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ABSTRACT

	 The aim of the study was to develop methods to reduce the penetration ability of the flame 
front and red-hot striking elements that propagate in the confined space of mines. In the article is 
considered a method for localizing explosions of a methane-dust mixture in coal mines, by creating 
an aqueous barrier (increased density) in the propagation path of the flame front and incandescent 
particles, using a high-energy pyrotechnic composition based on nanoaluminum. The optimal 
pyrotechnic composition contents of ammonium nitrate  - 50%, smokeless powder - 45%, magnesium 
- 3% and nanoaluminum - 2%. This composition punched the target to a depth of 6.5 mm with a 
barrier thickness of 50 mm. Water cannon with a nozzle with a diameter of 80 mm, allows to localize 
the spread of the flame front. 
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INTRODUCTION

	 In the process of mining in a closed mining 
method, the probability of accumulation of methane-
dust mist is high. Often, this leads to accidents 
involving catastrophic gas and dust explosions. 
Such explosions of gas and coal dust are accidents 
with the most serious consequences in social 
and economic terms1-6. Such explosions are often 
accompanied by group accidents, in some cases 
claiming hundreds of human lives7-12. 

	 Localization and prevention of explosions in 
coal mines is a complex organizational and technical 
challenge. Methods of localizing the explosion of 
dust-gas-air mixtures in workings are the subject of 
scientific research13-21.

	 The purpose of this study is to develop 
methods to reduce the penetration ability of the flame 
front and red-hot striking elements that propagate in 
the confined space of mines.
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MATERIALS AND METHODS

	 During testing, formulations were prepared 
with a different ratio of components. The following 
components were used: granulated ammonium 
nitrate (AN), smokeless powder, magnesium powder, 
nanoaluminum. 

	 The compositions are thoroughly mixed 
and introduced into a waterproof cartridge. Initiation 
was carried out with the help of electricity through 
the nichrome thread. 

	 Studies have been carried out on the 
penetrating ability of the veil, which in the first case 
consists of water and in the second case from a 
saturated solution of common salt.

Table 1: The initial compositions for testing

No of a		 The content of components
composition		        in the composition, %	       	
	 AN	 Smokeless	 Mg	Nanoaluminum
		  powder

1	 50.0	 45.0	 3.0	 2.0
2	 50.0	 45.0	 2.0	 3.0
3	 50.0	 40.0	 6.0	 4.0
4	 45.0	 50.0	 3.0	 2.0
5	 45.0	 50.0	 2.0	 3.0
6	 40.0	 50.0	 6.0	 4.0

	 The fire experimental installation for studies 
the conditions for burning a sample of the fine 
fraction AN with the addition of nanoaluminum, is 
made on the basis of a modernized high-temperature 
electric arc pipe equipped with a thermostat22. The 
thermostat automatically maintains the required 
temperature of the gas medium in its working volume. 
Heat losses through the setting of the combustion 
chamber are replenished by the load circuit of 
the installation (heating elements). Thanks to this 
design, heat losses by the convective transfer in the 
system are replenished and, accordingly, are not 
taken into account. Heat transfer is modeled by the 
interaction of the reacting mixture with an irradiator, 
the temperature of which is dependent on time. The 
heat exchange between the particle and the gaseous 
medium occurs by convection and diffusion thermal 
conductivity.

	 The technique of sample preparation was 
as follows: 

	 Weighing → Dry mixing of oxidant and 
fuel manually → Mixing with a binder → Pressing 
in a hydraulic mold → Drying → Test  → Fixing the 
release of volatile substances23-27.

RESULTS AND DISCUSSION

	 By carefully mixing the magnesium powder 
with smokeless powder and nanoaluminum, a fine 
distribution of one component on the surface of the 
other component can be obtained. Fig.1 shows a 
micrograph of a mixture of Mg + AN + Al. According 
to the results of studies of the surface morphology 
of the mixture obtained using SEM, it was found that 
after mixing the components of Mg and Al is on the 
surface of the AN in the form of spraying.

Fig.1. SEM images of particles of magnesium powder, aluminum 
on the surface of ammonium nitrate in resolutions at 100 

micrometers (a), at 20 micrometers (b)

(a)

(b)

	 Researches of processes of burning and 
detonation and also test for efficiency of the synthesized 
compositions on protection by the water screen and 
efficiency of the filter with table salt were carried out.
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	 The mathematical model described by 
a system of the following differential equations 
corresponds to the adopted chemical mechanism 
of combustion and assumptions:

1) 	 Equation of the kinetics of release (r)  of 
volatile substances.

	 (1)

	 Where Vw  is the content of “wet” volatile 
substances in the fuel;

	 αwet is the rate constant for the release of 
volatile substances;

	 Vdamp is a number of “damp” volatile 
substances leaving the fuel, kg/kg.

