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Abstract

The size effect curve for non-ideal behavior is the relationship between the detonation velocity and the inverse radius
of the cylindrical charge. In this paper we discuss the size effect curves obtained by a steel tube test for an ammonium
nitrate (AN)-based explosive. The results for AN and mixtures of AN and activated carbon (AC) are examined. The
composition of AN/AC and the charge diameter are varied from 0.1 to 20 wt% and from 5.7 to 65.9 mm, respectively, and
their effect on the detonation velocity is investigated using curved-front theory. The size effect curve for pure AN has a
point of inflection, and the curve can be expressed as two straight lines. Finally, the size effect curves for AN/AC

mixtures are constructed and formulated for almost the entire experimental region.
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1. Introduction
There are two types of rapid energy release from high-

energetic materials, i.e., ideal and non-ideal detonation. If
the relaxation time to attain the thermodynamic
equilibrium state is very short, the Chapman-Jouguet (C-])
hypothesis can be applied to estimate the propagation of
detonation waves of high-energetic materials. In such a
case, the rapid reaction is called ideal detonation. The ratio
of the length of the reaction zone to the charge radius is
important in determining the detonation behavior. In
general, the detonation velocity depends on the size of the
charge diameter. With increasing charge diameter, the
velocity approaches the value for an infinite charge
diameter. This effect is called the size effect and is one of
the most important research topics related to detonation
physics and remains an unsolved problem. Explosives that
have a strong size effect are called non-ideal explosives
which include industrial explosives, such as ammonium
nitrate (AN)-based explosives, the subject of this study.
The pioneers in this field are Jones” and Eyring et al?.
Eyring et al. summarized the detonation velocity for

various charge sizes as a function of the inverse of the
radius using curved-front theory. Since then, non-ideal
behaviors have attracted many researchers of detonation
physics, and numerous studies describing the non-ideality
have been reported® 2. For instance, the Wood and
Kirkwood model® employs the relationship between the
curvature at the detonation front and the detonation
velocity. In recent studies, the detonation shock dynamic
(DSD)® has been applied to non-ideal detonation
phenomena'®29,

The non-ideal detonation of industrial explosives such as
AN-based explosives is one of our research topics?)27,
along with studies on their high non-ideality.
Understanding of the non-ideality is important from the
viewpoints of engineering applications and explosive
safety. Experiments on non-ideal behaviors employ a
cylindrical sample with or without confinement. An
unconfined sample must be large to achieve a steady state
detonation. On the other hand, in the confined case,
although the results exhibit both size and confinement
effects, relatively small samples can be used in the
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experiments. In addition, the confinement conditions may
realize a wide range of reaction phenomena. In this study,
steel tube tests on mixtures of AN and activated carbon
(AC) were conducted to investigate their non-ideal
behavior. Curved-front theory is used to examine the
experimental data. The effects of the size, confinement,
and composition on the detonation velocity of AN/AC
mixtures are clarified. Finally, the size effect curves for
AN/AC mixtures are constructed.

2. Experiment and data analysis of size effect
In the steel tube tests conducted to examine the effects

of the composition, and charge diameter, and confinement,
the mixing ratio of AN/AC was varied from 0.1 to 20 wt%
AC. Pure AN was also used. The physical properties of
AN and AC are respectively shown in Tables 1 and 2.
Figure 1 shows the experimental setup for the steel tube
tests. The length of the steel tube is 350 mm. Ten steel
pipes of Japanese industrial standards, whose diameters
and thicknesses are shown in Table 3, were used. The
detonation velocity was measured with ionization probes
placed at intervals of 50mm. The booster explosive
consists of 50g composition C4(density: 1.4gcm 3
detonation velocity: 7.05 kms™!), which was used to
induce a steady state detonation in the samples.

The relationship between the detonation velocity and
the mixing ratio of AC obtained using a 35.5-mm-diameter
steel tube is shown in Figure 2. The detonation velocity
increased with increasing mixing ratio of AC, but above a
mixing ratio of 5wt% AC no significant change was
observed. Therefore in this paper, the results for mixing
ratios from 0.1 to 5wt% of AC are examined. The
relationship between the detonation velocity and initial
density obtained using a 41.2-mm-diameter steel tube is
shown in Figure 3. The scattering of the initial density is
small. Even so, the ratio of the detonation velocity to that
at an infinite charge diameter is used to discuss the size
and confinement effects. The detonation velocity at an
infinite charge diameter was estimated using the Cheetah
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Figure 1 Schematic illustration of steel tube test.

Table1 Physical properties of AN in this work.
AN density [kgm 3] Ave. dia. of particle [mm] Purity [%]
930 0.14 > 99

Table2 Physical properties of AC in this work.

AC density Ave. dia. of particle Spec. surface area
[kgm™3] [nm] [m*g~1]
260 341 1433
Table3 Inner diameter and thickness of the steel tube; d;

diameter [mm], t: thickness.
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Figure2 Detonation velocity of ammonium nitrate/activated
carbon compositions vs. mixing ratio of AC obtained
by steel tube test.

code® for all results as shown in Figure 4.

Eyring et al. proposed the curved-front theory for a real
detonation wave. The theory assumes that any small
portion of the detonation wave can be approximated by a
spherical detonation wave. The conservation law at the
detonation front and generalized C-] condition were
adopted to formulate the following relationship between
the velocities of the real and ideal detonation waves with a
reaction zone length of a.

