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† INTRODUCTION

In the modern history of the production and han�
dling of explosive materials, the most destructive acci�
dental explosions have been associated with ammo�
nium nitrate [1, 2]. However, there is an apparent con�
tradiction between the statistics of explosions taking
place with the participation of ammonium nitrate and
the explosive properties of this material as determined
by standard tests [3]. Pure ammonium nitrate does not
burn under normal conditions and has a very low sen�
sitivity to conventional mechanical and thermal stim�
uli. Up to now, there is no method of detonating
ammonium nitrate other than transferring detonation
from another HE. So far, nobody has been able to offer
a science�based scenario that would link the picture of
the explosion to the conditions and properties of
ammonium nitrate, even for the most well known
explosions in Oppau and Texas City [1]. Causes of
accidental explosions involving large masses of
ammonium nitrate should be sought in changes in its

† Deceased.

usual behavior. These changes may be due to different
chemical or physical factors, such as those associated
with the presence of active additives [4], for example,
a diminishment of particles, which leads to an acceler�
ation of the initial stage of the explosion. This kind of
information is also of interest for assessing the explo�
sion safety in the production of a new generation of
ammonium nitrate�based rocket propellants and for
developing measures aimed at limiting the possibility
of use of ammonium nitrate in terrorist activities.

To characterize the propensity of energetic materi�
als to explosive development of combustion, two types
of trials are traditionally performed: constant�volume
bomb tests and deflagration�to�detonation transition
test, with charges placed in a long steel tube [3]. The
readings, the pressure growth in the bomb on the pres�
sure–time diagram, and the length of predetonation�
run distance are used for comparison with similar
quantities measured for other materials and for con�
structing a series reflecting the relative explosiveness of
the test material [5]. To gain insight into the phenom�
enon without performing complex comprehensive
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measurements, it was proposed to use numerical sim�
ulation. Theoretical models [6–10] designed to ana�
lyze deflagration�to�detonation transition and con�
vective burning have been developed and tested by
many authors and demonstrated to be realistic.

In the present work, an approach that includes
experiments simple enough for implementation and
an analysis thereof using numerical simulations was
used to study the initial stage of the explosion in dry
and wet mixtures of ammonium nitrate with different,
largely combustible additives. Experiments were per�
formed in a constant�volume bomb and in a steel tube
according to the method described in [11, 12], which,
in addition to allowing measuring the length of the
predetonation section, can be used to determine the
critical conditions of explosion (the critical pressure
and critical bed height of the test material).

In the experiments, we used industrial�grade
ammonium nitrate produced in France in the form of
1� to 2�mm porous spherical granules with a gravimet�
ric density of ~700 kg/m3 as well as agricultural
ammonium nitrate in the form of 3� to 4�mm granules
with a density of 850 kg/m3. Granules were used in
their original form or crushed to isolate 0.25–0.63�mm
and <250�µm fractions. The fuel additives were char�
coal and aluminum powder, while the additives sup�
pressing the combustion of ammonium nitrate were
water and two monosubstituted salts of phosphoric
acid: (NH4 ⋅ H2PO4) and (K ⋅ H2PO4). In addition, we

studied a fine mixture of four components: ammo�
nium nitrate, aluminum and sugar powder, and TNT
in a proportion of 76 : 8 : 12 : 4, below referred to as
mixture T. This mixture was studied in [13] in the
course of development of testing methods. In numeri�
cal simulation, we used a theoretical model developed
earlier for analyzing the convective burning of hetero�
geneous mixtures in a constant�volume bomb [9, 10].

1. EXPERIMENTS 
IN THE CONSTANT�VOLUME BOMB

Experiments were performed in an 80�ml bomb at
a loading density of 0.05–0.18 g/cm3. The test mixture
was placed in a steel cup, 16 or 20 mm in inner diam�
eter and 70 mm in height, and ignited at the upper,
open end with a portion of crushed black powder from
a Nichrome spiral. The weight of the igniter ranged
from 0.5 to 2 g, ensuring that the pressure it created
was slightly higher than the pressure of failure of layer�
by�layer burning of the mixture [4]. The pressure was
measured with a T�6000 piezoelectric transducer to an
accuracy of ±8%.

