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Abstract

The sonic reaction zone length may be measured by four methods: 1) size effect, 2) detonation front
curvature, 3) crystal interface velocity and 4) in-situ gauges. The amount of data decreases exponentially
from 1) to 4) with there being almost no gauge data for prompt detonation at steady state. The ease and
clarity of obtaining the reaction zone length increases from 1) to 4). The method of getting the reaction

zone length, <x.>, is described for the four methods.

A measure of non-ideality is proposed: the reaction zone length divided by the cylinder radius.
<Xg>
R,

(]
N = 0 for true ideality. It also decreases with increasing radius as it should. For N < 0.10, an equilibrium

EOS like the JWL may be used. For N > 0.10, a time-dependent description is essential.

The crystal experiment, which measures the particle velocity of an explosive-transparent material
interface, is presently rising in importance. We examine the data from three experiments and apply: 1) an
impedance correction that transfers the explosive C-J particle velocity to the corresponding value for the
interface, and 2) multiplies the interface time by 3/4 to simulate the explosive speed of sound. The result
is a reaction zone length comparable to those obtained by other means. A few explosives have reaction
zones so small that the change of slope in the particle velocity is easily seen.

1. Introduction cylinder radius,

The importance of kinetics is growing in 2) detonation front curvature

descriptions of prompt detonation. Kinetics

includes 1) a pressure spike and 2) a time- 3) crystal interface velocity, where a transparent

dependent release of chemical energy. The slower material confines the explosive, and

is the release of energy, the more non-ideal the

explosive will be. The experimental data always 4) In-situ gauges.

leads to an average sonic reaction zone length,

<x¢>. This comes from four experimental
¢ The available data diminishes exponentially

sources: .
for these four methods. There exists a large

quantity of size effect data , less for the

1) the size (or diameter) effect, where the .
) ( ) ’ curvature, a tiny amount for the crystals and

detonation velocity decreases with decreasing virtually nothing yet from the gauges



Conversely, the simplicity of getting and
visualizing <x,> increases exponentially as we

move from 1) to 4).

The sonic plane is defined by this ratio in

the explosive

. S
Us )

where C is the sound speed, uy, is the particle
velocity and Uy is the wave velocity. For a C-J
explosive, the ratio is always 1 so that the
reaction zone thickness is zero. For a ZND
explosive, the ratio is greater than 1 in the spike
at the shock front and decays to 1 at the sonic
plane, with U, constant throughout. The distance
this covers is <x,>. Moreover, the sonic plane
is supposed to be the C-J point, where all the
explosive has reacted and is in equlibrium but
where adiabatic expansion has not occured. This
is probably an approximation, but it is one we

need in order to deal with the crystals and gauges.

2. The Size Effect

The size effect model assumes that blowout

of the wall is where the enérgy is lost."™ All the
detonation energy, E,, is zero in a skin layer of
thickness R.. The energy in the center (radius

R, — Re) then flows into the skin layer to

support the edge. Also, detonation energy is

proportional to the square of the detonation

velocity as shown in Figure 1 for 18 different
explosives.” Then, we relate the diluted energy

with the skin layer (numerator) to the infinite

Detonation Energy, Eo (kJ/cc)

—T
4 6 8 10
Detonation Velocity, Ug (mm/ps)

Figure 1.The energy of detonation goes as the
square of the detonation velocity. Cylinder
velocities with calorimetric (closed) and
cylinder-fit (open) energies are shown for 18
different C,H,N,O explosives of various
densities.

diameter values (denominator) with

Eo' (Us)z (RO—RC)z
E, D R ©)

!

The last term is a ratio of the volumes. This

leads to

R <X>

oR, 3)

U
S -1 - £ -
D R,

which is the Eyring inverse-radius equation.6

Eyring took R, as being his reaction zone, but

it is the skin layer thickness here. The variable

is used to relate the skin layer to the reaction

direction but <x¢> lies in the axial direction.



