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Abstract

Unlike most military high explosives, which are characterized by an almost plane detonation front, ammonium nitrate-
based commercial explosives, such as ANFO (ammonium nitrate/fuel oil mixture) and emulsion explosives, are character-
ized by a curved detonation front. The curvature is directly related to the rate of radial expansion of detonation products
in the detonation driving zone and the rate of chemical reactions, and it is one of the characteristics of nonideal explosives.
The detonation theories used to model the nonideal behaviour of explosives require both reaction rate and rate of radial
expansion to be known/specified as input data. Unfortunately, neither can be measured and what is mostly used is a link
between these rates and parameters which can be more easily measured. In this paper, the Wood-Kirkwood approach of
determination of radial expansion through the radius of detonation front curvature and the electro-optical technique for
experimental determination of detonation front curvature of ANFO explosives is applied. It was shown that an experimen-
tally determined radius of detonation front curvature vs charge diameter, incorporated in the Wood-Kirkwood detonation
theory, can satisfactorily reproduce experimental detonation velocity-charge diameter data for ANFO explosives, espe-

cially when the pressure-based reaction rate law is also calibrated (D=1.3 and k=0.06 1/(pus/GPaP)).

Keywords:

ANFO; nonideal detonation; detonation front curvature radius; detonation velocity; numerical modelling

1. Introduction

Based on conservation laws and hydrodynamic flow
models, the Chapman-Jouguet (CJ) theory and the Zel-
dovich-von Neumann-Doering (ZND) theory are the
two most used and generally accepted ideal detonation
theories (Fickett and Davis, 2000; Mader, 2007). One
of the main differences between them is that the CJ the-
ory assumes instantaneous chemical reactions with no
chemical reaction zone, while the ZND theory assumes
the existence of a chemical reaction zone of definite
length and duration (Fickett and Davis, 2000).

However, explosives whose behaviour cannot be
accurately described by either of the two detonation
theories are called nonideal explosives. Experimentally
measured detonation velocities and pressures of those
types of explosives are considerably lower than those
obtained by calculations using ideal detonation. Accord-
ing to Mader (2007), nonideal explosives are those
whose calculated detonation pressure differ from expe-
rimental pressure by more than 50 kbar and detona-
tion velocity by more than 500 m/s. The main cause of
the nonideal behaviour is a relatively long duration of
chemical reactions in a chemical reaction zone (micro-
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seconds compared to nanosecond in case of ideal explo-
sives), which directly results in a wide chemical reaction
zone (tens of millimetres compared to micrometres in
case of ideal explosives). This, in turn, results in radial
energy loss in a detonation driving zone due to the di-
vergent flow (see Figure 1). Radially lost energy results
in a slower detonation propagation compared to those
in an infinite charge diameter (Esen, 2004; Mader,
2007). Moreover, divergent flow directly impacts the
detonation front shape. With a decrease of charge radius,
the degree of front curvature increases up to a critical
radius, where radial energy losses are too large so that
steady-state propagation of detonation becomes im-
possible (Higgins, 2012). In addition to the divergent
flow and curved detonation front, slow chemical reac-
tions also result in other nonideal characteristics, such
as nonlinear dependence of detonation velocity on
charge radius, the existence of confinement and initial
explosive density, the existence of a fraction of unreact-
ed explosive at the end of the detonation driving zone,
i.e. at the sonic line. On the other hand, with an infinitely
large charge radius, radial energy losses are negligible,
and the chemical reaction zone is narrow, there are no
divergences from an axial flow, the detonation front is a
plane, and the detonation approaches ideal behaviour.
A typical example of nonideal explosives is ANFO, a
mixture of ammonium nitrate (94-95 %) and fuel oil
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Figure 1. Graphical illustration of nonideal detonation
(modified from Peugeot and Sharp, 2002)

(6-5 %), which is one of the most used commercial
explosives.

1.1. Numerical modelling of nonideal detonation
and the role of radial expansion model

To satisfactorily describe a nonideal detonation, a
detonation model has to take into account the reaction
rate and radial expansion rate of detonation products. In
addition, it should be supplemented by equations of the
state of unreacted explosive and detonation products.
Several detonation theories are proposed so far. The
most relevant are: Wood-Kirkwood (WK) slightly diver-
gent flow steady-state kinetic detonation theory (Wood
and Kirkwood, 1954), slightly divergent flow theory
(Kirby and Leiper, 1985), detonation shock dynamics
(DSD) (Bdzil, 1981) and straight streamline theory
(Sharpe and Braithwaite, 2005). It should be noted
that all detonation models developed based on these the-
ories contain some degree of an engineering approach
and empiricism.

