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Introduction

Ammonium nitrate (AN) is a crystalline solid 
with a melting point of 170 °C, which decomposes 
above 210 °C. It is extensively used in nitrogen fer-
tilizer as a source of ammonia and NO3

– ion essen-
tial for the vegetal life, while in explosives and pro-
pellants nitrate ion constitutes an oxygen source. 
Since the 1870’s, ammonium nitrate has been wide-
ly used as a supplemental oxidant in dynamites1 and 
then in admixture with solid fuels and sensitizers, 
such as nytroglycerine to give more sensitive explo-
sives. Ammonium nitrate and derived explosives 
show non-ideal detonation behaviour, due to the rel-
atively low decomposition rate of AN, which cause 
a wide reaction zone, in combination with lateral 
heat losses and rarefaction which extinguish the de-
composition reactions.2 Moreover, ammonium ni-
trate is a promising rocket propellant oxidizer as 
it  produces, unlike the widely used ammonium 
perchlorate, completely eco-friendly products. 
AN-based oil in water and water in oil emulsion ex-
plosives have been developed since 1926, owing to 

their superior characteristics and cost-effectiveness. 
A typical formulation includes 20 % water, 12 % 
oil, 2 % microsphere, 1 % emulsifier and 65 % am-
monium nitrate.3 Several major accidents involving 
ammonium nitrate were recorded in the first half of 
the XX century, (Oppau, Germany, September 21, 
1921; Texas City, USA April 16, 1947; Brest, 
France, July 28, 1947) and the more recent explo-
sion occurred on 21st September 2001 at Tolouse – 
AZF plant (30 persons killed, up to 2242 people 
injured and an estimated cost of 1.5 billion EUR)4 
reveals that still much effort is to be devoted to in-
vestigate the hazards connected to energetic materi-
al storage and transport, despite the standards and 
procedures for safe storage and use. This evidence 
is confirmed by more recent high profile AN acci-
dents during transportation, e.g.: on 24th May 2004, 
a major accident involved a cylindrical vessel used 
for AN transportation at Mihăileşti (Romania), 
when a truck loaded with 20 tons of ammonium ni-
trate rolled over, caught fire and exploded one hour 
later, causing 18 fatalities and 10 severely injured 
persons; on 12th September 2005, at Shengangzhai 
(China) a truck loaded with 18 t of ammonium ni-
trate exploded, destroying 17 village houses, killing 
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at least 11 people and injuring 43.5 Occupational 
accident analysis over the long trend allows analyz-
ing the factors contributing to accidents in industrial 
activities6 and evidenced that, for example in Italy, 
the transport sector is characterized by higher sever-
ity, in terms of fatalities and permanent disabilities.7 
Learning from accidents by using analytical tech-
niques to establish the root cause of incidents, so as 
to identify and classify technical, organizational and 
human factors which may have contributed to the 
incident8 is one of the important factors which has 
led to the improvements in process safety. Provided 
that enough detailed data and a statistical significant 
number of accidents are available, the analysis can 
be performed by utilizing suitable statistical tech-
niques, e.g., by Structural Equation Modelling 
(SEM).9 An overview of recent high profile inci-
dents with non-sensitised emulsion is given in Ta-
ble 1. One can notice that these accidents are typi-
cal examples of low probability-high severity 
events, for which a probabilistic approach, includ-
ing the evaluation of probability or frequency, is 
rather difficult, also for non completeness of data 
and parameters relevant to the accident scenario. 
The ANE types of explosives consist of a solution 
of ammonium nitrate dispersed in an oil phase. The 
emulsion is intended to produce a blasting explo-
sive only after further processing prior to its use. 
Hot wire ignition experiments on ammonium nitrate 
emulsions were performed to identify minimum 
burning pressure and to predict the onset tempera-
ture.10 Experimental tests on the detonation of am-
monium nitrate and fuel oil mixtures evidenced that 
the physical properties of AN exert a strong influ-
ence on the sensitivity and the propagation be-
haviour of the detonation, with the highest detona-
tion velocity (3.85 km s–1) connected to the smallest 
particle diameter (0.85 mm) of ANFO.11 Although 
ammonium nitrate emulsion explosives (ANEs) 
have been applied for quite some time, only recent-

ly has much attention been paid to their hazard 
characteristics at moderate conditions. This has re-
sulted in the introduction of a dedicated classifica-
tion procedure for this type of material into the rel-
evant regulations for the transport of dangerous 
substances.12 In the first instance, safe transport, 
storage and use of ANE are strongly related to the 
thermal stability of the emulsion when subjected to 
an elevated thermal condition. The question of how 
to estimate quantitatively the risk level of explosive 
material handling is still an up-to-date research top-
ic, also in view of developing novel theoretical risk 
criteria.13 An interesting study on the onset of run-
away reactions in AN-based explosives provided 
experimental information appropriate to confined 
pumping situations and vented storage vessels, with 
possible application extended to bulk quantities.14 
Because of its potential reactive behaviour, proper 
classification of ANE is of the utmost importance 
for the safe transport (and storage) of this material. 
However, the classification of this substance is not 
easy. Emulsion sensitivity to explosion can vary de-
pending on density, ratio of aeration, droplet size in 
the emulsion, quality of raw material, additives like 
nitrites and so on. Some experts on classification 
pointed out that the properties can even vary with 
time, depending on factor such as pH, chloride con-
tent and amount of NOx present. The safety condi-
tions during transport and eventually the limitations 
at which the transport of this substance can be sub-
mitted are directly related to the transportation 
class. In principle, the following classes might ap-
ply:

An explosive of Class 1

“Solid or liquid substance (or a mixture of sub-
stances) which is in itself capable by chemical reac-
tion of producing gas at such a temperature and 
pressure and at such a speed as to cause damage to 
the surroundings. Pyrotechnic substances are in-

Ta b l e  1  – High profile accidents incidents involving AN emulsions

Year Country Event

1988 Canada An explosion while pumping an emulsion matrix (ignited under pressure) caused four fatalities.

1990’s USA An increasing frequency of accidents/near-misses is recorded during maintenance work to equipment 
contaminated with ANE explosives or explosive precursors.

1994 Papua 
(New Guinea)

At 9:45 am a severe explosion in the AN emulsion plant at Porgera Gold Mine resulted in 11 fatalities 
and large property damage. The fatal explosion involved at most a few t of explosive and was 
originated by a fire in a tank of emulsion matrix in close proximity to a fuel oil tank. 

At 11:02 am a larger explosion of nearly 80 t of emulsion (Ammonium Nitrate Emulsion, ANE, UN 
3375) was caused by fires under storage facilities at the same site. There were no fatalities in the 
second explosion due to proper and timely site evacuation. 

2010 Saudi Arabia
The transport contractor to a Saudi Chemical Company customer was transporting a container 1oaded 
with 18 t of AN and fuel oil, when following a collision, the truck rolled over resulting in a fire 
scenario without explosion.
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cluded even when they do not evolve gas.” ANEs 
are manufactured for explosive use.

Desensitised explosive (liquid of Class 3 or solid of 
Class 4)

Class 3:”Explosive substances that are dis-
solved or suspended in water or other liquid sub-
stances to form a homogeneous liquid mixture to 
suppress their explosive properties.”

Class 4:”Explosive substances that are wetted 
with water or alcohol or are diluted with other sub-
stances to form a homogeneous solid mixture to 
suppress their explosive properties.”

An oxidising substance (solid or liquid) of Class 5 
Division 5.1; and /or Class 9

ANEs contain a substantial proportion of am-
monium nitrate; their primary hazardous property 
(if not Class 1) is that of an oxidiser. Oxidising sub-
stances are defined as:” Substances which, while in 
themselves not necessarily combustible, may, gen-
erally by yielding oxygen, cause, or contribute, the 
combustion of other material.” Class 9, miscella-
neous substances:” Substances and articles which 
during transport present a danger not covered by 
other classes. This class includes substances that are 
transported or offered for transport at temperatures 
equal to or exceeding 100°C in a liquid state or at 
temperatures equal to or exceeding 240 °C in a sol-
id state”.

Not dangerous

It is clear that a substance included in class 1 
needs a higher safety procedure and, consequently, 
larger investment, than if included in a lower class. 
The need for a safe, but not overly conservative 
classification procedure, thus becomes evident. A 
well-documented method to determine the thermal 
stability of ANE with respect to practical applica-
tions is test 8(a) of the UN transport classification 
scheme.12 This test is used to measure the stability 
of a candidate for “ANE intermediate for blasting 
explosives” when subjected to an elevated thermal 
condition and determines whether or not the emul-
sion is too dangerous to be transported. The test is 
normally carried out in Dewar with a volume of 0.5 
L, which is filled with ANE for a volume corre-
sponding to 80 % and placed in an oven. The oven 
is kept at a constant pre-defined temperature. If the 
loading temperature of the ANE intermediate ex-
ceeds the pre-defined oven temperature, the tem-
perature of the oven is increased to the loading tem-
perature. The actual test starts when the temperature 
of the sample is two degrees below the oven tem-
perature. The test is interrupted if the temperature 
of the substance exceeds the temperature of the 