Originally, a circular calibration procedure was
used to get ¢, but now the detonation front

curvature is folded in.
3. Detonation Front Curvature

Most fronts have a smooth curve that can be

fitted to 14

L = AR,® + BR, “

where L is the lag. The "average" angle at

R,/2 2172 , <O>, may be related to o so that

R,(1 - U/D)

<X > = .
X sin <@> cos <O> %)

[

The result is that the edge lag is about 1/2 the
reaction zone length. The longer the reaction

zone; the greater the curvature.

The variable ¢ in the size effect is the weak
link in the model. However, it may be obtained
from the few explosives where the size effect
and curvature have both been measured. These

include: PBX 9502, PBXN-111, ANFO and

7-11

70% RDX-urethane. O is a number that

probably is a function of <x>/R,- it decreases

sharply as the reaction zone increases. It also
decreases as the detonation velocity drops away

from D. We use the relation

Non-Ideality, N

2.2
3

(1 - U/D) ©)

4. Non-lIdeality

A questionfoften asked is how non-ideal an

explosive is. We propose the dimensionless

relation

o ™

For an ideal explosive, N = 0. The bigger N gets,
the more non-ideal it is. Also, as the radius
increases the non-ideality falls. This is important

because the reaction zone also increases (as about

Rol/2) )

Figure 2 shows a selection of explosives
ranging over the full spectrum. Both the size
effect and curvature are included. For N <0.10,
an equilbrium EOS, like the JWL, will probably

work. Above , time-dependent burn as in
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Figure 2. Non-ideality parameters for four
explosives as derived from the size effect (closed)
and detonation front curvature (open).



Reactive Flow 1s needed. For N > 0.3, the
explosive is extremely non-ideal. We see that
TATB is "ideal" at large radii but non-ideal at

smaller radii.

5. Crystal Experiments

We return to the reaction zones, which may
be also had from a gun-driven 1-D explosive
with an aluminized surface with a transparent
“crystal” on the other side. The crystal is usually
lithium fluoride but can be potassium chloride,
lucite or a liquid organic flasher. A Fabry or
Visar beam looks through the crystal and
measures the particle velocity of the aluminum
film. LiF and KCI are both close in impedance
to the explosive. We shall first consider the data

of Seitz, et. al on PBX 9502 taken with LiF,

KCl and lucite. 12,13

We are used to thin metal plate velocity
curves with multiple velocity steps upwards.
The crystal, however, is typically 20 mm thick
so that the shock wave never reaches the end
during the measurement. The data is a long first
plateau with declining velocity caused by energy
flowing forward into the rest of the crystal and
by the pressure of the explosive dropping
behind it. If the crystal is long enough, the

velocity will drop to zero.

Figure 3 shows the Seitz data for PBX 9502
in three crystals. The velocities are all shifted by

the impedance differences of the crystals.

The first step is to correct for the
impedance. The Ug-u, coefficients for various

materials are listed in Table 1, with the densities
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Figure 3. Obtaining a reaction zone from the 50
mm thick PBX 9502 data. The horizontal lines
are the calculated crystal C-J velocities. The

times to the intersection points, t., are

measurements of the reaction zone length.
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and impedances p U.. Some unreacted

TATB impedances are included for

comparison.l8 NaCl and KCl are the closest in

impedance.

We can do an impedance analysis on the

first measured point at the explosive-crystal

interface. We use the same impedance equation

used for metal plates: 19-20

o

um
P(spike) = [p,U, + p,, (C,+ Su,)] 7 @

with P(spike) the explosive spike pressure, p,

and p,, the densities of the explosive and crystal,



U, the wave velocity of the explosive, C, and S,
the crystal Us-up coefficients, and u,° the spike

particle velocity at the explosive-metal interface.

Table 1. List of impedances and unreacted TATB.