One of the frequently used detonation theories is
Wood-Kirkwood’s slightly divergent steady-state kinet-
ic detonation theory, which is based on Euler’s hydrody-
namic flow equations along the central streamline of a
cylindrical charge of infinite length. One of the novel-
ties, compared to the ZND detonation theory, introduced
by Wood and Kirkwood is the radial expansion term (w)
that describes the first-order perturbation from an ideal
one-dimensional flow. However, direct experimental
measurement of radial expansion is an impossible task.
Radial expansion of the detonation products is most fre-
quently regarded in relation to some other more easily
measurable parameter. Wood and Kirkwood expressed a
variation of radial expansion with flow velocity (D-u) by
using the detonation front curvature radius (Fried et al.,
1998; Kirby and Chan, 2006):

(D—u)

0= R 6]
where:
w —radial expansion term;
R — detonation front curvature radius (mm);
D — detonation velocity (km/s);

u — particle velocity in the moving frame (km/s).

The front curvature radius values tell us something
about the nonideality of the detonation process: the
smaller the value of curvature front radius, the larger the
curvature and higher the degree of nonideality. On the
other hand, a bigger curvature front radius means an ap-
proach to a flat front and ideal detonation.

The detonation front curvature radius can be either
measured experimentally or estimated by some empiri-
cal equations. Various experimental setups for R . meas-
urements have been described in literature (Catanach
and Hill, 2002; Dorsett and CIliff, 2003; Kiyanda,
2010; Trzcinski and Barcz, 2012; Pachman et al.,
2016; Kiinzel et al., 2019) but it sums down to register-
ing the arrival of the detonation wave at the base of a
cylindrical charge, with varying types of equipment used
for measurement (high-speed camera, electronic coun-
ter, etc.). To calculate Rc from experimentally obtained
detonation front lag vs charge radius data, several equa-
tions are proposed: circular equation (Bogdanov et al.,
2019), quadratic equation (Souers and Garza, 1998),
and the Catanach and Hill (2002) and Jackson and
Short (2015) equations. The circular equation assumes
the detonation front curvature is a regular circle, thus R .
remains the same along the charge radius. The derived
radius is a direct input to the Wood-Kirkwood radial ex-
pansion model. However, other mentioned equations
give a dependence of detonation front curvature along
the radius of charge, meaning an additional equation is
needed for the determination of the detonation front cur-
vature radius at the central axis.

To incorporate the radial expansion model in nonideal
detonation models, it is common to express the detona-
tion front curvature radius as a function of charge radius.
Kennedy (1995) proposed an equation that relates R
with a charge diameter (d,) and failure diameter (d,).
Fried et al. (1998) found that a slightly modified equa-
tion, which relates R . with charge radius and failure ra-
dius (R), is adequate for various explosives:

R, _ R,
2R, a+h R, @
where:
R, — charge radius (mm);
R. — detonation front curvature radius (mm);
R, — failure radius (mm);

o and f — empirical constants.

Based on a large number of experimental data on R,
as a function of R and R, for various explosives, Souers
and Garza (1998) found that & =0.0316 and 8 =0.178.
Provided that R, is known, Equation 2 can be used for
the estimation of R . of any explosive.

Bdzil (1981) proposed an equation that relates R,
with charge diameter and chemical reaction zone width

(xp):
R =(d-px,) 3)
(04
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Figure 2. Experimental setup for detonation velocity measurements

where:
R, — detonation front curvature radius (mm);
d — charge diameter (mm);
Xy — chemical reaction zone width (mm);

o and f — empirical constants.

Braithwaite et al. (1990) determined that for ANFO
explosives constant o =0.5 and § =1.2. One of the disad-
vantages of this equation is the need for an experimen-
tally measured chemical reaction zone width (x.).

Detonation parameters of ANFO explosives depend
on many factors: charge radius, the existence and char-
acteristics of confinement, initial charge density and
temperature, the size and porosity of ammonium nitrate
prills, the initiation method, etc. In keeping all the fac-
tors unchanged and varying only the charge radius, it is
possible to obtain the dependence of detonation velocity
on charge radius. In this paper, the dependence of deto-
nation velocity and detonation front curvature radius on
unconfined ANFO charge radius is measured experi-
mentally. So the obtained data are used for calibration of
the radial expansion model and validation of the Wood-
Kirkwood detonation model implemented in the EXP-
LOS5 thermochemical code.