oven by more than six degrees. If this condition is 
not met over a period of seven days, the ANE is 
considered thermally stable and can be further test-
ed as a candidate for ANE intermediate for blasting 
explosives. Otherwise, the substance is not suitable 
for transport. In fact, in that case it would not be 
possible to avoid potential hazardous conditions 
during the transportation phase, contrarily to an in-
dustrial plant, where a dynamical analysis of the 
exothermic system allows determining necessary 
safety actions.15 Whether or not an ANE intermedi-
ate is stable under transport conditions depends on 
the balance between the exothermic reaction pat-
terns of the ANE and the heat loss from a given 
storage or transport container. Possible inconsisten-
cies in applying the Dewar method were evidenced 
by Fisher et al.16 As discussed above, the main dis-
advantage of the Dewar test is that its heat loss 
characteristics only correspond to storage sizes up 
to nearly 2 m3. In order to extrapolate the test result 
to larger sizes, the test is performed at an elevated 
temperature. This working hypothesis is tantamount 
to saying that the increase in temperature increases 
the heat production, which, in turn, compensates the 
too high level of heat loss. In analogy with the re-
sults from peroxide testing, a temperature increase 
of 20 °C is proposed for 20 m3 containers. It must 
be remarked that the above-mentioned test method 
is based on two important assumptions. Firstly, it is 
assumed that the decomposition patterns of the 
ANE intermediate obey a “simple scalable” mecha-
nism over the temperature range of interest. Sec-
ondly, it is assumed that the heat loss mechanism 
from a given package is determined by the heat loss 
over the wall of the package. The latter assumption 
seems rather questionable, as, contrarily for exam-
ple to the low viscous peroxide solutions, ANE are 
high viscous pastes with relatively low heat conduc-
tivity. This study is focused on the reactive proper-
ties of ANE, so as to shed light on its thermal be-
haviour by applying an integrated, two-technique 
approach based on miniautoclave DTA and Dewar 
calorimeter. Considering that the Tolouse accident 
occurred with off-spec materials and impurities rec-
ognized as possible contributing factors, an experi-
mental view is also taken on the possible effect of 
contaminants (namely HNO3 and NaCl) on the sus-
ceptibility to self-heating of ammonium nitrate 
emulsions.

Theoretical approach to self-heating

As well known, self-heating is the occurrence 
of a rise in temperature in a material in which heat 
is being generated by some process taking place 
within the material.17 Under certain circumstances, 
the temperature rise may increase both in magni-
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tude and rate sufficiently to lead to combustion or 
explosive effects; that is, there may be “self-igni-
tion”, or “spontaneous ignition”, or there may be a 
“thermal explosion“. Whether or not self-heating 
occurs under practical conditions depends on the 
balance between heat generation and heat loss. In 
1928, Semenov18 proposed a rather simple model to 
calculate the self-heating potential of a system with 
a homogeneous temperature. This model turned out 
to be valuable at small scale and for systems char-
acterized by a high apparent thermal conductivity. 
Semenov’s uniform spatial distribution of tempera-
ture and Newtonian heat transfer to the surround-
ings apply to situations in which the heat conductiv-
ity in the reactant is large compared with heat loss 
to the surroundings. Under different conditions, the 
reactant heats non-uniformly and a temperature gra-
dient will be formed. The thermal explosion with a 
temperature gradient within the reactant was de-
scribed by Frank-Kamenetskii.19 The model usually 
applies to solids, pastes and high viscous liquids. 
The so-called Biot number enables to decide which 
of the models describes the practical situation. The 
Biot number (Bi) is defined as:

	 Bi
h r

=
⋅
λ

	 (1)

According to Merzhanov et al.,20 the Semenov 
model is applicable for situations with a Biot num-
ber below 0.3, whereas the Frank-Kamenetskii 
model is applicable with a Biot number exceeding 
10. An ammonium nitrate emulsion (ANE) is a high 
viscous substance that can have various composi-
tions with respect to the relative amounts of ammo-
nium nitrate, water, oil and additives. In order to 
select a theoretical model suitable to describe the 
critical condition and the behaviour in typical stor-
age or transport sizes the range of physical parame-
ters and the characteristic of the “packages” must 
be defined. Subsequently, on the basis of these pa-
rameters and characteristics, a range of values for 
the Biot number for a given package can be derived. 
At last, from an evaluation of the ranges of the Biot 
number for the various storage or transport situa-
tions, a theoretical model can be selected. The char-

acteristics of commercial packages can be calculat-
ed on the basis of their so-called heat loss factor 
(HLF), according to eq. (2):

	 HLF
hA
m

= 	 (2)

As remarked by Fierz,21 this factor represents 
the specific heat loss of a transport package show-
ing Newtonian cooling. It should be noticed that 
this definition is more related to the Semenov mod-
el. In fact, according to this model, the HLF simple 
provides the heat loss per unit mass of material in 
the package. The values for typical commercial 
packages are calculated in Table 2, where the values 
of A and h were derived from literature.12 Using the 
values for the heat transfer area, the overall heat 
transfer coefficient given in Table 2 and a range for 
the heat conductivity between 0.1 and 0.3 W m–1 

K–1, the Biot number for each package can be eval-
uated. Table 2 shows that the calculated values of 
Bi for standard packages of different nominal ca-
pacity, all exceed a value of at least 3. It can be 
concluded that the Frank-Kamenetskii model ap-
plies to the given common situations. It must be re-
marked that only for a heat conductivity of 0.2 or 
0.3 W m–1 K–1, in connection with the small 50 L 
package, or with the insulated container, the heat 
transfer over the surface of package starts to play a 
rather limited role in the heat balance.