Co
Po (mm/ Impe-
(g/cc)  ps) S, dance
chloroform 1485 1.51 144 6.5
lucite .18 3.07 130 6.7
LiH pressed 0.75 355 311 173
pressed KCl 199 2115 154 104

single xtl KCl 1.98 241 145 105
TATB superfine 1.81 216 2.30 12.2
TATB mcrnzd 1.81 216 230 122

PBX-9502 190 326 168 125
bromoform 285 114 162 125
single xtl NaCl  2.17 3.56 1.32 134
pressed KBr 2775 193 144 132
LX-17-0 1.90 233 232 132
teflon 224 183 207 134
single xt! KBr 273 156 170 135
pressed KF 249 232 1.65 14.0

TATB purified 1.88 1.66 283 13.7
pressed NaBr 3.17 262 132 166
pressed LiBr 337 262 138 18.1
single xtl Lil 4.02 287 0.89 18.7
pressed Nal 3.68 2.09 158 193
pressed LiF 265 484 147 206
single xtl LiF 2.61 5.07 145 20.8

For metal plates, we experimentally get u *
from the measured free-surface first jump-oft
velocity divided by 2; with transparent crystals,
we measure u,, directly . The ratio of the
measured spike pressure to the calulated C-J
pressure is 1.39, higher than our usual 1.25

rule-of-thumb.?! This number may climb as

experimental resolution improves.

We expect the explosive’s reaction zone to

decline from the spike to the C-J pressure, P

The impedance relation no longer holds after
impact. As an approximation, we calculate the
particle velocity we would have if the problem

had prossessed no spike. This is

g

1 m
Py = [pgU; + ppy (C+ Syud] == )

The parameters needed for calculation are listed
in Table 2 at the end of this paper . The times
on the crystal curve from um°—to—um°j, t, are

shown as horizontal lines in Figure 3, which

average about 0.43 s in length.

The reaction zone information will now
move from the explosive into the interface at the
speed of sound, C = U_ - u, which is roughly

3U/4. The reaction zone length is then

<X> = th = te-4— (10)

This effect is shown in 1-D calculations in
Figure 4 for LX-17 and LiF. The steady state
LX-17 line clearly drops faster than the LiF-
explosive interface curve below it. If we
multiply the explosive times by 4/3, the curve
lengthens out with the same slope as that of the
LiF interface. If we concoct an imaginary
crystal with U, =5.0 +1.4u_, we get a near-
perfect impedance match with the explosive.
This curve is shown overlapping the time-

adjusted explosive curve.

The sound speed given by the JWL used in
Figure 4 declines from 5.7 mm/|ts at impact to



5.1 mm/us 2 mm behind the front, so that the

3/4 we use is an approximation.

2.2

LX-17 4/3 time,
Perfect Crystal

1.6 - interface

Particle Velocity (mm/ps)
=
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Figure 4. The steady state LX-17 particle
velocity (heavy line) decays more quickly in this
cylinder than the LiF interface below it. The
LX-17 velocity with times increased by a factor
of 4/3 are shown by the dashed line with the
gentler slope. The dotted line is the velocity at
the interface of a mythical crystal with exactly
the same impedance as the explosive. This
demonstrates that the explosive speed of sound is
needed to unrave] interface information.

Table 3 lists the measured times converted
into reaction zone lengths by multiplying by
3U/4. The 50 mm thick explosive samples give

results in agreement with the other methods.

Table 3. Summary of reaction zone thicknesses
in mm obtained for PBX 9502 using the three
crystals.

Thickness PBX 9502

50mm 25mm I13mm 3 mm
Measured Distance (}is)
LiF 0.44 0.27 0.16
KCl 0.38 0.21 0.16 0.08
lucite  0.48 0.29 0.20
Reaction Zone (mm) '
LiF 2.5 1.5 0.9
KCl 2.2 1.2 0.9 0.5
lucite 2.7 1.7 1.1

The increase of the reaction zone with
explosive thickness in Table 3 is linear, and it is
taking at least 25 reaction zone lengths to
achieve 2-D steady state. The curves are shown
in Figure 5. A reaction zone length of 4.0 mm is
probably the st';ady state limit. A 1-D code run
shows that the experimental Comp B-Al initator
underdrives the PBX 9502 by 15% and that it
takes the JWL about 10 mm to equilibrate. This

experiment, then, does not promptly initiate.
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Figure 5. PBX 9502 data with KCl and
explosive of different thicknesses. Inthe 1-D
region, the reaction zone grows with thickness.
The radius was 51 mm so that the 50 mm curve
is probably not be at steady state.

