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Abstract: Emulsion explosives modified by the addition of cooling salts have been 
investigated.  Sodium chloride and ammonium chloride were added as cooling 
agents.  The research was carried out to develop emulsion explosives that can be 
applied in the coal mining industry.  The particular requirements for the considered 
explosives must ensure a low hazard degree when used in the presence of coal 
dust and/or methane.
Experimental determination of the detonation velocity confirmed that the 
satisfactory performance of the investigated emulsion explosives, modified by the 
addition of these cooling salts, was preserved.  In all of the investigated samples, 
the detonation velocity was about 4500 m/s, with salt contents of about 10-15%.
In order to explore the thermodynamic characteristics of the investigated explosives, 
the chemical composition as well as the state parameters of the detonation and 
explosion products were evaluated.  In these analyses, the cooling additives 
were allowed to become involved in chemical reactions during the attainment of 
thermodynamic equilibrium in the reacting mixture.  The results obtained show 
reciprocal relations between the partial loss of explosive performance (diminution 
in explosion energy and lowering of the amount of products in the gaseous phase) 
and the desired reduction in temperature of the explosion products.

Keywords: emulsion explosives, cooling salts, explosion temperature and 
energy 

1	 Introduction

In recent decades various kinds of emulsion explosives have become the dominant 
shot agents employed in the mining industry.  The growing use and significance 
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of emulsion explosives arises as a result of several of their beneficial properties 
[1, 2].  Emulsion explosives exhibit apparently low mechanical sensitivity.  
Being water-resistant, emulsion explosives can withstand unfavorable geological 
conditions.  The physical structure of an emulsion enables the mass density as 
well as the detonation velocity and detonation pressure of emulsion explosives 
to be adjusted to suit the characteristics of the blasted rock.  Due to their low 
sensitivity, the mechanization of borehole filling has become widely employed.  
Important eco-friendly aspects resulting from the low concentrations of toxic 
gases in the detonation products of emulsion explosives should also be noted.  
A constant growth in the bulk of the orders and the increasing share of emulsion 
explosives in the range of industrially used explosives has been observed in 
Poland in recent years [3].  Emulsion explosives are mainly employed in opencast 
and in metal ore mining.  The investigations presented here are intended to extend 
the range of emulsion explosives in the coal mining industry, especially in the 
possible presence of coal dust or methane. 

In this paper the results of an investigation of emulsion explosives modified 
by the addition of cooling salts, sodium chloride and ammonium chloride, are 
presented.  As the base, two types of emulsion matrix were chosen.  Emulsion 
mixtures sensitized with glass microballoons are considered.  The detonation 
properties of explosives containing of 5-15 wt.% of inert salts were investigated 
experimentally. 

To examine the effect of cooling salts on the detonation performance 
and explosion processes, evaluation of the chemical composition and state 
parameters of the explosion and detonation products was performed.  The 
possible participation of the added salts in all of the chemical reactions occurring 
in the explosion products was assumed.  The values of the detonation velocities 
obtained in these evaluations were quite close to those recorded experimentally.  
This confirms that the diminution degree of the salt grains used was sufficient 
to ensure the participation and influence of the inert additives on the explosion 
parameters of the emulsion explosives investigated.  The influence of cooling 
salts on diminishing the explosion temperature is discussed.

2	 Technological Characteristics and Experimental Data

In the experiments performed, emulsion explosives based on two types of matrix 
were investigated.  The formulation of the matrixes is presented in Table 1.
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Table 1.	 Chemical composition of the base matrixes of the explosives 
investigated 

Components, [%] Matrix
M-1 M-2

Ammonium nitrate(V) 72.5 67.7
Sodium nitrate(V)   8.1   7.9
Fuel oil   6.7   6.7
Water 12.7 17.7

Electron microscope pictures of the matrixes employed are presented in 
Figures 1 and 2. 

  
Figure 1.	 SEMs of matrix M-1.

  
Figure 2.	 SEMs of matrix M-2.

The explosive mixtures were prepared by mechanical mixing of the 
constituents.  In the first step the inert salts, sodium chloride or ammonium 
chloride, were added.  Both salts had a similar range of grain diameters, 0.4-
0.6 mm.  The mixture was then sensitized by introducing glass microspheres (3%).  
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The glass microballoons were of type K1 of 3M Schotchlite production.  The 
particle size distribution of the employed microspheres is presented in Figure 3 
with electron microscope pictures of the microballoons in Figure 4. 
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Figure 3.	 Particle size distribution of the glass microballoons.

  
Figure 4.	 SEMs of the glass microballoons employed in the investigated explosives.