Under the assumption of cylindrical configura-
tions and infinite length, according to the well 
known Frank-Kamenetskii model, the critical con-
dition is as follows:

	 F
H E

RT
r k

E
RTk =

−( )
−








=

∆ ρ
λ 0

2
2

0
0

2exp 	 (3)

Based on the activation energy of the decompo-
sition reaction of ammonium nitrate (AN) and AN 
in water, a conservative range for the activation en-
ergy is 120 to 160 kJ mol–1. Equation 3 allows ob-
taining the critical dimensions of a package for a 
given level of heat production at T0 , once given or 
estimated the values for l, r and E. From one side, 
it is worth noting that eqs. (2) and (3), based on the 

Ta b l e  2  – Characteristics of typical ANE packaged systems

Package
h A HLF Biot number 

[W m–2 K–1] [m2] [mW kg–1 K–1] l = 0.1 
[W m–1 K–1]

l = 0.2 
[W m–1 K–1]

l = 0.3 
[W m–1 K–1]

50 L plastic drum 5.8 0.8 94 10 5 3
200 L plastic drum 5.8 1.9 56 16 8 5
5000 L container 4.4 17 17 28 14 9
25000 L container 4.4 51 10 47 24 16
25000 L insulated ISO container 1.0 51 2.3 11 5 4
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semi-analytical simplified theory of Frank-Kame-
netskii, give only an approximate index value, as 
long as they are valid for a single stage zero-order 
reaction, i.e. the reaction rate is independent of the 
conversion. On the other side, they allow obtaining 
convenient analytical relations without applying 
more complex and comprehensive models and can 
be used, with proper caution, as a rule for the sim-
ple estimation of critical parameters.

The heat production per unit mass is defined 
as:

	 q H k
E

RTprod = −( ) −








∆ 0

0
exp 	 (4)

Moreover, by combining equations 3 and 4, the 
maximum allowable heat production for a given 
package or storage size can be determined. The 
maximum allowable heat production per unit mass 
or critical heat production qmax follows as:

	 q
F RT

r E
k

max =
0

2

2
λ

ρ
	 (5)

For values above the maximum allowable heat 
production, the system reaches its super critical 
state and self-heating (or eventually a thermal ex-
plosion and subsequent destruction of the package) 
will occur. We can observe that the maximum heat 
production is inversely proportional to the squared 
radius of the package or, dealing with a more gener-
al configuration, to the squared characteristic length 
of the container. It must be observed that the ap-
proach is based on the assumption of infinite cylin-
der, to be clearly considered as an ideal approxima-
tion of the aspect ratio of a real container. However, 
the approximations made allow the attainment of 
conservative results in determining the critical val-
ues for the safe transport of ANE.

Experimental

Materials

The tested ANE was supplied by Dyno Nobel 
Europe (Marked, Norge) and tested as received. 
Both unsensitized emulsion and sensitised emulsion 
explosive were tested. A polymeric emulsifier and a 
mineral oil was used as the fuel phase. The average 
specifications of the sensitised product are as fol-
lows: density 1.01 g cm–3; energy 3200 J g–1; deto-
nation velocity 4000 m s–1.

During experimental runs addressed to a pre-
liminary evaluation on ammonium nitrate emulsion 
stability in the presence of possible low concen
tration contaminants, samples were prepared by 
adding to the above mentioned ANE reagent grade 

nitric acid (Sigma Chemicals, St. Louis, MO, USA) 
or sodium chloride, respectively at 1 % and 0.14 % 
w/w.

Miniautoclave DTA

The miniautoclave DTA is a temperature con-
trolled reaction system, consisting of two autoclaves 
and one reference autoclave that are placed in an 
oven. Basically, the miniautoclave system is a gram-
scale differential thermal analysis system (DTA) 
that allows the measurement of pressure, as well as 
temperature, using vessels (autoclaves), which are 
equipped with a thermocouple and a pressure trans-
ducer. The temperature is measured via a thermow-
ell in the test sample. The pressure is measured via 
a capillary tube with a length of 30 cm. Each auto-
clave is characterized by a free volume of 6 mL 
and  is capable of operating up to a temperature of 
350  °C and a pressure of 400 bar (see Fig. 1). In 
these experiments, a glass sample tube and ther-
mowell were applied to avoid a direct contact be-
tween the sample and the metal of the test vessel. 
The tests on ammonium nitrate emulsion were per-
formed as “open” and “closed” tests, as recently 
suggested in other studies.14 In the open tests, the 
vent line to the bursting disc is replaced by a 1/8” 
capillary tube with a length of 20 cm, which, in 
turn, is connected to a 1/16” capillary tube with a 
length of 6 cm, reducing the effective vent area. In 
the closed test, the system was sealed, so as to re-
cord any pressure resulting from vaporization or de-
composition of the sample. More information on 
miniautoclave testing, can be found in Whitmore et 
al.,22 while its potential use for the screening of 