2. Experimental equipment and setup

Two separate experimental setups were used; one for
the measurement of detonation velocity and another for
the detonation front curvature of ANFO. The measure-
ments are done on commercial ANFO explosives, con-
sisting of 94.5% porous ammonium nitrate prills and
5.5% mineral oil. Typical bulk density varied from 0.80
to 0.88 g/cm?. Four different rate sticks were fired in a
thin wall (2.5 mm) PVC tubes having 71 mm, 105 mm,
120 mm, and 152 mm inner diameters for both experi-
mental setups. The length of the charges was 100 cm,
except for the 71 mm diameter where the length was 71
cm (ten times longer than the diameter). Three shots
were fired for each charge diameter for the determina-
tion of detonation velocity and three shots for the deter-
mination of the detonation front curvature. ANFO charg-
es were initiated by an electric detonator (720 mg of
PETN) and a booster (APG20 with 20 g of PETN).

Both measurements of the detonation velocity and the
front curvature were done by an electro-optical method

detonation front
/ /

- optical
~ fibers
“ to the
instrument

Figure 3. Experimental setup for detonation front curvature
measurements

using detonation velocity meter “Explomet®” (Kontini-
tro AS). Explomet? has 6 channels and a reading accu-
racy of + 0.01 microseconds. The detonation velocity
was measured by inserting optical fibres into holes
drilled at equal intervals along the PVC tube. The deto-
nation velocity at individual segments along the charge
length is calculated from the known distance between
neighbouring optical fibres (L) and measured time inter-
val (Df); D = L/Dt (see Figure 2).

To measure the detonation front curvature, the meth-
od described in Pachman et al. (2016), Bogdanov et al.
(2019), Kiinzel et al. (2019) was used. According to the
method, optical fibres are inserted in the fibre holder
(custom 3D printed from PLA for each charge diameter)
positioned at the charge base, opposite to the point of
initiation (see Figure 3). The first optical fibre is located
at the charge base central axis and others at equal dis-
tances along the charge radius. Given the curvature of
the detonation front, the detonation wave arrives to the
optical fibres, located at different radial distances, at dif-
ferent times. From the measured arrival time and previ-
ously measured detonation velocity for a given charge
diameter, the data are transformed into detonation lag (in
mm) vs radial distance.

2.1. Detonation velocity

The experiments have shown that detonation velocity
(for 71-152 mm charge diameters) changes along its lon-
gitudinal axis, i.e. it decreases quickly and reaches a min-
imum value (at a distance of 200-300 mm from the point
of initiation), after which it increases and reaches a con-
stant value after approximately 5 charge diameters dis-
tance from the point of initiation. It should be noted, how-
ever, that the distance needed for the stabilization of deto-
nation velocity, i.e. achieving steady-state detonation for a
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given charge diameter, depends also on the type of boost-
er (the higher the initial shock pressure, the faster the sta-
bilization (Cudzilo et al., 1995)), charge radius and type
of confinement. For example, for a larger charge radius
(and/or stronger confinement), the steady-state detonation
is reached closer to the point of initiation than for a small-
er radius (and/or lighter confinement).

Since this study deals with the steady-state detonation
velocity for both validation of numerical modelling ap-
plying the Wood-Kirkwood model and calculation of
detonation lag vs radial distance from the measured det-
onation front curvature data, the detonation velocities
determined at distances larger than 5x the charge diam-
eter were used in further analysis. The measured detona-
tion velocities are given in Table 1.

Table 1: The measured steady-state detonation velocity
of unconfined ANFO charge

Charge diameter d | Measured steady-state detonation
(mm) velocity D (km/s)

71 1.23

105 2.95

120 3.13

152 3.67

5000 @ 4.78

Note: the average density of unconfines ANFO explosive
charges is 0.83 g/cm®

(a) calculated ideal detonation velocity at d—oo using
EXPLOS5

The measured detonation velocity of ANFO as a func-
tion of charge radius is shown in Figure 4, along with
some literature-reported data (Catanach and Hill,
2002; Souers and Vitello, 2004; Jackson and Short,
2015). The shape of the D vs I/R, curve is characteristic
of highly nonideal explosives. Generally, there is good
agreement in detonation velocity-charge radius data
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Figure 4. Measured and literature reported measured
unconfined ANFO detonation velocity (D) data as a function
of the inverse charge radius (1/R )

from various authors, especially considering the initial
densities of ANFO in the literature sources mentioned
range from 0.8 g/cm? to 0.93 g/cm?. Differences in den-
sities, as well as possible differences in ammonium ni-
trate prills properties and measurement method uncer-
tainties, are probably the main reasons why the experi-
mental detonation velocity data shown in Figure 4
slightly differ. For example, for the 50 mm charge radi-
us, detonations velocities vary between 2.57 km/s and
2.97 km/s, i.e. about 14%. The difference decreases at
larger charge radii and increases in the vicinity of the
failure radius.