	 The constant of the rate of release of 
volatile substances in this case is determined by the 
dependence: 

                                 (2)

	 Where R0vr is a kinetic constant of volatiles 
release, 

vr  is volatile substances release
	
	 Exit and burning of volatile substances is 
a kinetic process. When burning fuel with aluminum 
nano-additives, there is a decrease in the activation 

energy of the primary combustion reactions of 
pyrophoric compounds by an amount characterizing 
the energy difference between the ground and 
singlet oxygen states ΔΕ = 94.2 • 103 kJ/kmol. In 
the mathematical model, this feature is taken into 
account by the introduction of the coefficients of the 
intensification of reactions:

	 (3)

	 We assume that all the generated oxygen 
is consumed for the primary reactions, therefore, its 
participation in the secondary combustion of carbon 
monoxide is minimal, which is taken into account by 
a factor close to unity k12 = 1.1.

	 The first stage of experiments was preparation 
(Table 1) and testing pyrotechnic compositions 
(PC), Table 2. At the initial moment of PC testing 
the temperature of the gaseous medium in the 
reactor significantly exceeds the temperature of 
the pyrotechnic composition. Particle PC - Mg/
Nanoaluminum perceives the heat of the gaseous 
medium by convection and radiation from the 
irradiator. The release and combustion of volatile 
substances and Mg/nanoaluminum occured 
simultaneously with the transition to detonation. The 
heat of chemical reaction occurring on the surface 
of the PC is transferred by convection and diffusive 
thermal conductivity of the surrounding gaseous 
medium, by radiation to the irradiator and is partially 
spent on heating the PC itself.

Table 2: Depth of damage through a water barrier

No	 AN/ smokeless	 Mg/nanoaluminium,	 Detonation	 Depth of damage through a water
	 powder, wt. %	 wt. %		  barrier 50 mm thick, mm	

1	 50/45	 3/2	 +	 6.2
2	 50/45	 2/3	 +	 6.5
3	 50/40	 6/4	 +	 6.6
4	 45/50	 3/2	 +	 5.5
5	 45/50	 2/3	 +	 6.0
6	 40/50	 6/4	 +	 6.5

	 The data in Table 2 show that all 6 
compositions detonated flawlessly. In terms of 
their physico-chemical characteristics, these 
compositions differ slightly. Compounds with a high 
percentage of aluminum showed better penetrability. 
According to the results of the experiments,  
the optimal composition of pyrotechnic composition 
No. 1 was selected (see Table 1).

	 The release of combustible volatile 
substances continues and ends in the process of 
burning PC. At the interim moment of the combustion 
process, the PC particle consists of ash and not 
evolved part of volatile gases. Therefore, the density 
of the burning particle PC at an intermediate point 
in time is determined by the expression:
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	 (4)

	 Assuming that the volume of the dry particle 
does not change when the volatiles exit, then at full 
sublimation the density of the remaining ash PC will 
be:

 	 (5)

Where ρcm is a density of combustible mass.

	 With uniform combustion, the specific mass 
fuel consumption per surface unit when changing its 
size will be:

 	
(6)

		  Then the equation for changing the 
particle size as it burns out will be written as follows:

 	
(7)

	 The graphical solution of equation 1.7 is 
shown in Fig. 2. Since the burning time is τkinetic 
= 5.967 sec., then the solution of equation 1.7 was 
found in the time interval = 0-6 second.

do this, conducted additional research, a direct shot 
of a mortar on a stearic target.

Fig. 2. Change of the size of a particle of PC at burning out

	 The second stage of the study was an 
imitation of an explosion in a mine tunnel and the 
transverse movement of the flame front and striking 
elements, an explosion of pyrotechnic composition 
spraying water, and creating a water sultan 80 mm in 
thickness (Fig. 3). This experiment was reproduced in 
a large container (barrel), in which two cross-blasts 
were created. 

	 The tank was filled with water of high 
density, by adding and dissolving in it table salt. To 

(a)

(b)

(c)

Fig. 3. Targets after shots with partial and full penetration 
of volatile substances

	 As can be seen from Fig.4, 5, water with 
dissolved sodium chloride has a higher density and, 
accordingly, higher protective properties.

	 As a result of modeling the ignition and 
combustion of a pyrotechnic composition with 
nanoaluminum, the dynamic characteristics of the 
ignition and combustion process were obtained and 
their analysis was performed.



