v b 4
‘ / =cule gap test+ show 8 very 2sharp b
i i ‘ 3
{ increase in the regquired initiating (3
n K
i
// pressure (indication of approach s
4
jot Lo eritical conditions) as they !ﬂ
! i
g approach zero porosity, only charges ‘%
- b q
witn 6% or greater porosity have i
i3
A been included in the graph nf iﬁ
3 E Fig. 13. i
&l 2 :
3 R - L L — The diamend shaped data points in Fig. 13 %
R U, 7, bt o
lfil are for two charges of low bulk density ¥
i Fig. 13. Correlation hetween , o ,
: small scale and largs scale gap test nitroguanidine {NQ-%). High bulk density g
k| (range in %TMD: + RDX 85-92; & CH-61 ‘
w? 81-90; ¥ EPM-2 92; @ TNT 22-94; nitrogranidine (NQ-h) is nol detonable in g
EL O DATB 66-93; ¢ NQ-1 50-72; @ Tetryl

b 82-45; X TATé 94)? i the srzll ccale gap test, nor is low bhulk
14
13

density nitroguenidinc of porosity lower

than about 28%. Hence it seems

2

Sioones o
TR

likely that the lower porosity nitroguanidine charge whose data point

1ies atove the curve (and whose smsll scals gap pressure could not be

very precisely determined) lies where it does because the charge is
approachling critical conditions. TATB, whose data roint isg represented

by a cross, is sc insensitive that it lies beyond the calibrated range.

Comparison of NOL and LASL Gap Test Results i

In order to compare the NOL large scale gap test results with gap
tast results from another laboratory for which calibration information
is pot available, the only recourse is to compare values of the attenuator

thickness Légat the 50% probability of detonation point. This is the

L ZL T B

R Pl

situation with gap test results reported by Los Alamos Scientific Laboratory.
A

o
' Small Scale Gap Test: brass cylinder with 0.2" i.d., 1" o.d., standard y
RDX doncr. S
153 g%
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The LASL large scale gap test uses an unconfined acceptor with 40 mm

diapeter. The NOL large scale gap test without the standard asleeve

h uses a 38 mwm diameter charge. The major differences between the LASL
and NOL standard tests is the use of Dural as the attenuator in the
LAS. test and the confinement of the acceptor in the NOL test. Both
laboratories seem to be able to reproduce their castings and the large

4 ccale gup test results on them. For example, from five different batches

of 50/50 pentolite, NOL reported L.g = 278 + 6 cards, and similarly,

from eight batcnes of cyclotol 75/25, LASL reported Lg = 172 + 8 aardsf.
However, the correlation between the results of the two laboratories
varies with the nature of the charges. For cast charges it is good,

for presseu charges it is poor. Thsre are seven cast explosives common

to both laboraties' data and these are compared in Fig. 14. A reasonably

good correlaton jis shown. The

L 9//’ NOL gap thicknesses are consistently :

o Ut a little larger than the LASL i

5 gap thicknesses, but this is not }

g wop- 4 surprising in view of the different 3
i attenuator materials used by NOL

(PMMA) and LASL (Dural). To make

&
T
. o AP

a proper comparison, wamples from

the same batches of the same materials,

. et

— S —
0 10 Bt

LANL GAP (N, « 191

g..

prepared in the same manner, should

be tested at the two laboratories,

Fig. 14. Comparison of NOI and
LASL large scale gap thickness for
seven cast explosivcs.

but this has not been done.

EERONE S “NINES I S R =R V-

’
&
o

M. J. Urizar, S. W. Peterson, and L. C. Smith, "Detonaticn Sensitivity 'i%
Tests," LA-T7193-MS, April 1978. See alsc¢, NOLTR T4-40. TR
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A correlation for pressed

; charges 1is more dubious. The
i OPEN CIRCLES: PALRSED AT I%C
‘ SOLID CIACLES: ROT PREMSID
t g 4 available data is shown in Fig. 15,
g i..— At LASL, the charges are generally
[+}
S . )
g g ; pressed in heated molds while
ii ' 9:n at NSWC they are not. TNT is
: al-
f the only explosive prepared in
/" Na
. ° heated molds at both laboratories.
3‘ 4 " o 1| The LASL data for DATB was frou
LASL GAZ (iN. u V0T
: a charge pressed in a heated mold,
¥ Fig. 156. Comparison of NOL and
' LASL Targe scale gap thickness for but DATB is one of the less temperature
pressed explosives.

gensitive materials. There are

differences in the sensitivity

ratings of the two laboratories.

For example, explosive D (ammonium

high
wl- poroa"iﬁ\‘/'o /‘ picrate) is distinctly more sensitive
o than DATB according to the NOL
° data, while there is little difference
00}
t low porosity between them according to the
i LN
3 LASL data. ;
1
sk R The poor correlation does a
not seem to be entirely due to the ;
temperature of the mold. Figure 16 ‘é
— — I - i AN
' L el - shows a comparison of data for TNT j
3
. , . har ressed at 25°C to var {
Fig. 16. Comparison of NOL and | °'7 8¢% Pressed a 25°C to varying i
LASL large scale gap thickness for | 4 ‘ 4
r ty. -
porous TNT, pressed at 25°C. egrees of porosity. Superimposed )
- ) is the straight line fit from Fig. 15. } j

The lcow porosity charges show
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NSWC MP 81-399

comparable reaults at both laboratories.+ However, there is little
variation in the LZSL gap test results with varying porosity, wnile
there ig signitficant variation in the NOL results.

Tn the next lecture, the relationships between critical dlameter

and critical initiating pressure will be discussed.

+ Note that cast explosives, which alsc show comparable results at
both laboratories, have low porosity typically 5% for air melt and
cast and 1% for vacuum melt and cast. The cast explosives tested
at NOL were air melted and ocast.
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LECTURES ON DUTONATION PHYSICS

LECTURE #10 -~ 9% MARCH 1981
CHARACTERIZATION QF SHOCK SENSITIVITY
by

DONNA PRICKH

Notes by Frank J. Zerilli

Effect of Envivonment and Phygical State on Ciitical Diameter and
Initiating Fressure

We have seen that c¢ritical diameter and critical initiating
pressure are inter-related and both are functlong of many variables
and, in particular, are functions of the tegt design. One cannot
obtain the critjcal initiating pressure by measuring the critical

diameter or vice-versa. They are both aspectsg of the complex

property of shock sensitivity.

Table 1. Effect of parameter change | maple 1 summarizes the effect of
on values of critical diameter d
gndcriﬂca1 initiating pressure two environmental, two physical
ci®
VARIABLE LFRECT ON state, and two compositional vari-
INCREASED % 1 Fa NoTES
CONFINEMENT - - ables on critical diameter and
TEMPERATURE - -
pressure, Increasing the confine-
FOROSITY + ~ GROUP Y
N I B t decreases both critical
PARTICLE SiZE + - PFOROUS HE men ecreases © critica
+ 4 VOIDLESS, GR 1 - . . .
WA N ; GROUP 1 diameter and critical initiating
- - AP
%Al - . GAST TNT pregsure. So does increasing the
Ni + GBRANULAK TNT
- - AP AT > CO% TMOD temperature. Increasing porosity
- + AF AT € 74% TMD
KEY decreases critical diameter and
+  INCREASES
" ﬁﬁﬁ%ﬁinm. pressure for Group 2 explosives
but increases critical diameter

while decreasing critical pressure for Group 1l explogives, Increasing

particle size produces increases in these two critical parameters for
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voidless Group 1 explosives, but produces opposite effects on the

two parameters for porous explosives. Addition of wax increases

both parameters for Group 1 explosives but decreases both parameters .

for Group 2 explosives. Thus, the results summarized in the table
show that there is no yenerally valid relationship between critical
diameter and critical initiating pressure although there are relation=-
ships in specific cases.

Figure 1 illustrates ore trend ¢! the many different relation-

ships*. 1In this case, Group 1 explosives, the c¢ritical diameter

(a) GETONABIITY (b) SHOCK SENSITIITY
~ ;
2 N A

| U S l bi !
: (150 ) 1501 i

o 4

(] !

g s 2 o} ? !
ch ONT e { !
10u) ' z

’ : j

:* S0 ) !