It is interesting to note that, accordin g to
our definition of non-ideality, that the PBX
9502 becomes less ideal as the 1-D shock wave
moves into the explosive and turns into 2-D

steady state.
6. Faster Crystal Experiments

We now consider the experiments of



Lubyatinsky and Loboiko and Fedorov,
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Menshikh and Yagodin. These samples are

different in that the decay of the spike is much
faster than that of the confinement. In Figure 6,
the RDX break point between the slopes is easy

to see.

The calculated parameters are listed in
Table 2. Various inputs are estimated from the
text descriptions and are not exact. Table 4

lists the two kinds of reaction zone lengths (from

,i Calculated C-J
E 2.8 2.71 mm/ps
=z
3 Apparent C-J
2 S I ¢ g R
> .
80 mm thick HE
:g 2.6-1
a
40 mm
2.4 T
0 0.2 0.4
Time (us)

Figure 6. 1.67 g/cc RDX particle velocities for
two different thicknesses showing a short and an
apparently constant reaction zone length.

the thickest samples): those from the curve-break
and those from the impedance calculation. The
second group produces zones that appear to be
uniformly longer. The impedance calculations
plus the flat appearance of some of the curves
make further work necessary before this can be

understood.

Table 4. Reaction zones obtained from fast-
reacting explosives.

Reaction Zone
(1s) (mm)

2-curve break

PETN 1.63 0.055  0.25
RDX 1.67  0.05 0.22
RDX 173 'NA

X-9-6S 0.035  0.15
XTX-8003 0.009  0.06
90% HMX 0.035  0.25
50%RDX- 0.035  0.23

50 TNT

impedance method

PETN 1.63 0.18 0.82
RDX 1.67  0.04 0.17
RDX 1.73  0.05 0.22
X-9-6S 0.07 0.30
XTX-8003 0.5 3.4?7  extrap
90% HMX 0.2 1.47  extrap
50%RDX-  0.12 0.87  extrap
50 TNT

7. In-Situ Gauges

Finally, to avoid the many issues of the
crystal, the needed diagnostic for kinetic
behavior is the in-situ gauge. The impedance
calculation now reduces to finding the time to the
calculated explosive C-J particle velocity of 1.90
mm/ys in LX-17, t... Then we have

XS = Ugt..
stee

R, . (11)

N(gauges) =

Figure 7 shows an old particle velocity

gauge output, taken by Paul Urtiew in the

1980’s, of LX—17.25 The measurement was taken

with a copper gauge moving in a magnetic field.



The current produced in the gauge circuit was
directly converted into velocity. The samples
had radii of 38-45 mm and thickesses of 20-30
mm, so that the measured reaction zone of 0.1
ys or 0.8 mm seems too small. Modern high-
speed gauges are on their way.

The crystal and gauge approach offer the
prospect that reaction zones can be directly
measured, but it requires absolute particle

velocity measurement.

22

g
=

Particle Velocity (mm/us)
=

1.6 4 T T
0 0.1 0.2 03
Time ()s)

Figure 7. 1980’s particle velocity gauge results
on LX-17. The reaction zone length is 0.1 |ts and
is probably too short.
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Table 2. Parameters and calculated values for the crystal interface experiments in this report.

Velocity (mm/ps)

Po P, measd caled P
explosive (g/cc) crystal (GPa) U, U, uy umcj (GPa)
PBX 9502 1.89 LiF 27 7.60 826 220 1.60 47
PBX 9502 1.89 KCI 27 7.60 637 273 3.12 34
PBX 9502 1.89 lucite 27 7.60 7.18 3.16 247 27
PETN 1.63 cHcl; 26 783 6.08 3.5 254 28
RDX 1.67 CHCly 29 823 578 293 271 25
RDX L73 cucl; 31 857 6.00 3.09 2.8] 27
X-9-68 1.63 cuci;, 23 7.7 577 292 264 25
XTX-8003 1.52 LiF 18 695 891 265 1.24 62
HMX 90% 1.74 LiF 28 820 9.54 3.08 1.65 77
RDX 50, TNT 50 1.67 LiF 25 7.68 890 264 1.56 61