2.2. Detonation front curvature radius

Explomet® measures the time of arrival of the detona-
tion wave to individual optical fibres located at different
radial positions (see Figure 3). The detonation front lag
vs radial position, L(R) (see Figure 5), expressed in
mm, is calculated from the measured arrival times and
detonation velocity (Bogdanov et al., 2019):

L (R)=1,(R)-D 4)
where:
L(R) — detonation front lag dependent on radial posi-
tion (mm);

t(R) — measured arrival time (ps);
D —detonation velocity (km/s).

The detonation front lags vs radial position calculated
from experimental data for all charge diameters are il-
lustrated in Figure 6. It can be noticed that a significant
scattering of the data points exists, especially at lower
charge diameters. This can be related to various factors,
such as the non-homogeneity of ANFO, the positioning
of optical fibres, the effect of confinement for some
charge diameters, etc. The charge diameter 71 mm
shows a slight drop in curvature towards the edge. This
can be linked to the fact that the speed of sound in the
PVC tube (approx. 1.25 km/s) is close to the detonation
velocity measured for that charge diameter. This in turn
results in faster detonation propagation near the edge of
the charge and flattening of the curvature. On top of that,
the diameter of 71 mm (radius 35.5 mm) is close to the
failure radius of the unconfined ANFO explosive, mean-

20

\ Shock front curvature /
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Figure 5. Detonation front lag vs radial position for 105 mm
charge diameter
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Figure 6. Detonation front lag vs radial distance for different
charge radii

ing that the measured detonation velocity at that radius is
close to unsteady propagation.

To derive the detonation front curvature radius from
the measured lag vs radial distance data (see Figure 6),
three different approaches are applied. Assuming the
detonation wavefront has the shape of a regular circle,
the radius of curvature can be derived using a circular
equation (Bogdanov et al., 2019):

\/(XP_XC)2+(LP_LC)2 =R, %)

where:

X, —x coordinate or radial distance R (mm);

X, —x coordinate of the circle centre (on the axis X,
=0) (mm);

L, —y coordinate or lag (mm);

L.~y coordinate of the circle centre on the axis
(mm);

R — detonation front curvature radius (mm).

The second approach assumes the curvature can be

described by a quadratic equation of the following form
(Souers and Garza, 1998):

L,(R)= AR® + BR® 6)
where:
Lp(R) — lag at radial distance R (mm);
R —radial distance from the central cylindrical
axis (mm);

A and B are fitting constants.

The radius of curvature calculated from Equation 6
varies with R according to the equation (Souers and
Garza, 1998):

R
R.=—— 7
© 24R+6BR’ ™
and at the cylinder axis (R — 0) equals:
R. = 1 (8)
© 24

Lastly, the equation suggested by Catanach and Hill
(2002), which describes the detonation wave shape as a
function of radius (LP(R)), was also used:

L,(R)= —iai [m h{cos m[”%%mi 9)

i=1

where:
Lp(R) — lag at radial distance R (mm);
R —radial distance from the central cylindrical
axis (mm);
R, — charge radius (mm);

n and a, — fitting parameters (with 0 <7 > I control-
ling the curvature near the edge of the
charge), superscript i is taken to be 1 (no
higher order fit is necessary).

The curvature can be calculated by equation (Catan-
ach and Hill, 2002):

5 (R)

s(R)

k(R)= + (10)
(1es(R)* R+
dL,(R)
R)=—2 11
s(R)=—» (1n)
where:

k(R) - curvature;

R —radial distance from the central cylindrical

axis (mm);

s(R) —the slope of the L (R);

L(R)— lag at radial distance R (mm).

The detonation front curvature radius at cylinder axis
(R® 0) is calculated from the following relationship be-
tween the curvature and curvature radius for the axisym-
metric cylinder geometry (Higgins, 2012; Li et al.,
2015):

2

R, =m (12)

where:
R . — detonation front curvature radius (mm);
k(R— 0) — curvature at cylinder axis.