"}- - el

TNT . ” o
102004} .

) 4 i T s Lm‘ 0 J P j

¢ & 70 8 90 00 (1] 70 % 90 100 -l

% TMD %70 ) f '

Fig. 1. Correlation between critical diameter and critical initiating ' ;
pressure for Group 1 explosives. Solid points are cast materials, open !
points are pressed materials. /
a,‘

P e e 5

Gap Test III", NOLTR 74-40,8 Mar 1974; D. Price, J. O. Erkman, A. R.
C;a;rmont, Jr., and D. J. Edwards, "Explosive Characterization of
Dinitrotoluene", Combustion and Flame, 14, 145-148 (1970).

3
4
i
]
: . |
*D. Price, A. R. Clairmont, Jr., and J. 0. Erkman, "NOL lLarge Scale !
{
j
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dacreages and the critical initiating pressure

increases ag the

explosive is made lesgs porous (increasing percentage of theoretical

waximum density) .

T R ¢ jus]
&

-

Fig. 2. Correlation between
critical diameter and critical
pressure for Group 2 materials,

Figure 2 illustrates the relationships for Group 2

materials*, 1In this case, both
critical diameter and critical
pressure increase with increasing
crercentage of theoretical maximum
density. The effect in critical
diameter is the opposite of the
effect for Group 1 explosives.

Relation Between Critical Diameter
and Critical Pregsure

There is also a smooth relation=-
ship between critical diameter and
critical pressure for a composite
explosive mixture when its composi-
tion is varied continuously or for
a single pure material when one of
its physical parameters is varied
continuously. 'INT is a good example.

Since it is a chemically homogeneous

and it offers as wide a range as can

be found among explosives for the different physical forms in which

it can be used.

It can be used in the form of porous charges of

different porosities and varying initial particle sizes, in the form

*D. Price, A. R. Clairmont, Jr., and J. O. Erkman,
Flame, 17, 323-336 (1971).

Combustion and
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of cast charges with several different casting methods, and also in
the form of a single crystal.

Figure 3 shows typical curves of gap pressure versus percent
T™D, for several explosives*,

for granular (pressed) TNT and the data points (c¢) for cast TNT

NSWC MP 81-399

Few explosives offer this variety.

0f particular interest is the curve

(c) are for cast TNT charges.

w0t NG
(]9
npe ,
£
«® w0}
g ®
o
g e
INT (S @
.
INY 131348
or o~ o:::“’:o—_::“;a aox*
) i . i | L A i 1 L
] [ » L. (L]
MACENY THEOAETICAL MAXIMUM DIKSITY (%YMD)
Fig. 3. Gap pressure versus %TMD for several explosives. The points

charges.

represents a casting having a very high gap pressure, approaching the
gsingle crystal initiating pressure.
castings were made using the same processing schedule.

cast charges'range of densities overlap that of the pressed charges,

*Data from NOLTR 74-40, cited previously.
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One point, with the upward pointing arrow, is off scale and

Except for this one, all the
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there is not a significant correlation between the initiating pres=-
sure and the density as there is for pressed charges. This is because,
in pressed charges, the voids are uniformly dlstributed, while in cast
charges, there is likely to be a concentration of large voids having
little or no effect on the behavior of the adjacent condensed medium.
Percent TMD is not a very useful indicator of shock sensitivity in
the nearly voidless plastic bonded materials either.

The curve of gap pressure versus percent TMD for pressed TNT
and the scattered data lying above the curve for TNT castings sug~
gested a continuous variation in gap pressure with physical state.

Table 2, below, containa a summary of the data available for INT*,

e

]
Table 2. Sensitivity Data for TNT. Initiating pressure is for
diameter » three times critical diameter.

Critical Initiating
Form of Charge $TMD Diameter Pressure
(mm) (kbar)
Pressed at 71.5 7 11
259¢ 98.0 2 25
Pressed _at 99,2 ca 8 -
72~76°¢
Cast
melt cooled rapidly 98.0 14 30
creamed cast 97.5 25.5 43
vacuum cast (Yorktown) 98. 35 78
poured clear,cooled
very slowly 97.5 >38 -
Single Crystal 100 >38 >125

*D. Price, "Shock Sensitivity, A Property of Many Aspects," Fifth
Symposium (International) on Detonation, ONR ACR-184, U.S. Govt.
Printing Office, Washington, D. C., 1972, pp. 207-217.
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The materials in Table 2 are arranged in order of increasing homo-
geneity starting from very porous charges pressed at ambient
temperature, through hot pressed charges*, various types of casting**,
up to the single crystal. The critical diameter at first decreases
with increasing density, reaches a minimum, and then starts increasing.
The hot pressed material bridges a considerahle yap between the
granular and the cast charges. The very slowly cooled casting was
tested up to 38 mm diameter with negative results; the critical
diameter for the single crystal must be greater than that for the

very slowly cooled casting. Also, the single crystal presumably

would require a greater critical initiating pressure than that measured
for liquid TNT which is 125 kbar.

Data for hot pressed charges have been published by Rempel**x,

! 13 -
*"M\I
o) g
2‘ / - W0k
1ot a\ / he
a /
sk 6} rarLune
/ 8 =
1Lé l.l‘l l.lﬂ l.lt! l.; l.J“ 1 “ 1:’;
#, okee) * ¢
Po
Fig. 4. Detonation velocity versus Fig. 5. Critical diameter versus

density for hot pressed TNT (Rempel,
1969). gggggfy for hot pressed TNT (Rempel,

* TNT has a melting point of about 81°C and it flows easily under
pressure. So pressing at a temperature of about 5°C under the melting
point results in a very different charge from the ccld pressed one
even though there is only one percent difference in porosity.

**See Lecture #6, this series, p. 2.

***G, G. Rempel, Zh, Prikl. Mekh. Tekh. Fiz. 1969(2), 83-86, through
translation journal.
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He studied the range of densities close to theoretical maximum density
of 1.654 g/cm3. As Fig. 4 shows, there is a normal trend of increasing
detonation velocity D with increasing density until critical conditions
are approached and then D decreases. Figure 5 shows the critical
diameter versus density in this range. The data joined smoothly to the
data for pressed charges and castings given in Table 2.

As a result, it was proposed* that there is a continuous relation-

ship between critical diame*er and critical initiating pressure, as

depicted in Fig. 6, below. The porous charges have many branches

60
-
2f- et
- - - -
o HETERO, CHARGE PR HOMO. CHARGE
HETERO. IGNITION - HOMO. 1GNITION
d; (mm} HETERO, & HOMO. HOMO, REACTION
- REACTION
a-
10— /
&/
0 1 1 L i 1 1 Il 1 1 1 A

i
10 20 30 40 50 60 70 80 90 100 110 120
P, (kbar)

Fig. 6. Variation of critical diameter with critical initiating
pressure for several forms of TNT (cold pressed charges: O coarse,
® fine; hot pressed charges ——; voidless cast charges © ;
extrapolation - --),

depending on the particle size. Two branches are shown in Fig. 6,

the lower for fine TNT and the upper for coarse TNT. The branches
coalesce at the point where Rempel's data for hot pressed charges
begin (the dashed portion of the curve). Following Rempel's data

are the data for cast TNT and the extrapolati-- toward single cryscal

values.

*D. Price, "Shock Sensitivity, A Property of Many Aspects", op. cit.
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oy in gap thickness with variation in

o T T

SO0% POINT (i)

e

1 ! | J 1
0 » 45 8 o ™ »
PRESSING TEMPERATURE (*C)
Fig. 7. Gap sensitivity versus

pressing temperature for TNT at
1.595 g/cm3.

- critical diameter curve. But,

POINTS POR

-— 10
AV 0% Tl

/
/ ——
wk T
' i .
[] n ”
. RN Py e}
Fig. 8. Critical diameter versus

gap pressure for Group 1 explosives.

densities.

* M., J. Urizar, S. W. Peterson,
Tests", LA-719§-MS, Apr 1978.
** pData from NOLTR 74-40.

in general,

NSWC MP 21-399

Gap test data published by LASL* shows a continuous variation

the pressing temperature of 'INT. -

The data, shown in Fig. 7, extrapo-
lated smoothly to the data for cast
TNT.