The detonation performance of the emulsion explosives obtained was tested 
by measurement of the detonation velocity.  Test samples were assembled in 
31/32 mm vinylidene tubes.  The detonation velocities were registered by short-
circuit gauges [3].  The results of the measurements of the detonation velocity 
of the investigated explosives are presented in Tables 2 and 3.
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Table 2.	 Detonation velocities of the emulsion explosives based on matrix M-1
Explosive 1 2 3 4 5 6
Composition
   - matrix M-1 92 87 82 92 87 82
   - glass microballoons 3 3 3 3 3 3
   - sodium chloride 5 10 15 - - -
   - ammonium chloride - - - 5 10 15
Parameter
   - mass density, [g/cm3] 1.18 1.19 1.21 1.16 1.16 1.16
   - detonation velocity, [m/s] 4790 4670 4530 4830 4640 4470

Table 3.	 Detonation velocities of the emulsion explosives based on matrix M-2
Explosive 11 12 13 14 15 16
Composition
   - matrix M-2 92 87 82 92 87 82
   - glass microballoons 3 3 3 3 3 3
   - sodium chloride 5 10 15 - - -
   - ammonium chloride - - - 5 10 15
Parameter
   - mass density, [g/cm3] 1.15 1.17 1.18 1.14 1.14 1.14
   - detonation velocity, [m/s] 4680 4530 4460 4660 4420 4350

The developed explosives retained satisfactory detonation properties.  In all 
of the investigated samples, the detonation velocity was about 4500 m/s, with salt 
contents of about 10-15%.  To assess particular aspects of the presence of the inert 
salts and their effect on the explosion performance of the investigated explosives, 
an analysis of the chemical composition and thermodynamic parameters of the 
explosion products was carried out.

3	 Thermodynamic Assessment of the Influence of Cooling Salts  
on the Temperature and Other Characteristics of the Detonation 
and Explosion of the Emulsion Explosives Considered

Thermodynamic evaluations were carried out to estimate the chemical 
compositions and state parameters of the explosion and detonation products.  The 
MWEQ program [4] was applied.  The program uses the principle of minimization 
of the free energy of the reacting mixture.  The explosion products are considered 
as a reacting mixture for which the equilibrium point in multi-dimensional space 
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of the species’ concentrations is approached in an iterative way by the steepest 
descent method.  The presence of substances in the condensed solid or liquid 
phases is accounted for.  The implemented algorithm is based on a reduced set 
of equations that enables exact evaluation of the chemical substances that are 
present in the reactive mixture.

In the reacting medium that is generated in the explosion, the added salts 
behave in a several ways: to absorb the heat and remain in a condensed state, to 
vaporize or to undergo decomposition and react with other chemical substances 
that are present in the detonation/explosion products.  In the evaluations 
performed, the added salts were assumed to participate in chemical reactions 
and to form equilibrium compositions of the transformation products. 

The BKW [5] equation of state is used to describe non-ideal properties 
of chemical substances at high densities and temperatures.  BKW is a  semi 
empirical equation and several ways of adjusting the BKW parameter set have 
been proposed.  In the evaluations performed, the BKWC parameterization [6] 
has been adopted.  The BKWC set of parameters was developed by adjusting 
the evaluation results to data obtained from cylinder tests.  In the optimization 
performed, BKWC covolumes of the main species present in the products of 
C-H-N-O-F-Cl explosives were derived [6].  In the explosives considered, sodium 
nitrate is introduced as the oxidizer in the M-1 and M-2 matrixes.  To appraise 
the BKW covolumes of sodium containing compounds, the geometrical concept 
of Hobbes and Baer [7] was adopted.  Values of the assumed BKW covolumes 
are presented in Table 4.  The proximity of the van der Waal’s radii of sodium 
and aluminum was taken as the basis for the assignment.

Table. 4.	 Geometrical assignment of BKW covolumes of sodium-containing 
chemical species

Species Atom radius
[Å]

BKW  
covolume* Species Atom radius

[Å]
Assumed

BKW
covolume

Al 2.05 Na 2.31
Al(g) 340 Na(g) 400
Al2(g) 1400 Na2(g) 1500
AlH(g) 858 NaH(g) 900
Al2O(g) 2130 Na2O(g) 2200
AlOH(g) 884 NaOH(g) 900

Na2O2H2(g) 2600
* Ref. [6]
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As aluminum has three outer-shell electrons, while sodium has only one, 
a small difference in the assumed covolume values was assumed. 

