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ANALYSIS OF THE TEMPERATURE EFFECT ON THE INITIATION OF 

COMBUSTION OF METALLIC FUEL IN PYROTECHNIC MIXTURES 

 

Experimental-statistical models for evaluating the influence of technological 

parameters of charges of pyrotechnic nitrate-metal ignition sources and external factors on 

the ignition temperature of metal fuel particles in the products of thermal decomposition of 

nitrate-containing oxidizer and organic substance additives are presented. Thermal 

decomposition of the nitrate-containing oxidizer (sodium nitrate), additives of organic 

substances (paraffin, stearin, naphthalene, anthracene) and high-temperature oxidation of 

particles of metallic fuel magnesium in the decomposition products takes place. This leads to 

intensive heat release, ignition of metal particles, premature explosive activation of ignition 

sources and subsequent fire-hazardous destruction of products. At the same time, in many 

cases, premature explosive triggering of pyrotechnic products had catastrophic 

consequences, since the burning process of pyrotechnic charges that has begun cannot be 

effectively eliminated by modern fire extinguishing means. 

Key words: pyrotechnic mixtures, nitrate-metal sources of ignition, pyrotechnic 

products, combustion processes.  

 

Formulation of the problem. Every year, the number of fires and explosions during the 

storage, transportation and use of general industrial pyrotechnic products is increasing in Ukraine 

and around the world, which entail the destruction of objects, human casualties and significant 

material damage. In particular, in Ukraine, according to statistical data, only during last ten years 

there have been 566 fires and explosions at objects with the presence of pyrotechnic products, 

which led to the destruction of objects, the destruction of material values (direct losses amounted 

to UAH 24.6 million, collateral damage – UAH 33.9 million), 10 people died, 48 were injured. 

Analysis of recent research and publications. The analysis of the specified cases 

shows that ignition and preliminary destruction of products are usually preceded by external 

thermal effects to which they are subjected (for example, in case of a fire in warehouses 

where products are stored, in the conditions of their transportation, in case of ignition of 

nearby objects, as well as in the conditions of the shot and flight of products during their 

launches, etc. [1 – 4]). Thermal decomposition of the nitrate-containing oxidizer (sodium 

nitrate), additives of organic substances (paraffin, stearin, naphthalene, anthracene) and high-

temperature oxidation of particles of metallic fuel magnesium in the decomposition products 

takes place. This leads to intensive heat release, ignition of metal particles, premature 

explosive activation of ignition sources and subsequent fire-hazardous destruction of 
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products. At the same time, in many cases, premature explosive triggering of pyrotechnic 

products had catastrophic consequences, since the burning process of pyrotechnic charges that 

has begun cannot be effectively eliminated by modern fire extinguishing means. 

Therefore, the prevention of forced fire-hazardous destruction of products in case of 

exposure to external thermal actions is of great practical importance. At the same time, they 

should be based on experimental methods of determining the ignition temperature of metal 

fuel particles in the decomposition products of the considered components. 

Setting the problem and solving it. Currently, there are no data on the complex influence 

of the technological parameters of the ignition source charges and external factors on the ignition 

temperature of metal particles. Therefore, the purpose of this work is to conduct experimental 

studies and build experimental-statistical models to determine the dependence of the ignition 

temperature of metal fuel particles in the decomposition products of pyrotechnic mixtures on their 

dispersion, oxygen content in the products, and external pressure. 

Presentation of the main research material. On the basis of existing data [1 – 6], it 

was established that at temperatures characteristic of the condensed phase of pyrotechnic 

mixtures under the conditions of their ignition and development of combustion, the main 

active gaseous products of the thermal decomposition of sodium nitrate and the considered 

organic substances are О2 + N2. Therefore, based on comprehensive research conducted using 

standard pyrotechnic equipment and well-known research methods [3 – 12], the obtained 

experimental and statistical models for assessing the impact on the ignition temperature
*)

 of 

metal particles such important parameters as the size of metal particles (  , µm), relative 

mass content of oxygen in the stream of gaseous decomposition products (   
), which 

characterize their ability to accelerate the ignition process and the development of combustion 

under conditions of elevated heating temperatures and external pressures are given below.  

To obtain experimental-statistical models, developed specialized software based on 

regression and interpolation methods was used [3 – 12]. 

Models for calculating the dependence of the ignition temperature on the size of 

metal particles, the relative mass concentration of oxygen in the gas mixture О2 + N2 and 

external pressure.  

The models for the considered metals have the following form (relative error 10 %): 
 

Тз( м    
  )         

      
     м     м

                
  м,   (1) 

 

where a, b, c, d, e, f, g, h – empirical coefficients, the values of which depend on the 

nature of the metal (table 1). 
 