F i g .  1 	–	 Simplified layout of the autoclave in the miniauto-
clave DTA apparatus
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chemical reactivity hazards was explored in Mak et 
al.23 The experiments were performed with a sam-
ple mass equal to 1 and 2 g in the closed and open 
test, respectively. All the scanning tests (for both 
pure and additivated ANE) were performed in the 
temperature range 20–350 °C, with a scanning rate 
of 2.5 °C min–1. The reference autoclave was filled 
with 2 g of sand.

Dewar calorimeter

In principle, Dewar experiments can be used to 
determine the self-heating behaviour of materials 
under various conditions. Because of the low heat 
loss from a Dewar, small amounts of produced heat 
can be accurately determined. The main advantages 
of Dewar experiments are the use of a relatively 
simple experimental set-up, a simple experimental 
procedure and results that can be directly related to 
practical situations. Apart from the determination of 
the onset temperature of an exothermic reaction, the 
Dewar experiments enable the assessment of the 
thermal properties of the investigated substance. 
The Dewar apparatus used in the tests consists of a 
0.5 litre glass vessel that is normally used in the 
already mentioned HAST -UN test H11. The experi-
ments, detailed elsewhere,24 were performed both in 
an insulated and a non-insulated Dewar. The insu-
lated Dewar set-up comprises the standard appara-
tus as normally used in the HAST test. The non-in-
sulated Dewar was simply made by breaking the 
vacuum of a standard Dewar. The air then present in 
between the double glass wall significantly increas-
es the heat loss from the Dewar. For safety reasons, 
firstly the non-insulated Dewar was used to assess 
the stability of the ANE as a self-heating is more 
likely to proceed with a lower temperature excur-
sion in this configuration, as compared with the 
same process in an insulated Dewar. The heat loss 
factor, calculated for both types of Dewar, making 
reference to sand and water, are given in Table 3. 
The heat loss from the Dewar corresponds to the 
heat loss of typical packages as commonly adopted 
during transport or storage, up to a size of approxi-
mately 2 m3 (typically within the range 20–40 mW 
kg–1 K–1, depending upon the type of material 
tested).

Results and discussion

Fig. 2 depicts as a typical example the experi-
mental results of the DTA closed experiment with 
ANE: it evidences a sudden increase in pressure 
upon the start of the decomposition reaction, with 
the exothermic peak detected at T = 245 °C, in con-
nection with pmax = 323 bar, measured prior to the 
rupture of the bursting disk (design pressure 360 
bar at 20 °C). The pressure curve shows an apparent 
“overshoot” in pressure characterized by a maxi-
mum rate of pressure rise equal to 612.0 bar s–1. 
This effect is caused by a rapid cool down of pro-
duced gasses, condensation of volatile components, 
or recombination of gaseous products upon the 
peak  in reaction. As a result, after the pressure 
peak,  pressure reduces to a nearly constant level 
with pfinal = 87.0 bar. Fig. 3 shows the DTA signal 
as a function of the reference temperature for both 
the open and closed experiments with ANE sam-
ples. The DTA signal equals the measured tempera-
ture in the sample autoclave minus the measured 
temperature in the reference autoclave, at a given 
time. Comparison of results from closed and open 

Ta b l e  3 	–	 Specific heat loss (HLF) of the Dewar apparatus

Dewar 
configuration

HLF Sand 
[mW kg–1 K–1]

HLF Water 
[mW kg–1 K–1]

Insulated   20   38
Not Insulated 234 485

F i g .  2 	–	 Typical temperature and pressure profiles from min-
iautoclave DTA closed experiment with ammonium 
nitrate emulsion (ANE)