Typical pressure–time (P–t) are shown in Figs. 1–3.
The properties of the diagrams are characterized by
three points: point Рс, the beginning of intense pres�
sure growth caused by the convective burning of the
mixture (after burnout of the igniter); (dP/dt)max, the
point of maximum pressure rise rate; and Рmax, the

120

100

80

60

40

20

0 20015010050
Time, ms

1

2

3

P, MPa

Pc

t0 Pmax

t1

Fig. 1. Pressure–time diagram for the combustion of various samples in a constant�volume bomb: (1) industrial ammonium
nitrate (1–2 mm), (2) agricultural ammonium nitrate (3–4 mm), and (3) calculated diagram for industrial ammonium nitrate.
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Fig. 2. Pressure–time diagram for the combustion of various samples in a constant�volume bomb: (1) ammonium nitrate (1–2 mm)
with 18% ADS�4, (2) calculated diagram for this mixture; (3–5) mixtures of 16% charcoal with ammonium nitrate of various
dispersities: (3) 1–2 mm, (4) 0.25–0.63 mm, and (5) < 0.25 mm.
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Fig. 3. Pressure–time diagram for the combustion of mixture T in a constant�volume bomb at various weights (lengths) of the
charge: (1) 10 g (66 mm), (2) 7 g (47 mm), (3) 5 g (33 mm), (4) 6 g of mixture T + 2% water, and (5) simulation results for 10�g
charge of mixture T.
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point of maximum pressure (end of combustion).
Under the same experimental conditions (primarily, at
the same loading density), the quantity (dP/dt)max is a
measure of the intensity of combustion, whereas Рс is
the pressure at which convective burning arises.

The measured values of these parameters, along
with the time intervals that separate these points (the
duration of combustion of the mixture t0: from point Рс
to Рmax; the duration of the progressive stage of com�
bustion t1, from Рс to (dP/dt)max are listed in Tables 1
and 2. These experimental data led us to the following
conclusions.

(1) Ammonium nitrate in the form of porous gran�
ules burns steadily in a constant�volume bomb at pres�
sures above 40 MPa. At a loading density of 0.1 g/cm3,
industrial ammonium nitrate burns at a maximum
pressure rise rate (dP/dt)max of ~1 MPa/ms, whereas
agricultural ammonium nitrate burns about twice as
slowly.

(2) Finely dispersed combustible additives greatly
facilitate the ignition and intensify combustion of
ammonium nitrate granules. A mixture containing
16% charcoal is characterized by a failure pressure of
9 MPa and (dP/dt)max ~ 5 MPa/ms. Addition of alumi�
num powder ASD�4 (at 2, 8 or 18%) acts generally
weaker, showing lower values of (dP/dt)max and higher
of Рс than those characteristic of charcoal. The great�
est effect of aluminum additives is observed for the sto�
ichiometric mixture, with 18% aluminum.

(3) Grinding of ammonium nitrate granules facili�
tates the development of combustion in mixtures with
combustible additives, increasing the pressure growth
rate. At the same time, no trends in Рс were observed.

(4) A mixture prepared from crushed ammonium
nitrate with additives of powdered sugar, aluminum,
and TNT (mixture T) ignites easer and burns much
more intensely than the mixture of ammonium nitrate
with charcoal. When the length of the charge (loading
density) was increased one and a half times, the pres�

sure rise rate increased sixfold, reaching 60 MPa/ms
for a charge length of 60 mm.

(5) Moistening mixture T by adding of 2% water to
the dry mixture dramatically slows down the process of
burning. The failure pressure doubles, whereas the
pressure growth rate drops more than tenfold. At 5%
moisture, the mixture burns in the bed�by mode over
the entire pressure range covered (up to 60 MPa).

(6) Addition of potassium salt of phosphoric acid
slows down the burning of ammonium nitrate–alumi�
num mixtures, but the inhibitory effect is markedly
inferior to the action of moisture. Ammonium salt,
against expectations, caused an increase in the inten�
sity of burning.