There seems to be no question
that there exists a smooth contin-
uous critical pressure versus
critical diameter curve as long as
one deals with a single material in
different physical forms. Systematic
changes in composition of one com-
ponent of a mixture also produce a

smooth, continuous critical pressure

the curves obtained for one

material do not give useful information about comparable curves for a

different material,

Figure 8 shows a set of curves
of critical diameter versus 50% gap
pressure for Group 1 materials (TNT
and low bulk density nitroguanidine)
and materials that are predominantly
Group 1 {(dinitrotoluene and high
bulk density nitroguanidine)**, The

individual curves were obtained by

pressing porous charges to differing

The dotted line connects the data on each curve corresponding

and L. C. Smith, "Detonation Sensitivity
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Fig. 9. Reciprocal of critical
diameter versus gap pressure for
Group 1 explosives.

(=0 0 THO DATA) WuA

nl-

»
208 PRI 1, e}

Fig. 10. Critical diameter versus
ap pressure for Group 2 explosives
?I - AP/A1/wax, 62.5/18.75/18.75;
II - AP/A1/wax/HMX, 50/15/15/20).

*NOLTR74~40, previously cited.

to 85% TMD. As Fig. 8 shows, there

is no evident critical diameter versus
50% point gap pressure correlation

at constant % TMD, If the reciprocal
of critical diameter is plotted versus
gap pressure, as Fig. 9 illustrates,
Group 1 materials produce straight
lines and partly Group 1 materials
produce straight lines in their Group
1l behavior region.

Figure 10 shows critical diameter
versus 50% point gap pressure curves
for Group 2 explosives: ammonium
perchlorate at two different particle
sizes, ammonium perchlorate and wax
with two different compositions, high
bulk density nitroguanidine, and two
nropellants containing ammonium per-
chlorate and aluminum*, The data for
a constant 80% TMD are indicated by
an arrow. Again, these data do not
have a smooth relationship from ex-
plecsive to explosive.

In one more attempt to find a
relation between critical diameter and
initiating pressure, the log of critical

diameter versus gap thickness was

plotted for two sets of data: one

185
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) obtained from the LASL large scale gap
e e cunen test plus critical diameters which had o
H been measured separately and on differ-
AN
*mvmu .
s § ent batches of explosives, the other !
- set of data obtained from the NOL large
[e T
% n+numt; scale gap test*. The LASL data are
S shown in Fig. 11 and NOI data are shown
T *” in Fig. 12. The squares represent
pressed charges and the circles repre- i
LI
4*]m.J_4*; - sent cast charges. The LASL data for
Fig. 11. Log critical diameter the pressed charges lie very opproxi=-
versus gap thickness, LASL large
scale gap test data. mately on a straight line but none of
the cast charges do. In the NOL data,
o wrm the pressed charges excluding NQ(HBD)
g:num.muw
o don o lie pretty well un a straight line,
N L but again, none of the cast charges
LE ont come even close to any sort of smooth
28 YRITONAL
) G curve.
J wn -?cunol.
ve o A number of investigators are
20p © PINTOLITE
06*“ b LT beginning to consider the ignition
process as a separate step from the
N Qm subsequent build up and propagation
of reaction. Frey** has studied the
O b
" ' = 4 projectile initiation of explosives
It . s ’
by means of pressure-time records ob-
Fig. 12. Log critical diameter '
versus gap thickness, NOL large tained from pressure gauges and vel- .
scale gap test data.
ocity~time records cbtained optically.

*LASL data from LA-7193, previously cited, NOL data from NOLTR 74-40.

*¥* R, Frey, P. Howe, J. Trimble, and G. Melani, Tech., Report ARBRL-

TR~02176, Jun 1979. |
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g He found that initial particle size had a different effect on the two

processes of ignition and build-up. The larger particle sizes favored

i e T B e et it E

oo ignition but not the build-up phase whereas the smaller particle sizes
favored the build-up process. Lee* and associates, now studying numer-
ical modeling of the deflagration to detonation transition, have also
used a separate criterion © »r ignition and reaction build-up. They
have succeeded, in the case of PBX-9404, in reproducing quantitatively
the transient pressure and particle velocity versus time dependznce
that they measured experimentally. The NOL gap test, at an effective
diameter that is greater than or equal to three times the critical
diamater, provides conditions that arc extremely favorakle to reaction

huild-up, once the reaction has started. 1In that sense, the gap test

o old enr Y R ime W e Tu i,

can be regarded as a test of ease of ignition under shock. Similarly,
in measuring critical diameter, a powerful booster is used. Conse- H
quently, the testing conditions are extremely favorable for ignition

so that the critical diameter measurement can be regarded as a measure

of the ease of build-up and propagation.

Retrospective and_Summary B j
The critical diameter is a function of temperature, initial
particle size, loading density, confinement, composition, nature of
explosive, and critical initiating preysure, as well as a number of
other variables that we may not have recognized. The critical initiat-~
ing pressure is a functi . n of temperature, varticle size, loading
density, test dimensions, confinement, composition, nature of explosive,

and the ratio of test diameter to critical diameter, Both are

*L. Green, E. Nedick, E. Lee, and Z. Tarver, Proceedings of Inter-
national Symposium on Behavior oif Dense Media under High Dynamic
Pressures, CEA, Paris, 1978, pp. 115-12¢
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manifestations of the shock sensitivity of the explosive. Shock sen-
sitivity is an extremely complex characteristic of explosive materials
such that no single test value can represent it adequately*. A
complete characterization would require a multi-variable surface since
we must allow for all types of chemical rezctions induced by shocks

of all strenghs and all possible pressure time profiles. All of the
shock sensitivity tests we have examined are related and there is
definitely a relationship between the large scale gap test, the wedge
test, and the instrumanted large scale yap test. Finally, there has
been so much emplasis on critical diameter and critical initiating
pressure that the other critical parameters such as density, tempera-
ture, and particle size are apt to be neglected until it is necessary

to explain an accident or an odd experimental result.

*Data for comparison of shock sensitivity of various explcsives may
be found in NOLTR 74-40, cited previously.
168
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LECTURES ON DETONATION PHYSICS
Lecture #11 -- 23 March 1981
by
| SIGMUND J. JACOBS
. Notes by Frank J. Zerilli

Detonation Pressure

Estimating Detonation Pressures

In the period 1942-1944 detonation pressures were

calculated by means of the Halford-Kistiakowsky-Wilson equation

1.

of state. In the work of Brinkley the calculated pressure

for cast TNT was about

170 kbar, and the question

was, how accurate is
e this value?
If the detonation

velocity is known, one

b Sl e R S e N b N A E T B e B A S i s A T T

g oy e can put an upper limit
to the detonation pressure

by using conservation 4

y v of mass and mamentum. :
aciric v © ) ;

Figure 1 shows the Rayleigh . 4

Fig. 1. Rayleigh line in a

P-V diagram. line T ¢

p_\? o

v - (& () -

o o 3

§

v plotted in the p~V plane. D is the detonation velocity {

RS I

and V, is the initial specific volume. The intersection

EATRC S M

+See “Principles of Explosive Behavior," Engineering Design
Handbook, AMCP 706-180, U. S. Army Materiel Command (1972)
po 7"1.8-

e e AT
e

169

i AR -




WSWC MP 81-399

of the Rayleigh line with the pressure axis (infinite compres-
sion) gives an upper limit to the detonation pressure:

)2
p={-’,: (2)
For cast TNT with a density of 1.6 g/cm3 and a detonation
velocity of 7 km/sec the limiting pressure is 78.4 GPa
(784 kbar).
The Chapnan~Jouguet condition -~ that the flow at the
end of the reaction zone must be scnic -~ leads to a further

restriction., The relation

¥ \Y/ Y
i AL (3)
1 VO Y+1

follows from the C-J conditicn where ¥ is the slope of the

isentrope passing through the C-J state., Fcr any material

So———

YT >1 (v~ 1.2 for ideal gases at high temperatures). Thus

-

V/Vo < 0.5 and hence the limiting pressure must be half

e A

the p~intercept pressure:

TR T T e 2
S pory

p?
VO

B

1
5 {4)

Piimit ©

This is 29.2 GPa for TNT and if we use a value of 1.2 for

Y we get a C-J pressure of about 36 GPa. The measured deto~

‘I‘i"‘ A

nation pressure is about half of this (20 GPa). : Q

Measurement of Detonation Pressure

Since 1943 several methods of obtaining detonation

c - -
S wA L AR et

pressures directly or indirectly have been developed. One

method infers detonation pressure from the surface velocity } i
imparted to a metal plate impacted by a plane detonation
wave. Still later, in the early 50's, the magnetic velocity o |

measurement method utilizing the Faraday effect was introduced

i
A
S G

by Russian scientists. Another method utilizes the shock
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transmitted into PMMA or water -~ of course orie must know
how to measure the pressure in the shocked material before
being able to infer the pressure in the explosive. An old
method, tried during World War II, was the measurement of
the density of the compressed state by the use of X-ray
absorption. The practicality of the method depended on
the use of flash X-ray techniques which had been developed
much further in Germany than in the USA., The Germans could
produce a flash X-ray of about 0.1 usec duration. R, Schall*
measured the density photographically and used this to estimate
the detonation pressure, but since the density change in a
detonation wave is not very large the method was extremely
inaccurate. Thus, this approach was soon dropped as a way
to cbtain detonation parameters. Another method uses the
shock generated in air by the detonation wave. When the
detonation reaches the air boundary the velocity of the
shock generated in the air is related to the properties
of the isentropically expanding detonation products and
one can obtain a crude estimate of the detonation pressure
from that velocity. However, it is not an exact method

and we will not disucuss it further here.

Free Surface Velogity Method

In the free surface velocity method, a plane shock
wave is produced in a metal plate by the plane detonation
wave and when the shock reaches the free surface of the

plate a velocity is imparted to the surface. Both the shock

fInformation obtained from a German report dating about 1942.
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velocity through the piate and the surface velocity are

measured. Then two simple approximations are made to enable
a calculation of the pressure in the plate and in the explosive.
The first approximation is that the particle velocity
in the plate is one half the free surface velocity.+ Then,
from the impedance eguation (conservation of momentum),
the shock pressure in the plate can be calculated:
p= r,Uu (5)
where Po is the initial density of the plate, U is the shock
velocity , and u is the particle velocity.
To calculate the pressure in the explousive, t:he impedance
of the explosive must be known. The other approximation
is to assume that the impedance of the explosive is pc where
p is the density and ¢ is the sound speed in the detonation
state. But pc alsc happens to be equal to poD where Po
is the initial density and D is the detonation velocity.
The approximation is good if the explosive impedance is
less than that of the metal so that the reflected wave in
the explosive is also a shock and if the reflected shock
is not tou strong so that its velocity is approximately c.
The first experiments to use this method to measure
detonation pressures were done by Goranson and Hc;ust:orfH

at the Los Alamos Sclentific Laboratory around 1944-45.

The data obtained also provided infermation on the equation

"This is equivalent to the assumption that the release isen-
trope in the p-u plane can be approximated by a Hugoniot
relation.

**R. W. Goranson, D. Bancroft, B. L. Burton, T. Blecher, and
E. E. Houston, J. Appl. Phys. 26, pp. 1472-1479 (1955).
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of state of the various solids impacted by explosives. With
the support of Goranson, investigators* at the Naval Ordnance
Laboratory started experiments on measuring detonation
pressures.

Figure 2 shows the manner in which the experiments at

LASL and NOL were set up. A plane wave lenst? produces a

plane detonation wave

in the high explosive

onsive METAL PLATE {ALABHINM)

] sample which, in turn,
produces a shock wave
i cowrLim WTeas
o in the metal plate.
Q =%3 Pins, insulated from
- the plate, are embedded

in the plate, and, as
Fig. 2. Detonation pressure

experiments at NOL and LASL. the shock wave reaches

a particular pin, the

motion of the material

next to the pin closes an electrical circuit and a signal

is recorded on an oscillograph. Typically, there would

be eight pins inside the metal and the same number of pins

outside the metal. From the interior pins, the shock velocity

would be obtained and from the exterior pins, the free surface

velocity would be obtained. ﬁ
Another method which used smear camera optics instead

. of electronics was introduced by Walsh and Christian+*+ at

. +Including D. Mallory, J. Ablard, S. J. Jacobs; see Conference

$n the Physics and Chemistry of Detonation, ONR (1951) p. 82.
1.

See Appendix A for a description of two types of plane %
wave lenses. @
*t5. M. Walsh and R. H. Christian, Phys. Rev. 97, pp. 1544-1556 b
(1955) . i
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METAL
PLAT
X

*—TO CAMERA

=) GENTRAL LUGITE BLOCK
— T-7\SIDE LUGITE BLOGK
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1)"* Inclined Groove
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PLANE WAVE LENS

(a)
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of 172" Lucite,
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o
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7///// Z
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! ) slit
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1]
l [ I(g\gt'.'}g’-‘?:ng':"f%

Fig. 3.

()

Walsh-Christian technique

for obtaining equation-of-state data.

FETMITE
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LASL. The primary purpose was to obtain equation of state

information for the metal rather than obtaining data on

the explosives. The
arrangement is depicted
in Fig. 3. A lot of
explosive is used. The
plane wave lens is eight
inches in diamz2ter and
the explosive is four
inches thick. There

is an inclined groove

cut in the metal plate

and a lucite block faced
with a thin metal shim

with a 10 mil gap between,
The gap is filled with
argon and produces a

flash to record the ar-
rival of the shock. The
half of the central slit

of the multiple slit

camera system which cor-
responds to the groove

in the plate produces

a record of shock velocity.
The other half produces

a trace caused by the

collision of the plate

with the lucite portruding

e
[
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from the groove and thus produces a record of free surface
velocity. The other slits record the time of arrival of
the shock wave at various positions on the free surface of

the plate. This information is used to correct for any

curvature in the "plane" shock.

A typical record would look

like the diagram in Fig. 4.

In order to obtain data at

different pressures, the thickness of the plate would be varied.

s — e s

Fig. 4. A typical Walsh-Christian
camera record.

Fig. 5. Deal's simplified transit
time measurement method.

.f.

Deal+ simplified

the process for obtaining

time
trace from v
\\\\émﬂw1eslit l equation of state data
N for explosives by using
\\“‘~\\h only transit time measure-
— ments., Figure 5 illustrates

Deal's method. The camera
record would show both the
time of arrival of the
shock and the later time

of arrival of the free

/‘/ :mu wr .
// surface at the displaced
central gap, allowing
/N V::::u e .
5o the free surface velocity
SAMERA
to be determined. 1In
7 SHIN
EEE;:""""" this case, the thickness
- b of the plate was varied
L)
AL pLaTe to obtain information

about the explosive rather

than the plate itself,

Second ONR Symposium on Detonation, ONR (1955) p. 209.
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Figure 6 shows free surface
an velocity versus plate

thickness for 28 aluminum

W 0.1 "
cren measured by Duff and .

Paminiive

Houston."' The explosive
was essentially Camp B =--

a mixture of 63% RDX

and 27% TNT. Each data

'l '

¢ S T )1 t
PLATE THICKNESS (1) point on the graph iS
Fig. 6. Free surface velocity the result of between

versus plate thickness for 2S alum-
inum, density 2.71 g/cm3. Explosive | four and fifteen experiments.
is RDX/TNT:63/27, density 1.67 g/cm3.
The graph is the result

of a total of 87 experiments

4
at a cost of about $1500 per shot. The free surface velocity i
drops rapidly with increasing plate thickness untii a plate
thickness of about 1 mm at which point there is a sharp
change in slope to a much less rapid, approximately linear
decrease. The velocity measurements must be made before
reflected waves from the boundaries have a chance to reach
! the surface. This allows about 300 nsec at the smaller plate

thicknesses and about 2 usec at the larger thickresses. The @

b result of the work is that at the inflexion point pressure in .l

PECTBL N e 19

} the metal was 33.1 GPa and the CJ detonation pressure in the

explosive was 27,2 GPa. To obtain these values, the shock
velocity in the aluminum would have to bz known, either from :

measurement or inferred from the free surface velocity using

oo QPR A

the equation of state data of Walsh and Christian.