The Wood-Kirkwood radial expansion model (Equa-
tion 1) considers the front curvature radius at the central
axis, thus all three above-mentioned equations are ap-
plicable The difference between them is that the circular
equation (Equation 5) gives the same front curvature
radius at all radial positions, while both the quadratic
equation (Equation 7) and the Catanach & Hill equation
(Equation 9) give the curvature radius as a function of
radial position R, and the front curvature radius at the
central cylindrical axis (for R® 0) can be easily derived.
The values of front curvature radii (R at the central
axis are obtained by fitting experimental lag vs radial
position data (see Figure 6) to the above-described cir-
cular equation (Equation 5), the quadratic equation
(Equation 8) and the Catanach & Hill equation (Equa-
tion 12). The results are given in given in Table 2.
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Table 2: Calculated values of front curvature radii for different ANFO charge radii

Charge diameter | Charge radius R, | The radius of detonation front curvature R . (mm) at R — 0

d, (mm) (mm) Circular equation (5) | Quadratic equation (8) |Catanach & Hill equation (12)
71 35.5 56 35 52

105 52.5 91 91 89

120 60 115 98 120

154 77 167 119 178

The results given in Table 2 show that the circular
equation and the Catanach and Hill equation give very
similar results, while the quadratic equation gives slightly
different values for the 71 mm and 154 mm charges. In
our opinion, this is because the quadratic equation is more
sensitive to the significant scattering of L -R data points.
An additional reason is the small number of data points
(six points) available for fitting L —-R dependence.

As mentioned before, it is common to express the
detonation front curvature radius as a function of charge
radius and failure radius (Equation 2). The equation
proposed by Fried et al. (1998) (Equation 2) assumes a
linear dependence of (R /2R ) on (R/R ) (see Figure 7).
It should be noted that the values of failure radius for
unconfined ANFO reported in literature range from 31.5
mm (Souers et al., 2004) to 38.5 mm (Jackson and
Short, 2015). Our experiments have shown that the
steady-state detonation is possible at a 35.5 mm charge
radius, thus in further analysis of (R /2R ) vs (R/R) de-
pendence, a failure radius of 31.5 mm was taken. Figure
7 illustrates (R/2R.) vs (R/R)) dependence and gives

0.7
- . . y = 0.4286x + 0.0969
0.6 1 ® Circular equation R® = 0.7389 :
0.5 + ™ Catanach&Hill equation ® !
L ]
s: 0.4 1 ¢ Quadratic equation i
2031 * :
< 1 :
021 y=0.2581x +0.1194 !
01 1+ y=0.1737x +0.16901 ~ R*=10.9349 | R
I R2=0.9122
0.0 F———— f — .:
0.0 0.2 0.4 0.6 0.8 1.0
Ry / Ry

Figure 7. Linear dependence of R /2R.on R,/ R, for ANFO
explosive

values of fitting constants ¢ and b in Equation 2. The
values of constant § for all three equations are reasona-
bly close to those found by Souers (=0.178), while val-
ues of constant a are much higher than Souers’ value
(¢=0.0316). This means that, for the same charge radius,
the curvature radii obtained in this work are significantly
lower than those calculated by Souers’ values of con-
stants a and b.

A detailed analysis of R -R experimental data report-
ed by Souers (1998) has shown that a simple power-law
equation describes R -R data very well for many explo-
sives:

R.=a- RF (13)
where:
R, — detonation front curvature radius (mm);
R, — charge radius (mm);

o and f — empirical constants.

The advantage of this dependence is that it does not
require R to be known, but the disadvantage is that the
constants o and b must be determined from R _-R, ex-
perimental data for each explosive. The experimentally
obtained R -R, data given in Table 2 are fitted to Equa-
tion 13 and so the obtained values of constants o and b
for studied ANFO explosive are shown in Figure 8 and
summarized in Table 3.

The detonation front curvature radii of ANFO explo-
sive vs charge radius determined in this work are com-
pared with literature-reported data (Bdzil et al., 2001;
Catanach and Hill, 2002) and with values calculated by
Souers’ empirical equation (Souers, 1998) in Figure 9.
For this analysis, as well as for future calculations (in
Section 3), the values obtained by the circular equation
were used for two reasons. One is the fact that the circu-
lar and Catanach and Hill equations give almost the
same values of the curvature radius and the second is the
simplicity of the circular equation.