F i g .  3 	–	 Comparison of DTA output as a function of tempera-
ture for ammonium nitrate emulsion (ANE) in open 
and closed experimental runs
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runs is to be performed carefully as the system ac-
tually modifies in the open tests due to evaporation 
or relief of gases. Making reference to the same 
Fig. 3, one can notice not only the sharp reduction 
in the heat effect of the reaction under open condi-
tions, but also the occurrence of an endothermic 
process at temperatures above 135 °C. This endo-
thermic process is caused by the evaporation of wa-
ter from the emulsion. The key parameters obtained 
from the experimental series with ANE are summa-
rized in Table 4. As discussed in the following, 
more information on the decomposition patterns of 
the ANE can be obtained by comparing the 
above-mentioned data with the results of mini-auto-
clave experimental runs on pure ammonium nitrate 
and ammonium nitrate/water mixture. As reported 
elsewhere,11 the decomposition of AN involves a 
number of consecutive and simultaneous reactions 
and phase equilibria, with initial endothermic de-
composition of ammonium nitrate into ammonia 
and nitric acid. As anticipated, closed systems be-
have very different from open systems, as in the lat-
ter AN vaporization can occur easily and a signifi-
cant loss of the starting material can occur. AN-based 
emulsion is characterized by a more complex ther-
mal decomposition than that of the oxidizers, owing 
to the presence of the oil phase. From experimental 
runs, we can notice a longer time to the onset of 
decomposition in the open runs, which could be as-
cribed to higher heat loss by evaporation during de-
composition under this experimental configuration. 
Fig. 4 shows the comparative experimental results 
of DTA runs under closed conditions. The ammoni-
um nitrate-water mixture had a water concentration 
of 6 % w/w (designated as AN94). From the same 
Fig. 4, one can easily identify in the corresponding 
profile the phase transitions of pure ammonium ni-
trate and the corresponding melting peak at 170 °C. 
The onset of the decomposition reaction in the pure 
ammonium nitrate and AN94 occur at approximate-
ly the same temperature. This onset temperature ap-
pears to correspond with the onset temperature of 
ammonium nitrate emulsion. However, the ANE 
sample evidences a much faster acceleration of the 

reaction (connected to higher apparent activation 
energy). This enhancement is also observed from 
the difference in peak heights. The results of the 
open tests on ANE, AN and AN94 are depicted in 
Fig. 5. The pure AN curve does not show any endo-
thermic reaction. The reason for this empirical evi-
dence is that the sample contains no water that 
might cause evaporative cooling. Any endothermic 
effects connected to the dissociation of AN into am-
moniac and nitric acid, or to the evaporation of wa-
ter produced in the decomposition of AN into N2O 
and water are masked by the exothermic decompo-
sition reaction. A comparison between the results of 
the ANE and AN94 shows that the endothermic ef-
fect caused by the evaporation of water is much 
more pronounced in the ANE than in the AN94. 
Again, the decomposition reaction in the ANE ap-
pears to accelerate faster than the reaction in the 
AN94. The shape of the curve of ANE in between 
200 and 250 °C most likely results from a reduction 
in evaporation, as the water content in the sample 
decreases. The miniautoclave results showed that 
under completely confined conditions, the exother-
mic decomposition of the ANE starts at elevated 
temperatures, well over the handling temperature. 
However, it must be remarked that some reaction 

F i g .  4 	–	 Comparison of AN, ANE and AN94 miniautoclave 
experimental runs, under closed conditions

Ta b l e  4 	–	 Summary of results for DTA runs with ammonium 
nitrate emulsion under different conditions

Data Unit Open 
system

Closed 
system

Mass [g] 2.00 1.04
Onset decomposition [°C] 267 246

DTmax [°C]   10   84
Tp [°C] 290 259
Pmax [bar] 1 352
(dPdt)max [bar s–1] 0 612
Pend [bar] 1   87

F i g .  5 	–	 Comparison of AN, ANE and AN94, miniautoclave 
experimental runs, under open conditions
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might take place below the onset temperature. This 
will not be detected due to the calorimetric accura-
cy of the miniautoclave system. In the open system, 
the evaporation of water appears to determine the 
thermal behaviour in the temperature range below 
200 °C. This empirical finding suggests that any 
self-heating behaviour will stop when the ANE tem-
perature reaches the melting or evaporation point. 
Exothermic effects are only to be expected after 
prolonged external heat input. As a comparison, to 
further investigate the stability of the ANE under 
storage/transport conditions, we consider as well 
experiments performed with standard Dewar appa-
ratus, at oven temperature corresponding to 85, 100 
and 125 °C, according to the standard testing proce-
dure previously mentioned. None of the Dewar tests 
showed the occurrence of self-heating evidencing 
that the heat produced by the tested ANE, if any, is 
significantly less than the heat loss to the surround-
ings.24 On the basis of the heat loss factor of the 
Dewar and considering that no temperature excur-
sion was observed in the test period, it follows that 
the heat production is at least below a calculated 
conservative value corresponding to 40 mW kg–1. 
From the experimental results, it appears that under 
open or non-confined conditions (Dewar and open 
mini-autoclave test) no detectable heat production 
takes place. From the closed miniautoclave experi-
ment, considering as well the comparison with pure 
ammonium nitrate and ammonium nitrate/water 
mixture, it appears that heat production only takes 
place at temperatures well above 200 °C. Despite 
the overall experimental evidence showing no pres-
ence of any reactivity in the low temperature range, 
a careful evaluation of the tests should be made be-
fore any solid conclusions can be drawn on the 
practical situation. In fact, it must be underlined 
that in a storage system where internal heat may be 
generated it is essential that the small-scale test 
used to assess behaviour in bulk reflects as far as 
possible the parameters relevant to modelling the 
bulk system. An important matter in this respect is a 
comparison between the accuracy of the Dewar and 
the required accuracy to assess the safety of large-
scale storage or transport. Such a comparison can 
be made on the basis of the model for self-heating 