*Second ONR Symposium on Detonation (1955) p. 225.
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Determining the Detonation Pressure from the Metal Free

Surface Veloci ty

To determine the detonation pressure in the explosive
from the free surface velncity of the metal we must know

the Hugoniot's for the explosive and for the metal. Figure 7

illustrates the sequence of steps. The detonation wave

TR T

in the explosive has

some pressure p, and

1
:)J ’ /L/—‘MTM. HUGON AT FOR
i RIGHT HOVING WAVES . ,
i LS, some particle velocity
PLOSIVE HUGON!OT POR :
: ﬂ’u:ﬁﬁmwk“". u, and this state must
: > EXPLOBIVE HUGOR 10T \ .

g FOR LEFT NOVINS WAVES lie on the explosive

/ g Hugoniot for right moving

\\\\\\ waves which passes through

the state p=0, u=0 (since

the detonation wave repre-

']
PARTICLE VELOCITY

. ) sents a transition from
Fig. 7. Hugoniot's for the deter-

mination of detonation pressure from the state of essentially
free surface velocity measurements.

zero pressure and particle g

velocity to the state pe,ue). When the wave reaches the

explosive~metal interface, a reflected wave is produced

.

in the explosive and a transmitted shock enters the metal.

g

o must lie on the metal Hugoniot for §

right moving waves which also passes through the state p=0,

The shock state PprY

u=0. If the impedance of the explosive is less than that of

the metal, the reflected wave in the explosive is also a

shock, so the state of the reflected wave must lie on an explo- i
il
sive Hugoniot for left moving waves which passes through the a
.
state PgrlUg (since the reflected shock represents a transition . @

from the state pe,ue). Since pressure and particle velocity ! N
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must be continuous across the explosive-metal boundary, the

pressure and particle velocity in the reflected shock must
also have the values Pn and Uns respectively. Thus, knowing
u, and the Hugoniot's, we can determine Pe and ug fram the
construction in Fig. 7.

The construction in Fig. 8 shows the relation between
free surface velocity and particle velocity in the metal.
When the shock reaches the free surface of the metal, there

is a reflected rarefaction (i.e., an unloading) described

by an isentrope. If the isentrope can be approximated by

the Hugoniot then it is

clear from the construction

HUSONTOT FOR RIOHT

g e e that u = ufs/z since the
NS s left moving wave Hugoniot

is the reflection about

#HOCK
TRANSITION

Sy, /

\.::ﬁagnou u:um of the right mOVing

wave Hugoniot. The

approximation turns out to

he a good one because the

Uy
PARTICLE vELOCITY

metal remains in the solid

Fig. 8. Hugom’ot construction for state with little difference
the determination of particle velocity

from free surface velocity. in density before and after

shocking.

Linearized Solution for the Detonation Pressure

The conservation of momentum tells us that, whatever

Pe and u they are related by

e

where Po is the initial density of the explosive and D is
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the measured detonation velocity. 8imilarly, for the metal,
we have
Pn = fomUm%m (7)

where Pom is the initial density of the metal and Un is
the measured (or inferred from Hugoniot data) shock velocity.

The approximation made by Goranson was that the Hugoniot
for the explosive could be assumed to be a straight line
with slope (shock impedance) pc (-pc for the left moving
wave) where p is the density of the detonation products
and c is the sound velocity in the products. From the conser-

vation of mass equation, at the Chapman-Jouguet point,

PD = rcC (8)

Thus we may approximate the left moving wave Hugoniot by
the straight line passing through the point P Un and having
slope - POD:

Po = Py = PoD (ug-up) (9)
Sclving (6) and (9) simultaneously we obtain:

1

Pe = 7 Py + PD up) (10a)
. pm + POD um

ue = 2P D (10b)

o
Substituting (7) in (10) we get

+ 1

Pe = 35 (pomUm + POD)um (l1la)
. P .U + PD

e = mZP Do um (11b)

fo}

The particle velocity up is determined from the free surface

veloci ty Ugeg bv

o3 T N A, ST e, i e

Py J‘-‘;‘&f} =
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Accuracy of the Approximation

The accuracy of the approximations can be judged by
looking at some real curves for pressure versus particle
velocity. Appendix B contains such curves, produced by
H, Sternberg's group, for several explosives and metals
(TNT, Comp B, tetrytol, aluminum, cadmium, nickel, zinc,
and magnesium). Figure S, below, shows the construction
to obtain the relation between the pressure in the explosive
and the pressure in the metal using the Hugoniot's for

crystal density TNT and 24ST aluminum. The slope of the

30 -
) - STRAIGHT LINE
\Slz” APPROXIMATION
20 N
i~ \
& N
w b
g
0
[
w
3
[
10 F TANGENT TO
HUGON 10T

b
-

0 e § S | 5
0 1 2 3 4
PARTICLE VELOCITY (KM/S)

Fig. 9. Determination of the pressure in 24ST aluminum
(density 2.785 g/cm®) produced by crystal density TNT (density
1.65 g/cm3).

explosive Hugoniot at the C~J point is ¢ so that in the
linear approximation we used, the straight line is parallel

to the tangent to the Hugoniot at the C-J point (the dashed
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line in Fig. 9). It is apparent from the figure that the
straight line will produce an overestimate of the detonation
pressus It is possible to get a better estimate by using
this first approximation to the detonation pressure to deter-
mine a value of < (= dfn p/dtnp). Then, using an approximate
equation of state for the ¢xplosive, a better vmalue of the

detonation pressure can be calculated. This prorsess can

be iterated and it is possible to cbtain a value of pressure
t..'h an error of about 1% which is at least as good az the
accuracy of the experiment. Table 1 shows results obtained

by several investigators.

Tab'e 1. Detonation Pressures for Mixtures of RDX and TNT.

Detonation Detonation

Densigy Velocity Pressure

Investigator $RDX $TNT (Mg/m?) (m/s) (GPa) 4
Ablard/Mallory’ 60 40 1.70 7850 28.3 :
Ablard/Malloryt O 100 1.58 6880 18.4 :

A

Duff/Houston? 63 37 1.67 7868 27.2 !

F

Deal® 0 100 1.64 €951 17.8 E
Dea1? 65 35 1.71 8022 29.3 2

1

lONR Conference on Detonation (1951) ?

. 2Second ONR Symposium on Duetonation (1955) @

&'4

3Second ONR Symposium on Detonation (1955) _i

P

th

— .

xy A'. ‘

f The two TNT measurements show agreement to about 4% although 2 i
] Mallory's density was 1.58 g/cm3 and Deal's density was ﬁ o
! 181 % £
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1.64 g/cm3. The three measurements on Comp B were also
in good agreement although the compositions and densities
were slightly different.

A look at the detcnation pressure'data which has been
published will disclose disagreement in numbers by five
to ten percent. A careful critic might rule out certain
data on the basis of the quality of the experimental work.
One could select the best experiments of the past and pos-
sibly get values within cone or two percent for a few selected
materials.

A study of Appendix B would disclose that magnesium

has an impedance close to that of cast TNT or Comp B. So

if magnesium were used for the metal plate, corrections

would be unnecessary. However, since the error in using

aluminum amounts to only a percent or so, the need for the

use of magnesium is an academic question,

The Magnetic Method and the Use of Small Charges

In the early work of Goranson, Duff, and Houston as many
as a hundred experiments, involving explosive lenses of
the order of eight inches in diameter, explosive charges

four inches thick, and perhaps six to ten thicknesses of

T el e an

metal plate, were performed to get data for one material.

e et el R e e e o SN R e W it B L3

At the Naval Ordnance Laboratory, field experimentS were %
i

%l
1i~_ced to ten to fifteen pounds of explosive and later b
* *

«n five pounds in the bombproofs. The result was that four

incn plane wave generators and two inch thickness of explo-

Lpa

sive were used to obtain the data that Mallory reported.

. :
....