Table 3: Summary of empirical equations used to calculate R .and values of fitting constants

Fitting constants
Equation Circular equation |Catanach&Hill equation | Quadratic equation
a B a B a B
. R, R,
Souers’ equation (Eq.2) 2R =o+ ﬁR_o 0.1737 |0.1691 0.2581 0.1194 0.4286 0.0969
Power law equation (Eq.13) [R. = a*Raﬂ 0.3559 1.411 0.1688 1.5984 0.1252 1.6121
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Figure 8. Power-law dependence of R. on R for ANFO
explosive

The quadratic equation proved to be more sensitive at
a smaller number of points available for fitting, which,
along with a significant scattering of L -R data point, re-
sulted in a larger difference in R for some radii, com-
pared to the other two equations. From Figure 9, it is
visible that our values of R _.lie in between the literature
experimental results of Bdzil et al. (2001) and Catan-
ach & Hill (2002), while Souers’ empirical equation
predicts significantly higher values of R, at the same
charge radius. Differences in curvature radius values
from different authors can be attributed to differences in
ANFO composition, properties of ANFO ingredients,
differences in density, and the accuracy of the experi-
mental method used.

600
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power law model
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0 Ll f t t } t
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Figure 9. Calculated and literature R -R dependence data
for unconfined ANFO explosive

3. Numerical modelling of ANFO charge
diameter effect using the Wood-
Kirkwood radial expansion model
and power-law R -R_ dependence

The detonation front curvature data obtained in this
work are used to model the nonideal behaviour of ANFO
explosives and to predict the effect of charge diameter on
detonation properties. Numerical modelling was per-
formed using the EXPLOS5 thermochemical code, cou-
pled with Wood-Kirkwood’s nonideal detonation theory,
and supplemented with the reaction rate law, equations of

state and the Wood-Kirkwood radial expansion model.
The EXPLOS code calculates the equilibrium composi-
tion of detonation products, parameters at the CJ state
(i.e. sonic point), along the shock Hugoniot curve of det-
onation products and along the isentropic expansion of
detonation products. The interaction between EXPLOS
and the Wood-Kirkwood model is described in detail in
Suceska (2018) and Stimac et al. (2020). Briefly, Wood-
Kirkwood’s differential flow equations are integrated for
a specified detonation velocity, from the von Neumann
spike down to the sonic point. For every integration step,
i.e. volume and pressure state, the EXPLOS code calcu-
lates the thermodynamical functions of products and un-
reacted explosives, product concentrations, energy deri-
vations, total energy, etc. The detonation velocity is var-
ied until the sonic condition is met and the pressure
production parameter is close to zero (Suceska, 2018).
The calculated detonation velocity (and other detonation
parameters) is self-propagating steady-state detonation
velocity for a specified charge diameter. It should be em-
phasized that this calculation only predicts the steady-
state detonation velocity for an unconfined charge and
does not describe initiation phenomena or the interaction
of detonation products with the surroundings.

The EXPLOS code uses Becker-Kistiakowsky-Wil-
son (BKW) equation of state of gaseous detonation
products and the Murnaghan equation of state of con-
densed detonation products and unreacted ANFO (Sti-
mac et al., 2020). The values of thermodynamical func-
tions of ANFO explosives are derived from temperature-
dependent enthalpy, which is used in EXPLOS to
calculate the internal energy and temperature of the
compressed explosive (Suceska, 2018).

Along with the radial expansion rate, the rate of
chemical reactions in the detonation driving zone is a
key input parameter for the Wood-Kirkwood detonation
model. Even though there are numerous reaction rate
models proposed (Peugeot and Sharp, 2002), in this
paper the calculations were done using a single-step
pressure-based reaction rate law (Sharpe and Braith-
waite, 2005; Short et al., 2010):

D
ﬁ:k(l—ﬂ)(ﬂj (14)
dt Do
where:
A —mass fraction of reacted explosive (conversion);
t —time (us);

k —reaction rate constant (us/GPaP);

p —pressure (GPa);

p, — initial reference pressure (1 GPa);

D — adjustable constant.

Using the power-law dependence of R. on R, (see
Figure 8 and Table 3), obtained from the experimentally
measured detonation front curvature and applying the
circular equation to fit the obtained data, the rate con-
stants k£ and D in Equation 14 were adjusted to best re-
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Figure 10. Effect of the detonation
front curvature radius on predicted
detonation velocity vs inverse charge
radius (Note: rate constant D was
equal to 1.3 in all calculations and
experimental detonation velocities

—— This work; power-law eq. (k=0.06 ps/GPa"D)
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produce the experimental detonation velocity vs the in-
verse charge radius curve. In this way, it was found that
constants D=1.30 and £=0.06 1/(us/GPaP) result in the
best agreement with the experimental detonation veloc-
ity — charge radius data (see Figure 10).