derived by Frank-Kamenetskii, according to the 
critical condition given by equation (3) (for an ideal 
cylinder). The maximum allowable heat production 
can be calculated for different values of the activa-
tion energy and the heat conductivity, as shown in 
Tables 5 and 6. Results are calculated making refer-
ence to three different standard packages or con-
tainers at an ambient temperature of 25 °C or a 
loading temperature of 60 °C. Furthermore, two 
limiting values for the activation energy were used. 
The higher value of 160 kJ mol–1 relates to the acti-
vation energy of pure ammonium nitrate. The lower 
value of 120 kJ mol–1 can be used as a conservative 
value for the extrapolation of the heat production as 
a function of temperature. Tables 5 and 6 show that 
the maximum allowable heat production for the 
200 L drum is close to, or above the accuracy of the 
Dewar test. This test could be considered not accu-
rate enough for the container with nominal capacity 
5000 or 25000 L, thus evidencing the need of 
further investigation. For these containers, inde-
pendently of the used heat conductivity, the Dewar 
test is only applicable if the experimental results are 
extrapolated to a lower temperature range. Such an 
extrapolation is possible when the heat production 
of the ANE at a given temperature is assumed equal 
to the accuracy of the Dewar. Just as an illustrative 
application, the evaluation of the extrapolated heat 
production according to equation (4), in connection 
with an apparent activation energy of 120 kJ mol–1, 
leads to the conclusion that the tested emulsion 
would be safe for transport on a 25000 L scale with 

Ta b l e  5 	–	 Evaluation of the maximum allowable heat production [mW kg–1] in different ANE packaged systems, at two loading 
temperatures

Temperature 
[K] 

Activation energy 
[kJ mol–1]

200 L plastic drum 
l [W m–1 K–1]

5000 L container 
l [W m-1 K-1]

25000 L non-insulated container 
l [W m-1 K-1]

0.1 0.3 0.1 0.3 0.1 0.3
298 120 17 50 3 8 1 3
298 160 13 38 2 6 1 2
333 120 21 63 3 9 1 3
333 160 16 47 2 7 1 2

Ta b l e  6 	–	 Comparative results for DTA runs under closed 
configuration with pure ammonium nitrate emul-
sion and contaminated ammonium nitrate emul-
sion (HNO3 1% w/w or NaCl 0.14 % w/w)

Data Unit
ANE ANE -HNO3 ANE NaCl

closed test closed test closed test
Mass [g] 1.04 0.97 1.05
Onset 
decomposition [°C] 246 193 229

DTmax [°C] 84 41 78
Tp [°C] 259 316 256
Pend [bar] 87 96 91
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an ambient or loading temperature of approximately 
85–90 °C (the heat production is below 1 mW kg–1 
in this range if no heat production is detected at 
125  °C in the Dewar test during the required test 
period). The approach could also be used the other 
way around. For a maximum allowable heat pro-
duction at 60 °C of 1 mW kg–1 K–1 and an activation 
energy of 120 kJ mol–1, the test should be performed 
at a temperature of 90 °C.24 It is worth observing 
that the temperature difference of 30 °C is higher 
than the difference of 20 °C mentioned in the intro-
duction. In principle, according to the evaluation 
discussed above it should be verified that no exo-
thermic reactions occur which are masked by 
physical processes, such as evaporation or melting. 
Such a verification can be performed on the basis 
of  the heat-up period of the Dewar in which de
viations from the heat-up of a thermally inert mate-
rial are easily detected. Furthermore, it must be 
mentioned that the evaporation of small amount 
of  water  effectively removes produced heat. Un-
der  a situation like this, in the absence of an in
ternal  exothermic chemical process that drives the 
endothermic physical changes, exothermic effects 
are only to be expected after prolonged external 
heat input. Clearly, scale-up methods are only ap-
proximations, with no assurance of real thermal 
equivalence of reactive systems of different size; 
in  this regard, an advanced method based on 
the  theory of  regular cooling mode25 can ensure 
more reliable  results of the Dewar test application, 
with the drawback of complex mathematical simu-
lation.