There was criticism that four inch lenses and two inch

thicknesses of explosive were not sufficient to produce

182




T £ s 1

WAERARAR A

NSWC MP 81-399
accurate data. However, using the magnetic velocity method,
Dremin and co-workers in Russia have been working with charges
two to three inches in diameter and four to six inches long.
With the magnetic method, the particle velocity as a function
of time for a pcint in the explosive moving with the flow

can be mapped out in a single experirvuent.'r

I-Iayes""r has used the magnetic method to obtain detonation
pressure measurements in a bombproof at LLNL which is limited
to 1 kg of explosive. He has found that conduction in the
explosive produced noise which made it impossible to obtain
as good a rise time on the particle velocity versus distance
curve as is theoretically expected. By putting a small
antenna on the grounded end of the magnetic probe, he found

that he could obtain a much cleaner signal. Figure 10 is

an example of a magnetic
‘hﬂ.l 18 K QRIGING R79IT HOLINA 4D SN
o i VETVION 2 cUTRTP Bw) velocity record obtained
- by Hayes. The rise time
o in the record is a little
- larger than the intrinsic
. gauge rise time so the
excess rise time is con-
ek Jan-"aadt 0t > 51 e )
wanix wearomg ron crors w3 bESA e ceLosna sidered to be a measure
Fig. 10. Velocity gauge record of the detonation front
for HMX/TATB/Lxtane, density 1.876
g/cm3, detonation velocity 8238 m/s. rise time (about 35 ns
in this example).

+S. J. Jacobs and D. J. Edwards, "Experimental Study of the
Electromagnetic Velocity~-Gage Technique," Fifth Symposium
(International) on Detonation, ONR ACR-184 (Aug. 1970).
*fTo be reported at the Seventh Symposium on Detonation,
Annapolis, June 16-19, 198l.
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f Appendix A

; Plane Wave Lenses ,
? I. Early Type Lens

g This lens consists of two explosives with different ‘
E detonation velocities D,y and D, where Dy is greater than

é D,. The detonation wave produced by the detonation in the

g outer explosive initiates the inner explosive at the interface

3 between the two. When

the point of initiation

effective point
of initiation

of the inner explosive
has travelled a distance
r=Dlt, the wave initiated

detonator at the apex of the inner

cone has travelled a

distance ﬁ=02t. 1f the 3

cone half-angle 4 is

:
such that r cos0=ﬂ, then ﬁ

the wave in the inner

Composition B

Dl~8 km/sec cone will be plane.

Baratol
D2 ~ 5 km/sec
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Appendix A

{(Cont)

The detonator initiates a diverging wave in the first

slab of explosive.

This bulges the steel plate which then

U 7%
A X HOAXEI
5 JX S

C XSO
%59, %
KX S

%
2
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initiates a detonation

on the curved face of

the second explosive

slab. If the curvature

is chosen properly, the
wave produced in the

second slab will be plane.
A more complete description
of this and related types
of plane wave lenses

may be found in NAVORD

Report 3620.
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LECTURES ON DETONATION PHYSICS
Lecture #12 - 6 April 1981
Detonation Reaction Zone Length and Reaction Time
By
DONNA PRICE
Notes by Frank J. Zerilli

Early Estimates of Reaction Zone Length

Eyring's equation is representative of several early attempts around the

year 1946 to estimate reaction zone length.

a“d(l“gi—) (1)

;
In Eyring's equation (1), D is the detonation velocity, D; is the ideal detona-

i
tion velocity (the detonation velocity for an infinite diameter charge), d is
the charge diameter, and a is the reaction zone length. About 1954, Wood and

Kirkwood ™" presented a modified relation, given in Eq. (2).

7= 293-(} - —%?t) (2)

In Eq. (2), Z is the reaction zone length and R. is the radius of curvature of
the detonation front. Although the radius of curvature is not often measured,
it is a relatively easy measurement to make so that, if Eq. 2 were established

as a valid relationship, it would be comparatively easy to apply in practice.

*T. Ey;ing, R. E. Powell, G. H. Duffey, and R. H. Parlin, Chem. Revs. 45, 69
1949).

"W, W. Wood and J. G. Kirkwood, J. Chem. Phys. 22, 1920 (1954).
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About 1965, Green and Jamest at Livermore measured the curvature of the

detonation front and the detonation velocity - charge diameter relationship for a )

f number of plastic-bonded HMX's and they found that the reaction zone length Z com-
i puted from Wood and Kirkwood's formula was approximately one seventh the reaction
?¥ zone length a computed from Eyring's formula. Thus, since both cannot be correct,
the question is whether either or neither is valid.

About 1975 Mader and Forest™ did a series of numerical computations from which
% they concluded that the homogeneous reactions in detonating homogeneous explosives

can be represented by simple Arrhenius kinetics, shown in Eq. (3).

%%_= 2 (1 - &)exp(-E,/KT) (3)

In Eq. (3), ¢ is the fraction of material reacted, at time ¢, T is temperature,

k is Boltzmann's constant, F, is the activation energy, and Z is the frequency

factor. Using Arrhenius kinetics they could reproduce the detonation velocity
and pressure for one-dimensional steady state detonation in liquid nitromethane. §
The numerical computations showed that the detonation wave curvature decreased
with decreasing reaction zone length which is consistent with the Wood-Kirkwood
formula. In both the numerical computations and in experiments, the curvature of

the detonation wave depends on the distance the exterior surface of the explosive

e e W SR W N

moves during the passage of the reaction zone. For a given confinement, the

thinner the reaction zone, the smaller the motion of the exterior surface and the

smaller the wave curvature.

RS Py

Heterogeneous detonation behavior, which is the more common situation, cannot

be reproduced by using Arrhenius kinetics. For this situation, Mader and Forest ,

e e Tk

developed a code, Forest Fire, in which a distribution of hot spots is assumed and

A e

TL.6.Green and E. J. James, Jr., "Radius of Curvature Effect on Detonation Velocity",
Fourth Symposium on Detonation, ONR, ACR-126, U.S. Gov. Printing Office, Washington, ;
DC, 1965; pp 86-91.

t1C.L. Mader and C.A. Forest, "Two Dimensional Homogeneous and Heterogeneous
Detonation Wave Propogation", LA-6259, June 1976.
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in which experimental data on initiating pressure versus run length are used
to get an approximation for the reaction kenetics.

Reaction Zone Length Inferred From Experiments

Reaction zone lengths and reaction times can be inferred from the free

surface velocity measurementsJr which are made to determine the pressures in

detonation waves. Some of the earliest

work on this type of measurement was
1o 208

order published by Duff and Houston®™™ in 1955.

Adiabatic

¢
Groin Burning

Figure 1, reproduced from Duff and Houston's
paper, shows the pressure versus distance

structure of a plane detonation wave

Pressure

traveling to the left. The leading plane

is the von Neumann plane with a pressure

Distonce

somewhat higher than the CJ pressure. The

Fig. 1. Two representative CJ plane is the plane defined by the

pressure profiles for the reaction

zone of solid explosives, completion of the reaction. The distance

between is the reaction zone length and the

time the material in that zone takes to react is the reaction time. The upper
curve in Fig. 1 is for a homogeneous reaction which has a long induction period.
The lower curve is for a "hot spot" or heterogeneous reaction which starts at the
front and proceeds more or less uniformly to the CJ plane. Figure 2 shows the
results reported by Duff and Houston using aluminum plates. Shocks were produced
in plates of thickness up to 0.3 inches (7 mm) by contact charges of Comp B, and
the free surface velocity was measured. Duff and Houston pointed out that the

curve of Figure 2 was a reflection of the detonation wave structure and that the

+See S. Jacobs, Lecture #11, this series.