2. EXPERIMENTS ON DEFLAGRATION�TO�
DETONATION TRANSITION IN STEEL TUBES

Since the standard deflagration�to�detonation tests
of pure ammonium nitrate and mixtures thereof with
combustible additives in thick�walled steel tubes pro�
duced no detonation [3, 5], we changed the experi�
mental arrangement to obtain information on the ini�
tial stage of explosion development. Experiments were
carried out in steel tubes with an inner diameter of 16
or 32 mm and a length of 400 mm. The tube was
installed vertically on the closed bottom end, whereas
the upper end was opened. The igniter cap and a por�
tion of black powder (0.25–2 g) were placed on the
bottom of the tube. The tube had an orifice near the
bottom for accommodating a piezoelectric quartz
pressure sensor. The material to be tested was poured
into the tube to form a bed of a given height Н. The
experiments were performed with two mixtures based
on fine sodium nitrate: a mixture with 16% charcoal
and sensitized mixture T.

This experimental arrangement and its relation to
explosion safety were considered in [11, 12]. The test
result depends on the height of the bed. At a small bed

 
Table 1. Experimental results on the combustion of pure ammonium nitrate (AN) and mixtures thereof in a constant�vol�
ume bomb at a charge diameter of 20 mm

Composition Properties of the charge: mass 
(g)/length (mm)/density (g/cm3)

Measurement results

Pс /Pmax, 
MPa

(dP/dt)max, 
MPa/ms t0, ms t1, ms

Industrial AN (1–2 mm) 8/36/0.71 42/102 0.95 125 39

Agricultural AN (3–4 mm) 8/30/0.85 42/82 0.44 130 71

Industrial AN (1–2 mm) + 
16% charcoal

8/31/0.84 9/96 4.8 43 10.6

AN (0.25–0.63 mm) + 
16% charcoal

8/37/0.71 10/92 7.5 36 9

AN (< 0.25 mm) + 
16% charcoal

8/35/0.75 7/88 18.4 25 11
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height, the charge burns quietly, without explosion,
although some burning material is ejected from the
tube through the upper open end and burns out on the
base. A typical pressure–time diagram (Fig. 4) first
rises smoothly, passes through a maximum, and then
descends. With increasing bed height, the result
changes little as long as the bed height does not exceed
a certain critical height Н*. In this case, burning goes
over into explosion (for typical high explosives, deto�
nation accompanied by the destruction of the tube).
At a bed height larger than Н*, the initial, smooth
behavior of the pressure–time diagram gives way to a
succession of sharp peaks with an amplitude of several
hundred MPa. As a result, a wave process arises,
which, judging by the amplitude of the pressure can be
classified as low�speed detonation.

The parameters measured at the critical condi�
tions: Н* and the maximum pressure P*, and the time
of rise t* to the maximum pressure in the P(t) depen�
dence recorded at the bottom of the tube can be rec�
ommended for a realistic assessment of the propensity
of large masses of explosive materials to explode. The
experimental results are illustrated in part in Figs. 4
and 5. The results obtained can be recapitulated as fol�
lows.

(1) The tests conducted with mixture T in a steel
tube 16 mm in inner diameter and 400 mm in length
yielded the critical bed height of ~275 mm and a criti�
cal pressure of ~7.3 MPa. In experiments with mixture
bed height less than Н*, the burning occurred without
explosion, with most of the burning mixture being
ejected into the atmosphere. The pressure rise time
was ~15–20 ms, while the pressure at the maximum

varied from 2.0 to 5.5 MPa, depending on the mixture
bed height. In experiments with a bed height larger
than H*, it took a shorter time for the process of burn�
ing to transform into an explosion, with a rapid pres�
sure rise in the combustion zone to 250 MPa.

(2) As the weight of the igniter was increased from
0.25 to 2 g of black powder, the critical bed height
reduced to 126 mm, the pressure rise time decreased
slightly, and P* remained at about the same level.

(3) As the charge diameter was changed from 16 to
32 mm, the critical bed height for the 2�g igniter
increased almost twofold, to 240 mm. Extrapolating
the dependence of the critical height on the charge
diameter to a diameter of 200 mm (at which the exist�
ing data are indicative of a weakening of this depen�
dence [12]), we obtained a value of about 1.5 m. This
gives a rough estimate of the height of a heap or pile for
which burning can transform into an explosion.