It is amply known that impurity traces (e.g. 
peroxides, rust or metal ions from corrosion) may 
catalyze decomposition reactions. Considering that 
possible impurities of ammonium nitrate can be 
contributing factors to the origin of an explosion, as 
for example in the Tolouse accident, a preliminary 
experimental evaluation on contaminated ANE was 
carried out as well. Figs. 6 and 7 depict a compari-

son between the experimental results of pure ANE 
and acidified ANE in the closed and open experi-
mental runs respectively. From Fig. 6 it can be no-
ticed that the onset of the exothermic reaction shifts 
to a lower temperature. Furthermore, three decom-
position peaks are experimentally observed instead 
of one. The two last peaks are in fairly good agree-
ment with those observed in the open run for the 
sample with the same composition shown in Fig. 7. 
From the same figure, it can be argued that due to 
the endothermic effect of water evaporation, the 
previously mentioned exothermic peak does not 
appear. Overall, it results that a low level contami-
nation with HNO3 exerts a more marked effect 
under closed, rather than under open conditions. 
The key findings of experimental runs performed 
utilizing ANE contaminated with NaCl are that at 
the tested concentration the curves hardly evidence 
any significant quantitative difference, contrary to 
the results available in case of ammonium nitrate 
with the same contaminant.26 In fact, during the 
closed tests the curves were practically superim-
posed while, as shown for example in Fig. 8, the 
slight differences detected under open conditions 

F i g .  6 	–	 Influence of HNO3 contamination on ANE decompo-
sition under closed condition (ammonium nitrate 
emulsion acidified with HNO3 1 % w/w)

F i g .  7 	–	 Influence of HNO3 contamination on ANE decompo-
sition under open condition (ammonium nitrate 
emulsion acidified with HNO3 1 % w/w)

F i g .  8 	–	 Influence of NaCl contamination on ANE decompo-
sition, under open condition (ammonium nitrate 
emulsion added with NaCl 0.14 % w/w)
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are not significant from the safety side. A com
parative summary of quantitative results obtained 
under closed conditions runs is shown in Table 6, 
from which the main conclusion is that the onset 
of the exothermic decomposition reaction is reduced 
in the presence of acidification and, to a lower 
degree, also in the presence of NaCl, if compared 
with the onset of pure ANE, corresponding to 
246 °C.

Conclusions

From an evaluation of theoretical models for 
self-heating, the characteristics of typical packages 
and the properties of ammonium nitrate emulsions 
it can be concluded that the more relevant parame-
ters for assessing the occurrence of self-heating un-
der storage, or transport conditions are heat conduc-
tivity of the material and the “package” dimensions, 
rather than the heat transfer coefficient of the pack-
age. The self-heating of ANE under realistic condi-
tions can be described by applying the Frank-Kame-
netskii model. From the present work, it is 
concluded that according to the relevant model for 
self-heating, low levels of heat production could al-
ready lead to self-heating of ANE. In principle, a 
Dewar test is not accurate enough to detect this lev-
el of heat production in the relevant temperature 
range. However, downward extrapolation of the re-
sults obtained at higher temperatures, appears to 
provide a way to assess the safety of large-scale 
transport sizes, at least at a preliminary level. The 
results of such an evaluation are most likely con
servative as self-heating is also suppressed by 
evaporation of small amounts of water from the 
emulsion (under “open” conditions), or melting of 
the ammonium nitrate component. Hence, exother-
mic effects liable to affect transport safety are 
only  to be expected after prolonged external heat 
input for the considered ANE system. As regards 
the amply unexplored topic of ANE contamina-
tion,  globally, contrary to what is reported for 
ammonium nitrate, it does not appear that the con-
tamination of ammonium nitrate emulsion with 
HNO3 or NaCl at the tested levels affects the de-
composition in a way determining for the reactivity 
in the low temperature range, typical of transport 
conditions.
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L i s t  o f  s y m b o l s

A	 –	surface area of the package, m2

E 	 –	activation energy, J mol–1

dp
dt max

	–	maximum rate of pressure rise, bar s–1

Fk	 –	Frank-Kamenetskii number
h	 –	heat transfer coefficient, W m–2 K–1

k0	 –	pre-exponential factor, s–1

m	 –	mass of packaged material, kg
Pmax	 –	maximum pressure, bar
qmax	 –	critical heat production according to eq. (5), W kg–1

qprod	 –	heat production according to eq. (4), W kg–1

R 	 –	 ideal gas constant, J mol–1 K–1

r 	 –	 radius of a cylinder, sphere or half thickness of 
slab, m

T0 	 –	 critical ambient temperature, K
Tp	 –	peak temperature during DTA runs, °C
V	 –	package volume, m3

ΔH 	 –	heat of reaction, J kg–1

ΔTmax	–	maximum temperature difference between sam-
ple and reference during DTA runs, °C

l 	 –	 thermal conductivity, W m–1 K–1

r 	 –	density, kg m–3

A b b r e v i a t i o n s

AN	 –	ammonium nitrate
AN94	 –	ammonium nitrate 94 % water 6 % [w/w]
ANE	–	ammonium nitrate emulsion
ANFO	 –	ammonium nitrate and fuel oil
Bi	 –	Biot number (eq. 1)
DTA	–	differential thermal analysis
HLF	 –	heat loss factor
SEM	–	structural equation modelling
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