The results of the evaluation of the detonation and explosion parameters 
of the emulsion explosives based on the matrixes M-1 and M-2 are presented 
in Tables 5 and 6. 
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The detonation parameters at the C-J point were evaluated on the assumption 
of complete combustion of all of the ingredients comprising the initial explosive.  
The evaluated values of pressure (p), energy of explosion (Qv), temperature (T), 
as well as the amount of products in the gaseous phase (Syi) and the concentrations 
of species in condensed phases, sodium chloride and sodium carbonate, are 
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presented in Tables 5 and 6.  Being of heterogeneous structure (Figures 1, 2, 4), 
the mixtures investigated exhibit non-ideal performance on detonation.  The 
detonation velocities obtained in the evaluations are slightly higher than those 
obtained in the experimental determinations.  The quite close agreement of the 
evaluated and the experimentally determined detonation velocities confirm that 
the method employed for the preparation of the explosive mixtures ensures an 
efficient course of the detonation process, and a predominant part of the explosive 
reacts in close proximity to the detonation zone. 

By employing the explosive charge in a  shot-hole, fast levelling of the 
thermodynamic parameters attained in the detonation zone occurs.  In view 
of this, the explosion parameters at constant volume may be considered to be 
representative characteristics of explosives intended to be used in industrial 
applications.  The cases indicated as V = const are evaluated at a constant volume, 
corresponding to the initial density of the mixture, υ = 1/ρ (given in the 2nd 
column). 

Considering the possible use of the considered mixtures in a flammable 
atmosphere, the temperature of the expanded detonation products may also 
be of interest.  The parameters attained on expansion to normal pressure of 
pconst

 = 0.101325 MPa, were then also estimated. 
Except for a  few cases of the detonation states, the temperature of the 

detonation and explosion products of the emulsion explosives considered do 
not exceed 2000 K. 

4	 Analysis of the Influence of the Cooling Salts on the Explosive 
Characteristics of Emulsion Explosives in a Broad Range of 
Salt Content 

The results presented in Tables 5 and 6 illustrate the characteristics of a series 
of explosives for which experimental determination of the detonation velocity 
was performed (Tables 2 and 3).  For a broader inspection of the influence of 
the cooling salts on the performance of emulsion explosives, a supplementary 
analysis of the dependence of the detonation and explosion parameters on cooling 
salt content has been carried out.  The results of this analysis are presented in 
Figures 5 to 8.
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Figure 5.	 The dependence of the explosion parameters upon the sodium 
chloride content in emulsion explosives based on the matrix M-1. 
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Figure 6.	 The dependence of the explosion parameters upon the ammonium 
chloride content in emulsion explosives based on the matrix M-1. 
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Figure 7.	 The dependence of the explosion parameters upon the sodium 
chloride content in emulsion explosives based on the matrix M-2. 
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Figure 8.	 The dependence of the explosion parameters upon the ammonium 
chloride content in emulsion explosives based on the matrix M-2.

In Figures 5-8, values of the explosion parameters, explosion pressure and 
temperature p and T, and the amounts of products in the gaseous phase Syi, are 
presented.  The evaluated values of the detonation velocity DC-J are also shown.  
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To illustrate the initial characteristics of the considered explosives, values of 
the oxygen balance BT and the enthalpy of formation DfH are also shown.  The 
addition of ammonium chloride leads to a significant lowering of the oxygen 
balance.  That causes an increase in oxygen-lean chemical substances in the 
transformation products. 

By employing a higher content of the cooling salts, a substantial decrease in 
the explosion temperatures may be attained.  The evaluations performed indicate 
that with an ammonium chloride content over 30%, the explosion temperature 
may drop below 800 K.  However, the reduction in temperature is accompanied 
by a considerable lowering of the explosion pressure, below 2000 MPa.  That 
would limit the shattering effect of the explosive charges employed .

5	 Conclusions 

The energetic characteristics of emulsion explosives containing cooling salts, 
intended to be employed in the coal mining industry, were investigated.  The 
role of sodium chloride and ammonium chloride as modifying additives was 
examined.  The experimental determination of the detonation velocities confirmed 
that satisfactory performance of the explosive mixtures obtained on addition of 
the considered cooling salts was preserved.  The determined detonation velocities 
were about 4500 m/s, with salt contents of 10-15%.

A thermodynamic analysis of the influence of the added salts upon the 
explosion temperature and energy, as well as on the amounts of gaseous products 
produced by the explosion of a unit mass of the energetic material, was performed.  
The dependence of pressure and temperature of the explosion products, as well 
the amounts of gaseous products per unit mass of explosive, was examined.

The reciprocal dependence between the positive influence of the added salts, 
that reveals, on the one hand, a lowering of the temperature of the explosion 
products, and on the other hand, a  reduction in the explosive performance, 
is discussed.
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