"R, E. Duff and E. Houston, J. Chem. Phys. 23, 1268 (1955). Also in Second ONR
Symposium on Detonation of 1955.
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break in the curve (at 0.0385 in.) should
correspond to the CJ point in the detona-

S eess tion wave. Thus, it should be possible

»
[

to determine the reaction zone thickness
from the position of the break combined

with a knowledge of the relevant veloci-

Surfoce Velocity [(mm/pseci
[ o4
o

U-3.238
+ %*.0388

o
>
1

ties and Hugoniot relations. They arrived

at a value of 0,13 mm for the reaction

30 zone thickness of Comp B and a corres-

o} |

. 2 ponding reaction time of 25 nsec. At
Plate Thickness (in)

about the same time Deal™ published the

Fig. 2. Measured free surface L.
velocity as a function of plate results of similar measurements on
thickness.

several different explosives using plate

thicknesses up to 20 mm.
For a steady one dimensional detonation wave, the reaction zone width is simply
the distance travelled by the material in the reaction zone in a time equal to the

reaction time in a reference frame moving with the wave. So

a=Vvr (4)
where a 1is the zone width, t is the reaction time, and v is the average material
velocity in the zone in in co-moving frame. Transforming v to the laboratory
reference frame, v = D - U where u is the average material velocity in the labora-

tory frame. So

a= (D~ u (5)
The material in the reaction zone has a velocity directed towsvd the detonation

front and, 1ike the pressure, the material velocity decreases from the value

*W.E. Deal, Jr., J. Chem. Phys. 27, 796 (1957). Also Second ONR Symposium on
Detonation of 1955,

194

£, NIt b oo, i N SB35 01 3 5§ 15 Ay s b -
.
L

co e g S LR
it e il S l

SRR TV P S S I ATY, X SPRUR R TA

v

A e A

ST S

iR

o

i

T P




1
il
‘!

T o aa e CRERRRA AL I S i

e iy 0 G S AR LTI 0 S KR Ay e T (R

NSWC MP 81-399

at the von Neumann shock to a smaller value at the CJ plane. From the measure-
ments of Coleburn and Liddiard® we estimate that the average particle velocity
will be about 20% higher than the CJ value,tt Assuming a y-law gas equation of

state we therefore obtain

[
IR
—

-]
N
=
[}
k
1

AN | (6)

Substituting (6) in (5) we get

o
R»
+i1
(o]
no
o
-

(7)

Thus, the reaction zone length is proportional to the detonation veiocity times the
reaction time with a proportionality factor which is a very slowly changing function
of y. For most voidless explosives, a value of y equal to 3 is a good approximation,

SO

a = 0,7 Dt (8}

For y = 4, a = 0,76 Dv and foir v = 2, a = 0.6 Dr. Thus, the factor 0.7 is a
reasorable approximation for a wide range of vy,

In 1959, Stesik and Akimova**ﬁublished a relation between detonation velocity
and charge diameter using a method that could be calibrated with the reaction zone
Tength measurement of Duff and Houston, 'They tested the relation experimentally
an found that it agreed well with the resuits for TNT and RDX and their mixtures
(they did not test other materials). Table I, below, lists the reaction zone widths
obtained by Duff and Houston and Stesik and Akimova, and also zone widths obtained

by Dreminttt using the electromagnetic velocity gauge.

N.L. Coleburn and ¥.P, Liddiavd, Jr., "Hugon1ut Fquations of State of Several
ynroafted Explosives," J. Chem, Phys. 44, 1929-1936 (1966).

TRussian investigators tend tu use a sllth1y higher factor of about 1.25 to 1.3.
TTPLLN. Stesik and LoN, Akimova, Russian g Phys. Chem. 33(8), 148-151 (1959).
AN, Dremin, S.D, Savrov. V.S. Trofiwov, and K.K. Svedov, "Detonation Waves in
Condensed Media", lzd - vo Nauka, Moscow, 1970 English translation (AD751417),
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Table 1. Reaction zone widths measured experimentally. !
: Reaction Reaction
g : Zone Width Time
; Material Reference (mm) (u sec) '
c cast Comp b Duff and Houston 0.13 0.025
_- cast TNT (1.62 g/cm) Stesik and Akimova 0.64 0.15
é pressed TNT (1.62 g/cm3) Stesik and Akimova 0.15 0.034
3
. cast TNT Dremin (EMV) 1.41 0.3
b cast Comp B Dremin (EMV) 1.76 0.32
The two results for cast TNT differ by a factor of two which might not be
considered bad agreement since the EMY method was in the first stages of develop-

ment at the time. However, the results for cast Comp B differ by an order of

magnitude and the discrepancy is still unresolved. The discussion of EMV particle ;

velocity measurements which follows may provide som¢ illumination of the issue, ,1

however.

Particle Velocity Measurements in Explosives

i The arrangement used at NOL for the electromagnetic gauge measurement of 3

particle velocity in detonation waves is shown in Figure 3, below. A plane wave

Ai booster was always used for initiation when measuring particle velocities in
‘ explosives. Primacord was used to initiate the booster so that no metal would

be introduced into the magnetic field region to produce noise on the record. Cast

TNT is relatively shock-insensitive, so the plane wave booster was followed by a

second booster of pressed TNT or pressed pentolite. The purpose of the aluminum

BT S8 s

baffle was to keep the detonation prdducts from the boosters out of the magnetic

field since they also would produce noise on the records. The cross section A-A in

Figure 3 shows the location of the staple shaped foil whose motion produces the '
record. As in the case of PMMA, the TNT was cut into suitable pieces, the foil

was placed in position and the TNT was cemented together around the foil with a

little adhesive and pressure. The first measurements were made on cast TNT and
196




TR = BT T WS TR N s - T ———
VTN :

NSUC P 31-399

sicrion A<A
r——b ~
(2) ‘ Z—RG 58 C/U (b)
3
g T 1
F
5 Lo é /GAGE A c ol
Z 10 M Z
P
CAST 4k
TNT X o
INTERMEDIATE "‘:
HE 4
PLANE
WAVE
AL BAFFLE BOOSTER
CENTERING 3LOCK
|~
e
L | |«— PRIMACORD
A \\ (1/4" DIA) \\
Fig. 3. Electromagnetic v2locity measurement set-up.

—

later measurements were mede on pressed explosives.

Figure 4 shows records obtained for the same shot with two different
oscilloscopes. The duplication is reasonably good. The EMV system rise time
for this set-up with TNT is about 125 ns (compared with 25 ns for PMMA or other
inert material). Similar rise times were found in pressed TNT and other explosives
also. The long rise times are a serious handicap in that they prevent measuring
reaction times of the same order of magnitude or less than 125 ns.

A point that should be made about the Russian reaction time measurements is
that in their publications, the records were reproduced with a height of about
an inch so that the velocity curves showed a sharp break defining the CJ point.
However, when such a record is seen in a larger scale, the sharp break becomes
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— Y TOONIK dd WOF L
o WWLITTPACKATD 17 3CCP

N,
\\“
0.0
(X 1 1 I i ] i 1 1 2 )
0.0 0.2 0.4 0.4 [ ] 1.0 [ 1 1o L. .
T (usiC)

Fig. 4, EMV record: comparison of oscilloscopes.

L XY
- — NO, 1M
13 e NO, M4
tR ] 4
¥
vt
g Tép N_
L
[X] T—
! I 1 i A L L 1 J
*Aa o:: OJ.a K] [X] 1.8 1.2 1.4 1.6 () 1.0

o (#80C)

Fig. 5. EMV record: comparisvon of replicate shots.

a gradual change in slope, as in Figure 4, Thus the problem is to determine the

CJ point since the reaction time can then be read from the record at that point.
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Figure 5 shows records from two different charges prepared identically.
Except for greater ncise on one of the records (shot 144), ihe portions of the
records that are thought to be important agree fairly well.

Determining the CJ Point on the EMV Record

There are several ways to determine the CJ point. One method makes use of
the fact that the ZND (Zel;dovich-von Neumann-Doering) portion of the detonation
wave (the reaction zone) is a steady state flow. Thus records obtained from foils
placed in the charge at different distances from the plane wave booster should be
the same in the ZND portion and differ in the expansion wave portion with the
difference in the detonation run length.

Figure 6 shows records obtained at several different values of distance
in the charge. There is an uncertainty in the time zero point of each record
which has several causes including effects of optics and film sensitivity. But
by shifting the curves of Figure 6 within a reasonable time uncertainty we can
superimpose the early portions to obtain an intersection of the three curves shown,

and that intersection should be the Chapman-Jouquet point.