A continued decrease of detonation velocity from infi-
nite radius towards failure radius is characteristic for high-
ly nonideal explosives. Near the failure radius, the detona-
tion velocity reaches only 40% of its value at an infinite
charge radius (4.77 km/s). The detonation front curvature
radius determined experimentally in this work, along with
the rate constants calibrated in this work (k&=0.06 us/GPaP,
D=1.3) reproduces the experimental D-1/R, curve very
well, even at the charge radii close to the failure radius
where the Wood-Kirkwood theory is less valid (since it is

based on a slightly divergent flow, while the flow is highly
divergent close to the failure radius).

The detonation front curvature radii determined by
Catanach and Hill (2002) (described for this study by
the power-law equation R =0.98xR ', with £=0.06 ps/
GPaP) underestimates detonation velocity for all charge
radii. From Catanach and Hill’s experimental data on the
detonation front curvature, R =69.68 mm is determined
for R =50 mm. This is 27% lower compared to our results.
Such differences may be related to differences in ANFO
compositions and properties of ANFO’s ingredients. To a
lesser extent, it may be related to the accuracy of the ex-
perimental setup and the data treatment procedure.

On the other hand, the detonation front curvature radii
estimated by Souers’ empirical equation (Equation 2)

Table 4: Effect of detonation front curvature radius and rate constant on calculation results (for R = 50 mm and p =0.8 g/cm?)

R K Calculated parameters
Source of R _ data ¢ D Psp t, X, R, Agp
(mm) | (ps/GPa'?) |(km/s) |[(GPa) |(ps) (mm) |(mm) |-
This work, experimental R . 88.51 |0.060 2.69 1.47 1398 2437 |38 0.8869
. .. ) . 173.93 |0.060 3.60 2.77 8.41 19.00 |28 0.9548
Souers' empirical equation (Equation 2)
173.93 {0.032 2.78 1.58 2456 |44.55 |39 0.8953
. . 69.68 |0.060 2.13 0.88 2240 |329 42 0.8151
Catanach&Hill (2002), experimental R .
69.68 |0.075 2.68 1.46 1025 |17.86 |34 0.8582

Legend: p, is the detonation pressure at the sonic point
and ASP is the conversion at the sonic point

» Lo

is the sonic time, Xgp is the width of the detonation driving zone
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overestimates the detonation velocity for all charge radii
(see Figure 10). The constants in Souers’ empirical
equation (4=0.0316, $=0.178) are derived from many
experimental data for various explosives, most of them
being ideal or less nonideal than ANFO. Given this, it is
not surprising that Souers’ values of constants cannot ac-
curately predict R values for highly non-ideal ANFOs.
Table 4 shows that for R =50 mm, Souers’ equation pre-
dicts R ,=173.93 mm, which is almost twice as much as
we obtained (R =88.51 mm).

The differences in the properties of the ANFO ingre-
dients can affect the rate of ANFO decomposition. It is
found that an increase of rate constant from £=0.06 s/
GPaP to £#=0.075 ps/GPaP will result in a much better
agreement of the detonation velocity with the experi-
mental results. Similarly, a decrease of the rate constant
from £=0.06 pus/GPaP to £=0.032 ps/GPaP will result in a
satisfactory agreement for Souers’ empirical equation
(see Figure 10 and Table 4).

It is important to note from Table 4 that even when
the rate constant is adjusted to calculate the same or sim-
ilar detonation velocity and pressure at the sonic point
for R, =50 mm, the width of the detonation driving zone
and the sonic time remain quite different. In principle,
the slower the reactions, the longer the reaction time and
the wider the detonation driving zone. For illustration,
for k&=0.075 ps/GPaP the width of the detonation driving
zone is 17.86 mm, while for £=0.032 ps/GPaP, the width
of the detonation driving zone is 44.55 mm. This sug-
gests that the validation of the nonideal detonation mod-
el cannot be done based on experimental D-1/R, data
only, but must include an experimentally determined
profile of the detonation driving zone, i.e. experimen-
tally measured width of the detonation driving zone and
sonic time.

4. Conclusions

This paper deals with the topic of improvement of non-
ideal detonation modelling to obtain more precise and
reliable data to lessen the need for costly and time-con-
suming experimental research. Furthermore, the impro-
vements in the numerical model give us a better under-
standing of the complex problem of explosive nonideality
and the structure of the chemical reaction zone, which
cannot be obtained by direct experimental measurements.
In this paper, a cost-effective method of experimental de-
termination of the detonation front curvature of ANFO
explosives, and the procedure of evaluation of the radius
of the curvature along the central axis are presented. The
obtained radius of the curvature is used as input for the
Wood-Kirkwood model of radial expansion, which is, in
addition to the reaction rate law, crucial for the accurate
modelling of a nonideal detonation.