(4) Experiments carried out with a mixture of
ammonium nitrate (0.25–0.63�mm grain size) with
16% charcoal in a tube with a diameter of 16 mm gave
a higher value of P* (~27 MPa) and higher values of
H*(>320 mm) as compared to mixture T.

3. ANALYSIS OF COMBUSTION
IN BOMB MANOMETRIC

The simulations were performed using a computer
program we developed earlier based on a model of the
convective burning of porous heterogeneous materials
in a constant�volume bomb; for details, see [9, 10].
The model equations are written in the Eulerian form
in the one�dimensional approximation within the

Table 2. Experimental results on the combustion of ammonium nitrate–aluminum mixtures and mixture T activated by
TNT additive in a constant�volume bomb at a charge diameter of 16 mm

Composition
Properties of the charge: 

mass (g)/length 
(mm)/density (g/cm3)

Measurement results

Pс /Pmax, 
MPa

(dP/dt)max, 
MPa/ms t0, ms t1, ms

AN (1–2 mm) + 18% ADS�4 8.4/ 56/0.72 45/135 3.6 38.5 19.4

AN (0.25–0.63 mm) + 18% ADS�4 7.1/65/0.53 50/136 5.5 19 8

AN (0.25–0.63 mm) + 18% ADS�4 +  
10% КН2РО4

7.3/58.2/ 0.61 44/113 4.3 44 12

AN (0.25–0.63 mm) + 18% ADS�4 +  
10% (NH4)Н2РО4

6.9/50.1/ 0.66 38/127 44.0 18.6 0.2

Mixture T 6 /40/0.75 5/56 10.5 21 5

Mixture T 8/53/0.75 5/81 31 18 4

Mixture T 10/60/0.75 5/111 60 9.5 4.2

Mixture T + 2% water 6/40/0.75 11/66 1.2 250 14
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framework of the mechanics of two�phase reacting
media [14]. The model considers convective burning
that propagates through a porous cylindrical charge of
length L placed in a strong (steel) cup. The open end
of the charge, covered with the igniter, communicates
with the cavity of the bomb. The process begins with
the burning of the igniter, which causes an increase in
pressure in the cavity. The combustion products pene�
trate deep into the charge, initiating convective burn�
ing. As the charge burns, gaseous products outflow
into the cavity of the bomb, carrying particles dis�
persed from the burning charge.

The porous charge is prepared from a two� to three�
component heterogeneous mixture based on a dis�
persed oxidizer, in this case, ammonium nitrite. Parti�
cles of ammonium nitrate are regarded as the carrier
component, which defines the structure of the charge,
defining, with account of the porosity, the permeabil�
ity, pore diameter, and specific surface area. The other
two components (aluminum powder and any additive,
such as a sensitizing agent, TNT, or combustible liq�
uids) are distributed in a thin layer over the surface of
the carrier component particles. The model takes into
account the following processes: the filtration of flow
of gas in the pores of the charge, convective heating
and ignition of the pore surface; burning of carrier
component particles, diffusion combustion of alumi�
num, combustion of the third component; deforma�
tion and motion (compaction or dispersion) of the
solid phase under the influence of local pressure peaks;

burnout of dispersed particles in the cavity of the
bomb; and heat transfer to the walls of the bomb.

To describe these processes and perform calcula�
tions, it is necessary to know a large number of input
parameters. Although some of them for ammonium
nitrate and mixtures thereof are poorly known, the
calculations in general managed to achieve good
agreement with the results of experiments in constant�
volume bombs, which was achieved by selecting the
particle diameter and burning rates of the compo�
nents. The corresponding particle diameters of
ammonium nitrate turned out to be in their natural
range, limited by the upper and lower particle diame�
ters of the used fractions, whether original or crushed
product. The particle size of aluminum (ASD�4) was
9 µm. To calculate the burning rates, we used the cor�
responding data from the literature.

The input parameters of the model for the combus�
tion products were determined from the results of
thermodynamic calculations, which were performed
using the TDS program [15] for solving the problem of
combustion at constant volume and energy with the
use of the equation of state of an ideal gas. More infor�
mation and a comparison of the simulation results
with the experimental data are given below.