D a

D~ RR M
where, D is the velocity of the real detonation wave, D; is
that of the ideal detonation. R is the charge radius, and & is
a constant. For the confined case, this relationship has
been rewritten using the mass per unit areas for the
explosive (We) and the confinement (We).
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Figure 3 Detonation velocity of ammonium nitrate/activated
carbon compositions vs. the initial density obtained

by steel tube test.
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Figure4 Detonation velocity at the infinite charge diameter
estimated by Cheetah code for corresponding
experimental data.
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where, o is density, and the subscripts e and ¢

respectively denote the explosive and the confinement.
The size effect of the detonation velocity has been
discussed by many researchers using the relationship
between the detonation velocity and the inverse radius.
Although the two above models have been reconsidered
and modified, since the discussion using the inverse radius

is still meaningful, the investigation of our experimental
data will start using curved-front theory.

3. Results and discussion
Figure 5 shows the size effect of an AN using the

relationship between the detonation velocity and the
inverse radius. Equation (2) becomes invalid in the case of
an extremely thin wall. Even so, when considering steel
tubes with various thicknesses, it is very useful to remove
the effect caused by differences in thickness. One of the
authors previously investigated the size effect of AN using
large-diameter steel tubes 2% | the results of which are
also plotted in Figure 5. The solid line in Figure 5 was
drawn using Equation (2) with the average reaction zone
length obtained from the data. The results for the large-
diameter case are well reproduced by Equation (2). This
shows that the assumption of a spherical wave at the
detonation front approximately holds in the large-diameter
case, and that the detonation velocity at an infinite charge
diameter can be predicted from experimental data by
fitting. In contrast, in the case of a small diameter, the
fitting line shown by the dashed line in Figure 5 does not
attain the value at an infinite charge diameter. This means
that curved-front theory cannot be applied to estimate the
detonation velocity at an infinite radius by fitting in the
case of a small diameter. Since the ideal detonation
velocity for each set of data was calculated by the Cheetah
code, it is possible to summarize the data using Equation
(2). To attain the detonation velocity at an infinite charge
diameter, a dramatic change in the reaction zone length is
required according to curved-front theory, meaning that
comparison of the theory and the experimental data
requires three different fitting lines (the dotted lines in
Figure 5). The parameter ¢ in Equations (1) and (2) was
considered to be the reaction zone length in the 1940s.
Later, the existence of an effective C-] state in the highly
non-ideal explosive was suggested and supported. Since
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Figure5 Size effect curve for ammonium nitrate with
comparison of the curved—front theory.
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the effective C-J state has similar characteristics to the C-J
state, if the assumption of a spherical detonation front is
still valid, Equation (2) may be adopted to predict the
length of the effective reaction zone. Souers et al. proposed
a model of the size effect and used the length of the
effective reaction zone instead of the reaction zone
length®-12. The effective reaction zone is defined by the
distance from the detonation front to the sonic plane in the
reaction zone. The parameter a decreased with
decreasing charge diameter as shown in Figure 5. It can
be considered that, together with the decreasing in the
diameter, the effect of the wall of the steel pipe becomes
sufficiently for the detonation front to approaches the
plane wave. This situation can generate a detonation wave
with the effective driving zone in the reaction zone. There
is a specific diameter at which all of the detonation energy
is supplied to sustain the detonation propagation. This
suggests that above this diameter, the slope of the size
effect curve changes.

Although the theoretical background has to be
investigated in future, in the region mainly governed by
the confinement effect, the characteristic line for the size
effect can be expressed as

D

b =Dx- 1.083*—<l> 3)

Oc
oct \ R

This empirical equation has a non dimensional
parameter Dx at 1/R = 0 as shown in Figure 5. Figures 6
and 7 show the size effect curves for AN and AN/AC
mixtures. Except for the tube with 204mm inner
diameter, all the experimental results satisfy Equation(3).
In the case of adding from 0.1 to 5 wt% AC, the reaction
energy, which contributes to the detonation propagation
increased with increasing AC. This tendency has already
been shown in Figure 2. Figures 6 and 7 show that the
same tendency exists for all charge diameters. When the
mixing ratio of AC is 4, the detonation velocity of AN/AC
mixture for 0.1 < 5.0 can be defined by Equation(3) using
the fitting equation

Dx (1) = 0718770477 @)

For a mixing ratio of 1.0 wt % AC, as shown in Figure 7,
the discrepancy between the prediction line and the
experimental data is confirmed for small diameters. It is
considered that for small diameters, since the generated
pressure is relatively low, the effect of the stiffness of the
steel pipe on the reaction rate cannot be ignored. This
problem will be considered in a future study on non-ideal
detonation.

4. Conclusion
A series of steel tube tests on AN/AC mixtures have

been conducted. The non-ideal behaviour of pure AN in a
steel tube was examined by considering the relationship
between the detonation velocity and charge radius using
curved-front theory. Although in the case of a large radius,
the detonation velocity at an infinite charge diameter
could be estimated directly from the experimental data, it
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Figure 6 Size effect curve for ammonium nitrate and mixture

of the ammonium nitrate and activated carbon (0.5
wt%, 1.0 wt%, and 5 wt% activated carbon).
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Figure 7 Size effect curve for ammonium nitrate and mixture
of the ammonium nitrate and activated carbon (0.1
wt%, and 1.0 wt% activated carbon).

could not be predicted using the experimental data
obtained from tubes with a relatively small radius in this
study. The size effect curve for pure AN has a point of
inflection, and most of it can be approximately expressed
by two straight lines. Finally, the size effect curves for AN
/AC mixtures were constructed and formulated for
almost the entire experimental region.
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