It was demonstrated that the method based on the op-
tical fibres-electronic counter technique can give the
detonation front curvature of ANFO comparable with

more sophisticated (and more expensive) methods that
involve a high-speed camera. The methods of data pro-
cessing to derive the detonation front curvature radius
from the measurement can slightly affect the results. The
description of the curvature by the circular equation
seems to be the most adequate method to derive the cur-
vature radius when small numbers of data points (in this
case 6) are available for fitting experimental detonation
lag vs radial distance data.

The curvature radii obtained in this work are compa-
rable to literature-reported experimentally determined
radii. For example, at R =50 mm, the difference goes up
to 30%. In our opinion, several factors may affect such
differences: variation in the properties of ANFO ingredi-
ents, variation in composition and density of the ANFO
charges, accuracy of the experimental method used, and
the data processing method. All these factors affect the
reaction rates and consequently the detonation front cur-
vature. The curvature radii estimated by Souers’ empiri-
cal equation are significantly higher than the experimen-
tal, which means that the constants proposed by Souers
cannot satisfactorily predict the curvature radii of ANFO
explosives.

The dependence of the curvature radius on ANFO’s
charge radius can best be described by the power-law
equation (R.=0.356xR'*", with R’=0.9953). The ob-
tained R -R, dependence is incorporated in the Wood-
Kirkwood nonideal detonation model coupled with the
EXPLOS thermochemical code and used to calibrate the
rate constants. It was shown that the pressure-based re-
action rate law, with D=1.3 and £=0.06 1/(ms/GPaP) can
reproduce experimental detonation velocity — inverse
charge radius curve very well, even at the radii close to
the failure radius.

It was demonstrated that reaction rate constants can
be adjusted to reproduce the experimental detonation
velocity-inverse charge radius curve for different deto-
nation front curvature radii. This is logical given that the
radial expansion of detonation products in the detona-
tion driving zone is related to the rate of reactions. How-
ever, the results show that different rate constants predict
different structures of the detonation driving zone (width
and duration of the zone, reacted fraction of ANFO, etc.)
although they predict the same values of detonation ve-
locity and pressure for a given charge radius. This indi-
cates that future research could focus on the proper cali-
bration of the reaction rate constants and should include
experimentally measured parameters in the detonation
driving zone, mainly, pressure-time profile and duration
and width of the zone.
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SAZETAK

Odredivanje polumjera zakrivljenosti fronte detonacijskoga vala ANFO eksploziva
i njegova vaznost u numerickome modeliranju detonacije primjenom
Wood-Kirkwoodova modela

Za razliku od vec¢ine vojnih visokih eksploziva, koje karakterizira gotovo ravna fronta detonacijskoga vala, komercijalne
eksplozive na bazi amonijeva nitrata, kao $to su ANFO i emulzijski eksplozivi, karakterizira zakrivljena fronta detonacij-
skoga vala. Zakrivljenost je izravno povezana s brzinom kemijskih reakcija i brzinom radijalnoga Sirenja produkata deto-
nacije u zoni pokretanja detonacije i jedna je od karakteristika neidealnih eksploziva. Teorije detonacije, koje se koriste
za modeliranje neidealnoga ponasanja eksploziva, zahtijevaju da se kao ulazni podatci znaju/specificiraju i brzina reak-
cije i brzina radijalnoga $irenja. Nazalost, ni jedno ni drugo ne moze se izmjeriti, pa se najc¢esc¢e koristi veza izmedu tih
brzina i parametara koji se mogu lakse mjeriti. U radu smo primijenili Wood-Kirkwoodov pristup odredivanja radijalno-
ga Sirenja preko polumjera zakrivljenosti fronte detonacijskoga vala te mogucnost eksperimentalnoga odredivanja za-
krivljenosti fronte detonacije ANFO eksploziva elektroopti¢kom metodom. Pokazalo se da tako odreden polumjer za-
krivljenosti fronte detonacijskoga vs promjera naboja, ugraden u Wood-Kirkwoodovu teoriju detonacije, moze na zado-
voljavajudi nacdin reproducirati eksperimentalne podatke o brzini detonacije i promjeru naboja ANFO eksploziva,
pogotovo sa zadovoljavajuéom kalibracijom modela brzine reakcija ovisne o tlaku (D = 1,3 i k = 0,06 1/(us/GPaP)).

Kljuéne rijeci:
polumjer zakrivljenosti, brzina detonacije, ANFO, neidealna detonacija, numeri¢ko modeliranje
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