Pure ammonium nitrate. According to thermody�
namic calculations, the heat of combustion of ammo�
nium nitrate is 1.47 MJ/kg, combustion temperature,
1560 K, impetus 0.57 MJ/kg, and polytropic exponent
1.24. Experimental data on the ignition and combus�
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Fig. 4. Pressure–time diagram obtained in critical bed height tests of a mixture of ammonium nitrate (0.25–0.63 mm) with 16%
charcoal at bed heights of (1) 320 and (2) 510 mm.
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tion of ammonium nitrate are very scarce. Based on
measurements of the rate of layer�by�layer burning of
pressed ammonium nitrate samples with catalytic
additives [16] in a constant�pressure bomb, we per�
formed calculations using the burning rate law
Up (mm/s) = 0.6 [P(MPa)]0.53, which gives a burning
velocity of 7 mm/s at 100 MPa. The temperature of
ignition of ammonium nitrate in the combustion wave
was set to be 800 K. The calculations were performed
for industrial ammonium nitrate with a grain diameter
of 2.2 mm and for agricultural product with a particle
size of 3.5 mm.

Mixture of 82% ammonium nitrate and 18% alumi�
num. The burning of this mixture was considered in
the two�component mixture approximation with a
two�step reaction, involving the burning of ammo�
nium nitrate and the combustion of aluminum parti�
cles in the products of its decomposition. The thermo�
dynamic characteristics and the burning rate of
ammonium nitrate are given above. The composition
of combustion products was selected in a simplified
form: 57 mol % H2O, 29% N2 and 14% O2. For the
mixture, according to calculations, the heat of com�
bustion is equal to 6.5 MJ/kg, combustion tempera�
ture 3946 K, the impetus 1.07 MJ/kg, polytropic
exponent 1.145, and fraction of liquid alumina in the
combustion products 33.6 wt %. The burning rate of
aluminum particles UAl was determined by differenti�
ating the empirical equations from [17], which deter�
mines the burning time of aluminum particles tb as a

function of their initial diameter d0,Al and the oxidizing
activity of the gaseous medium Xef:

The respective formula for the burning rate reads as

Here, the particle diameter and oxidative activity of
the gaseous medium are the local quantities, which
vary with time.

Selection of the coefficients encounters certain diffi�
culties because of a strong scatter in the empirical data on
the burning time, especially for fine aluminum particles,
with a size smaller than 10 µm [17, 18]. The calculations
were performed at n = 1.5, C1 = 0.045 cm1.5/s, d0,Al =
9 µm, and Xef = 0.5 [18] for the above decomposition
products of ammonium nitrate. The reference burning
time of particles with a diameter of 9 µm in this atmo�
sphere is 1.2 ms. The ignition temperature was set
equal to the melting point of aluminum.

Mixture T. The process of burning was treated in
the three�component mixture approximation: a mix�
ture of ammonium nitrate with sugar was considered
as a monopropellant, whereas aluminum and TNT, as
additives. The thermodynamic characteristics for mix�
ture T were as follows: the heat of combustion,
4.4 MJ/kg; combustion temperature, 2580 K; impetus,
1.01 MJ/kg; and polytropic exponent, 1.17. For the
monopropellant, heat of combustion is equal to
3.2 MJ/kg; the approximate composition of the prod�
ucts of combustion: 61% H2O, 11% CO2 and 1% O2;
Xef = 0.4; the burning rate and ignition temperature
were assumed to be the same as those for the mixture
of ammonium nitrate with charcoal. The heat of com�
bustion of TNT is set equal to 3.2 MJ/kg, the ignition
temperature 700 K, and the rate of layer�by�layer burning
Up (mm/s) = 0.65P (MPa). The characteristics of com�
bustion and ignition of aluminum particles remained
unchanged—only the initial particle size was set equal
to 4 µm.