	 The dynamics of ignition and burnout of 
volatile gases in air with singlet oxygen increased by 
so much (Fig. 6) that it became close to the dynamics 
of sublimation of volatile substances. The dynamics 
of the combustion of pyrotechnic gases reached its 
maximum, the limiting criterion of which was the 
dynamics of the sublimation of volatile substances. 
An analysis of the ratios of the obtained rate 
constants of the primary reactions for both cases 
α1, α2, and the mass transfer coefficient (diffusion) 
α d showed diffusion-chemical similarity criteria  
Ν1 + Ν2 <1, Ν’1 + Ν’2 > 1, which indicates a burning 
displacement into the diffusion region.

Fig. 4. The effectiveness of a protective water screen

Fig. 5. Effectiveness of a protective screen with 25% table salt

Fig. 6. Dynamics of the release of volatile substances from 
particles of pyrotechnic composition

	 According to calculations, it has been 
established that all the supplied oxygen, even at 
the initial gas temperature of 973 K, is spent on the 
formation of CO and CO2. The oxygen concentration 
at the surface of the fuel sample is reduced to zero 
(from 0.178 kg O2/m

3 to 0), which indicates its lack 
and shift of fuel combustion to the diffusion region, 
where the mass transfer coefficient (diffusion 
exchange) becomes the limiting factor.

	 Concentrations of CO and CO2 increase 
from 0.084 to 0.143 kg O2/m

3 and from 0.021 to 
0.126 kg O2/ m

3, respectively.

	 The performed calculations confirm that 
when using nanoaluminum in the process of burning, 
the intensity of the flight of volatile substances 
increases.

	 From the mortar charged with powder and 
volatile substances (canister, shot, nails, Fig.6) a 
shot was made, the initiation was made using a 
hunting match, in the direction of the ball with the 
propane-butane gas mixture (Figure 7).

Fig. 7. Mortar with volatile substances

	 As a result of the shot, volatile substances 
and red-hot particles should have blown up the ball, 
and the water barrier created should have prevented 
the spread of flame. Water ejection occurred through 
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special holes (sprays or nozzles with a diameter of 
50, 60, 70, 80 mm, Fig.8), thus creating a water 
curtain of increased density. Mortar with striking 
elements imitated the explosion of a gas mixture in 
the mine and the further spread of the flame front in 
the direction of the gas ball.

Fig. 8. Cross explosions: 1 - mortar with powder charge 
and striking elements, 2 - direction of the flame front and 
hot particles, 3 - water barrier with a diameter of 80 mm, 

4 - water tank and sprayer, 5 - pyrotechnic composition, 6 - 
ball with gas propane-butane mixture

	 From the mortar, a shot was made in the 
direction of the ball, a shot from a water cannon 
was made across. The thickness of the water jet 
(water sultan) in front of the ball varied from 20mm 
to 80mm. In the event that the flame of a shot pierced 
a water barrier, there was a rupture of the ball and 
the ignition of the gas mixture. If the thickness of the 
water was sufficient, then the ball remained intact. 
Thus, 14 experiments were carried out with two water 
formulations (Table 3).

	 A second shot was taken across the 
flame front movement from a water tank and with 

a pyrotechnic composition placed in a waterproof 

shell, which was initiated by an electric current. A 

water tank with a sprayer worked on the principle of 
a water gun, where the pressure was created by an 
explosion of a pyrotechnic component (Figure 9).

Table 3: The dependence of the penetration of 
a water barrier on the width of the nozzle and 

the density of water

No	 The width of	 Water	 Water and
	 the nozzle of a		  25%  NaCl
	 water gun, mm

 1	 20.0	 +	 +
 2	 30.0	 +	 +
 3	 40.0	 +	 +
 4	 50.0	 +	 +
 5	 60.0	 +	 -
 6	 70.0	 +	 -
 7	 80.0	 -	 -Fig. 9. Water tank and sprayer

CONCLUSION

	 Thus, as a result of experiments using the 
method of mathematical modeling, it was established 
that the dynamics of gas temperature rise for the 
case of fuel burnout with aluminum nano-additive 
is higher only at the initial stage of combustion. This 
fact is explained by an increase in the burning rate 
of the components of the pyrotechnic composition 
and an increase in the rate of formation of CO and 
CO2. After burning out a larger proportion of the 
pyrotechnic composition, the intensity of the increase 
in the temperature of the gases decreases, which 
leads to a decrease in the intensity of expansion 
of volatile substances. The optimal pyrotechnic 
composition, which punched the target to a depth of 

6.5 mm, with 50 mm screen thickness, is a mixture 
containing ammonium nitrate components - 50%, 
smokeless powder - 45%, Mg - 3%, nanoaluminum 
- 2%. Water cannon with a nozzle with a diameter 
of 80 mm, allows you to localize the spread of the 
flame front. Therefore, the use of the method of 
localizing an explosion by creating a water barrier is 
very effective, and can be applied after conducting 
field testing. The most effective use of water of high 
density, with a 25% content of salt.
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