24

ot L3, 1 MM NO, 1)
1k ——am x +L'e 2504 MM (NO, 132)
—— b 12,7 MM (NO, 135}
0
1l
§|.‘?‘
N
W
o8
0.5 - 1 L i L i I 1 1 J
0.0 0.2 [ R [ X} 0.8 1.0 1.2 14 1.4 [N} 1.0

Fig. 6. FEMV records obtained at varying positi
TNT test charge. ying positions in the
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Examination of Figure 6 suggests another method of finding the CJ point.
The slope of the expansion portion of the curves decreases with increasing
length of detonation run as long as the flow is one dimensional at the axis
(where the foil gauge is located). Numerical computations,as well as the experi-
ments themselves, indicate that the flow at the axis will be one-dimension:]
for run distances up to about one half to two thirds the charge diameter since
up to this point lateral rarefactions will not have penetrated to the axis. For
larger run distances, the flow is no longer one-dimensional and the slope of the
expansion portion begins to increase with increasing run distance. The mathe-
matical solution for the one-dimensional expansion has been given by Taylor+ and
may be fitted to the expansion part of the EMV record in order to determine the
CJ point. Figure 7 shows an example of the fitting of a Taylor expansion wave to

an experimental EMV gage record.

:.4"-
me——n L 2.1 MM INO, W)
| o TAYLOR WAVE FOR 2 ¢ L # 30,1 MM, 1., = 0,80 a$EC
1af Uey " 1S3 MW E, AND ¥ o 3,48 € )
2 mmeme TAYLOR WAVE FORn ¢ # 30,1 WM, 1., 0,30 u8IC
vy * LA MW pitC, AN Tm2 20
:.er—
8] N
i \\
3-.7— { \
» Su
g " .‘-\7:--."‘%
] '+ -
' o~
1l ,
.
I
[] .'
]
]
J
.Jr‘
0.5 —_ L 1 ! . 1 I I J
[ X} 0.2 [ X o4 [ X ) (K} 1.2 1.4 1.4 1.8 2.0

Fig. 7. Taylor wave fit to expansion part of EMV record.

6. Taylor, Proc. Royal Soc. A, 200, 235 (1950)
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The two fits shown differ primarily in the value of reaction time assumed in the
calculation of the Taylor wave. Figure 8 is a sample record for pressed TNT.
When there was only a single record, an estimate of the CJ point could be made by
using the intersection of the two tangents as shown in the figure. Figure 9

shows a similar record for pressed tetryl.

1.1 L T A T Al T - ~T

1.0 MOTE = =25 dum 4

(RS s i
\

0.23¢ -
©.% It 1 1 L 1 A L 1 i
0.0 0.2 0.4 0.4 [X) 1.2 1.4 1.4 1.8 .9

1.0
TIME (s vac)

Fig. 8. EMV record for pressed TNT.

17§ T T T Y

2.28

1.00 A I 1 1
0.0 (X e.2 0.) 4 [X)
Tik.2 (2 3KC)

Fig. 9. EMV record for pressed tetryl.
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& COMMITED VALUL

K HNTEMACE SHOTS TARLE 2 DATA

O ONLY ONE RCORD FOR SHOT

O AVERAGE OF TWO RICORDS FOR SHOT

AVIMGE OF FIVE $HOTS tle

Fig. 10. CJ particie velocity versus run distance
for pressed TNT.

Figure 10 shows the variation of particle velocity with run distance in pressed
TNT. The initial point at zero run distance is computed from the known pressure
produced by the plane wave booster and the Hugoniot for the pressed TNT. The
figure shows the build up in velocity to the steady state value.

This was the state of affairs until 1965 when Craig+ measured free surface

velocity versus plate thickness and obtained the results shown schematically in

Figure 11 for pressed TNT and several
other explosives. He believed that the
first break represents the CJ point and

the second break represents the beginning

FREE SURFACE vELOCETY

of the expansion of the detonation pro-

ducts he could not explain the interval

between the breaks but called it the "decay
ttt

PLATE THICKNESY

in Russia

Fig., 11. Scnematic of Craig's data zone". Petrone++here and Dremin

T L T T L BT S TS R R L S PR N <t

8. @. Craig,"Measurements of the Detonation-Front Structure in Condensed-Phase

Explosives", Tenth Symposium (Int.) on Combustion, the Combustion Inst., 1965: pp.
863-867,

t*E, J. Petrone, Phys. Fluids 11 (7), 1473-78 (1968).

*TA.N. Drenin and K.K, Shvedov, PMFT No. 2, 154-159 (1964)(English Translation),

V. A. Veretennikov, A, N. Dremin, and K.K. Shvedov, Comb, Explo, and Shock Waves
ll (3)! (1965)v
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first claimed that it was the effect of shock reflection from the metal plate back

into the reaction zone., Howeve:, Dremin later showed that aluminum plates about

8 mm thick, shock loaded by the explosive charge, would spall off an outer layer

about 1 mm thick. The first break in Craig's curve occurs at 1 mm. Dremin also

showed, using a series of pre-cut plates, that a smooth free surface velocity versus

plate thickness curve could be obtained with a single break at the location of the

secend break in Craig's curve. Dremin noted that the second break is at 7 mm

which is the maximum plate thickness which Duff and Houston used so that they

would not have seen the second break. He also re-plotted Deal's data and showed

that they too showed two breaks at 1 mm and at 7 mm plate thickness.

Summar

Figure 12 shows reaction zone length as a function of % TMD for TNT. The dashed

curve is €yring's formula, Eg. (1). The box data points are Dremin's EMV data and

the circles are the Stesik-Akimova plate

velocity data. The open points are for

\
\
4 TYRiNG

pressed charges and the closed points
2or are for cast charges. The diamond point
at 98% TMD is NOL EMV gage data. The

normal trend is that pressed charges

b STESIK
AND AK MOVA

exhibit a shorter reaction zone length

—
=]
T

REACTION ZORE LENGTH (M)

8 than cast charges (whatever the measure-

ment method). Figure 13 shows the corre- '

sponding reaction times as functions of

o
: % T™D. In addition, in Figure 13, the

Fig. 12. Reaction zone length

versus %TMD for TNT.~——.___ Russian data for pressed RDX are shown,

LR,

\" s » *
Asn-.umnlfjerences for different explosives tend
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IR
NILIL

time of cast materials are signifi-
cantly larger than those of pressed

o materials.
us b

mEACT 10w TIrES (#3)

The magnitude of the reaction zone

lengths measured by the different

methods do not agree but, at least,

the direction of the trends is the

Fi same; that is, the reaction zone

g. 13. Reaction times versus
#THD for TNT. length increases as the porosity

increases.

The current majority opinion is that direct measurements using an EMV method
is the most promising way to determine reaction times and zone lengths. In our
set-up, a rise time of 125 ns presents a severe handicap especially for voidless

¥ reported that investigators at LLNL

and/or rapidly reacting explosives. McGuire
have improved the EMV method to obtain rise times of the order of 3-5 ns. McGuire
said that Hayes has used the improved method to measure the reaction times for
PBX 2404 and plastic bonded TATB obtaining 12 ns and 50 ns, respectively
(corresponding reaction zone lengths are 0.07 mm and 0.26 nm, respectively). A
reaction time of 1000 to 1500 ns was obtained for a mixture of 80% TNT and 20%
ammonium nitrate. This is the order of magnitude of the apparent reaction time
observed at NSWC in an exploratory shot on ammonium perchlorate at 1 g/cm3.

The most hopeful development for measuring detonation reaction time and

reaction zone length is the recent EMV gage refinements made by Hayes.'rJr

+R. McGuire, at NSWC Energetic Materials Division Colloquium, May 1981.

HB. Hayes and C. M. Tarver, "Interpolation of Detonation Parameters from
Experimental Particle Velocity Records", Preprints 7th Symposium (Int.) on
Detonation, Vol 2, 800-807, June 1981.
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He believes that the end of the reaction is marked by the time at which the
function (d In P/d 1n V) becomes constant. On this basis, he reports T values
¢“ less than 50 ns,over 100 ns, and 3500 ns for PBX-9404, 20y TATB, and a non-
ideal aluminized explosive, respectively. The first two measurements were made
at very low porosities. Many more explosives will have to be investigated and
the range of porosity extended before a good comparison can be made with the

results of other measurements.
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