Moistened Mixture of 84% ammonium nitrate and
16% charcoal. The combustion of the dry mixture was
considered in the monopropellant approximation. In
thermodynamic calculations, we assumed that char�
coal has the chemical formula C6H2O and the enthalpy
of formation of 100 kJ/mol. The content of ash and
moisture were disregarded. According to these calcu�
lations, the heat of combustion of the mixture is
3.6 MJ/kg, combustion temperature 2614 K, impetus
0.95 MJ/kg, and polytropic exponent 1.21. Based on
results reported in [16], the layer�by�layer burning
velocity of the mixture was written in the form
Up(mm/s) = 1.25[P(MPa)]0.53, which yields a burning
velocity of 14 mm/s at 100 MPa. In modeling the com�
bustion of the moistened mixture, we assumed that the
added water is localized in the near�surface layer the
ammonium nitrate particles and that it evaporates
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ear interpolation over the subcritical segment.
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completely at the stage of convective heating ahead of
the combustion wave. The calculations were per�
formed for a mixture containing crushed ammonium
nitrate with a particle diameter of 0.3 mm.

The simulation results, along with experimental
data, are shown in Figs. 1–3 and 6, 7 and in Table 3.
The simulation results can be summarized as follows.

(1) Since the pressure rise rate in the bomb is
mainly determined by the density of loading and
intensity of combustion, the model’s ability to repro�
duce the experimental pressure diagram is an encour�
aging confirmation of the hypothesis underlying the
model. According to this hypothesis, the intensity of
combustion can be rather accurately estimated from
the initial surface area of particles, defined by their
diameter, and from the layer�by�layer burning rate law
formulated based on the available data.

(2) For ammonium nitrate with original grains and
mixtures based on it, convective burning has a number
of specific features, which are due to the high perme�
ability of the bed and the fact that, before beginning to
burn, the bed is noticeably compacted under the influ�
ence of the high pressure created by the igniter. The
example displayed in Fig. 6 for pure ammonium
nitrate shows that the flame speed, reaching a value of
~50 m/s, decreases rapidly due to pressure equalization
along the length of the charge. The time during which
combustion spreads throughout charge is ~ 2 ms, which
constitutes only a small fraction of the total burning
time of the charge t0.

(3) Although crushed ammonium nitrate mixtures
burn more intensively, providing a higher pressure rise
rate (approximately inversely proportional to particle
size), but the rate of convective burning decreases and
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Fig. 6. Calculated time history of the flame front position
(L, mm) and convective burning velocity (W, m/s) for pure
ammonium nitrate (1–2 mm).
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Fig. 7. Calculated time histories of the pressure (P, MPa)
and the flame front positions (L, mm) for a (1) dry and (2)
wetted (with 3% water) mixtures of ammonium nitrate
(0.25–0.63 mm) with 16% charcoal.

Table 3. Simulation results on the combustion of ammonium nitrate and mixtures thereof in a constant�volume bomb

Composition

Measurement results

Pс /Pmax, 
MPa

(dP/dt)max, 
MPa/ms Wmax, m/s t0 , ms t1, ms 

Industrial AN (1–2 mm), calculated 
at d0 = 2.2 mm, U100 = 8.8 mm/s

42/101 1.0 48 100 16

Agricultural AN (3–4 mm), calculated 
at d0 = 3.5 mm, U100 = 6.7 mm/s

42/85 0.46 7.5 200 44

Mixture T, 10 g 1/109 36 32 9 3.6

AN (0.25–0.63 mm) + 18% ADS�4 43/146 3.4 18 45.3 16

AN (0.25–0.63 mm) + 16% charcoal 1/95.6 13 46 9.2 17.2

AN (0.25–0.63 mm) + 16% charcoal + 
3% water

2/76 6 5.4 15.2 47

Note: Wmax is the maximum convective burning velocity.
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more uniformly changes along the length of the
charge. The stage of convective burning is a significant
portion (one�quarter to one half) of the total time of
burning of the charge.

(4) The addition of combustible components also
increases the intensity of burning, but to a lesser extent
than the pulverization of the ammonium nitrate.
Using mixture T, as an example, we examined the
effect of the charge length (density of loading) and
showed that, as the pressure rise rate 100 MPa/ms is
approached, which can be roughly interpreted as the
threshold of an explosion, the rate of convective burn�
ing increases, producing a significant (up to 30–50%)
difference between the pressure in the combustion
wave and in the bomb.

(5) In accordance with the experimental data, the
simulation results predict a strong retarding effect of
small additives of water. The effect is mainly deter�
mined by a high heat of vaporization of water, which,
being absorbed on the surface of ammonium nitrate
granules, greatly impedes the ignition and, conse�
quently, reduces the rate of convective burning. In
addition, water vapor, entering the pores ahead of the
combustion front, promotes pressure equalization. As
a result, the convective combustion wave does not
reach the end of the charge, and the charge partially
burns in the regime of layer�by�layer burning.

CONCLUSIONS

A high stability of ammonium nitrate to external
physical stimuli makes the standard test methods
unsuitable for estimating the explosiveness of this sub�
stance. Researchers are forced to look for unconven�
tional ways, in particular, placing hopes on numerical
simulations of explosions, refining the available mod�
els and collecting input information needed for the
calculations.

In this study, information obtained by measure�
ments on pure ammonium nitrate in a constant�vol�
ume bomb and its mixtures with various additives was
complemented by numerical simulations of the pro�
cess and experiments on elongated charges, which
gave information about the initial stage of the develop�
ment of the explosion from the combustion zone. The
following results were obtained.

It was shown that the loose�packed bed of pure
ammonium nitrate granules can burn in the convective
mode at pressures above 40 MPa. The intensity of gas
formation in the combustion wave can be assessed with
a reasonable accuracy if the product of the layer�by�
layer burning rate of ammonium nitrate and the sur�
face area of the granules are known.

In the presence of a combustible additive, the burn�
ing rate is higher, while the threshold pressure at which
convective burning arises is lower (these effects are
more pronounced for charcoal and weaker for alumi�
num additives, because of a high thermal conductivity
of the latter, a factor that impedes ignition).

Phosphorus�containing additives, usually recom�
mended as a means for suppressing the explosive
decomposition of ammonium nitrate, affect the com�
bustion of mixtures differently, and in any case, much
weaker as compared to the effectiveness of moisture,
which greatly impedes convective burning, mainly due
to the large heat of vaporization. Additionally, water
vapor, entering the pores ahead of the combustion
front, promotes a more rapid equalization of pressure.
As a result, convective burning does not reach the end
of the charge and, therefore, it partially burns out in
the layer�by layer mode.

For pulverized ammonium nitrate, the burning of
the mixture is enhanced, but the threshold pressure
required to initiate convective burning remains essen�
tially the same. As the length of the charge (see exper�
iments with mixture T in Table 2) is increased, the
pressure rise rate increases rapidly, approaching
100 MPa/ms, a value that is usually signifies the haz�
ards of explosion.

Tests carried out with two mixtures in a steel tube
with an open upper end face and combustion being
initiated near the closed bottom end showed that, at a
height of the mixture bed lesser than some critical
value Н*, burning occurs without an explosion, with
most of the burning mixture being ejected into the
atmosphere. If the bed height exceeds Н*, the process
of combustion transforms into an explosion, with the
formation of a low�speed detonation wave and a rapid
increase of the pressure in the combustion zone to sev�
eral hundred MPa. The critical bed height varies
depending on the power of the initiator and the tube
diameter, whereas the pressure that is achieved at H*
or the critical pressure P* is independent of these
parameters. Its magnitude was ~7 MPa for mixture T
and approximately 27 MPa for a mixture of pulverized
crushed ammonium nitrate (0.25–0.63 mm) with 16%
charcoal, which is higher than the pressure at the
beginning of the convective burning measured for
these mixtures in the constant�pressure bomb.

Numerical simulations, after refinement (select�
ing) of the mean grain size and the burning rate law of
ammonium nitrate that would provide agreement with
experimental data made it possible to examine the
characteristics of convective burning. For coarse
ammonium nitrate and mixtures thereof, convective
burning starts at a high rate, which, however, decreases
quickly due to equalization of the pressure along the
charge length. The time during which combustion
spreads throughout the entire length is short compared
to the total burning time of the charge. For mixtures
with crushed ammonium nitrate, the duration of the
stage of convective burning takes from one third to one
half of the total burning time of the charge, while the
convective burning rate increases with the pressure in
the combustion wave, which can be 30–50% higher
than the instantaneous pressure in the bomb.
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