A comparison of the results of calculations based on models (1) with the obtained 

array of experimental data shows that the difference between them does not exceed 10 – 15 

%. The results of calculations according to formula (1) are presented in Figure 1 – 3. They 

allowed to establish the following ranges of changes in the ignition temperature of metal 

particles: Тз = 600 – 1100 K – for zirconium particles (when 5    м   15 µm; 0,2      
   

0,8; 10
5
       10

7
 Pa). 

At the same time, as a result of the research for the ranges of changes of the 

considered parameters used in practice ( м,    ,) the processes of ignition of metal particles 

are stable and do not have an explosive nature. In addition, changing the specified controlled 

parameters significantly affects the behavior of the ignition temperature of metal particles: an 

increase of  м and    
 leads to a decrease of    1.5 times.  

The obtained experimental-statistical models (1) make it possible to create a controlled 

database on the ignition temperatures of metal particles in the gaseous decomposition 

products of sodium nitrate and organic additives under external heating with the help of the 
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developed special software on a computer in dialog mode. The specified database can be used 

as a basis for a more general controlled database of theoretical and experimental data for 

predicting the fire-hazardous properties of products with nitrate-metal ignition sources under 

conditions of external thermodynamics. 
 

Table 1 – Values of empirical coefficients of magnesium 

    Coefficient 
 

Metal 

a b c d e f g h 

Zr 905 -156,6 -45,8 -0,1275 -2,5∙10
-6 

1,142∙10
-4

 -0,8475∙10
-11

 -1,7∙10
-3
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Figure 1 – Influence of the relative mass concentration of oxygen ( 2 
 

) on the 
dependence of the ignition temperature of a zirconium particle in a gas environment О2 + N2 

on its size. 
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Figure 2 – The influence of external pressure on the dependence of the ignition 

temperature of a zirconium particle in a gaseous medium О2 + N2 on its size. 
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Figure 3 – The influence of the size of zirconium particles (dм) on the dependence of 

the particle ignition temperature in a gas environment 
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Figure 4 – Influence of external pressure (Р) on the dependence of the ignition 

temperature of particles in a gaseous medium О2 + N2 on the relative mass concentration of 

oxygen 
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Figure 5 – Influence of the relative mass concentration of oxygen ( 2 
 

) on the 

dependence of the ignition temperature of zirconium particles on the external pressure 
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Figure 6 – Effect of zirconium particle size (dм) on the dependence of particle ignition 

temperature on external pressure 
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Figure 7 – Image of the dependences of the ignition temperature of a zirconium 

particle in a gaseous medium O2 + N2 on the relative mass concentration of oxygen and the 

size of zirconium particles ( 2 
 

 and dм) 
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Figure 8 – Image of the dependences of the ignition temperature of a zirconium particle 

in a gaseous medium O2 + N2 on the relative mass concentration of oxygen and pressure ( 2 
 

 

and  ) 
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Figure 9 – Image of the dependences of the ignition temperature of a zirconium particle 

in a gaseous medium O2 + N2 on pressure and size of zirconium particles (  and dм) 
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Conclusions.  
The following regularities of the complex influence on the ignition temperature of 

zirconium metal particles of the following parameters were established: an increase in the size 

of metal particles from 5 to 15 μm and relative oxygen content from 0.2 to 0.8 leads to a 

decrease in the ignition temperature by 1.5 times. 

On the example of zirconium metal, experimental and statistical models are presented 

for determining the dependence of the ignition temperature of metal fuel particles in the 

products of thermal decomposition of pyrotechnic mixtures under conditions of external 

thermodynamics on the main parameters (metal fuel particles, relative oxygen content, 

elevated pressure). These models allow with a relative error of 10-15% to form a database on 

the critical values of technological parameters of ignition source charges (ratio and dispersion 

of components), exceeding which leads to the ignition of metal particles and premature fire-

explosive activation of the ignition source. 
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АНАЛІЗ ТЕМПЕРАТУРНОГО ЕФЕКТУ НА ІНІЦІАЦІЮ ГОРІННЯ 

МЕТАЛЕВОГО ПАЛЬНОГО У ПІРОТЕХНІЧНИХ СУМІШЕЙ 

 

Представлено результати експериментальних досліджень та 

експериментально-статистичні моделі для оцінки впливу технологічних параметрів 

зарядів піротехнічних нітратно-металевих джерел запалювання та зовнішніх чинників 

на температуру займання частинок металевих пальних в продуктах термічного 

розкладання нітратовмісного окиснювача та добавок органічних речовин. 

Термічне розкладання нітратовмісного окиснювача (нітрату натрію) та 

органічних добавок (парафіну, стеарину, нафталіну, антрацену) при високій 

температурі спричиняє інтенсивне виділення тепла, займання частинок металу та 

передчасне вибухонебезпечне спрацьовування джерел запалювання. Це може призвести 

до пожежонебезпечного руйнування виробів. В багатьох випадках передчасне 

вибухонебезпечне спрацьовування піротехнічних виробів має катастрофічні наслідки, 

оскільки процес горіння піротехнічних зарядів, що почався, неможливо ефективно 

ліквідувати сучасними засобами пожежогасіння. 

Ключові слова: піротехнічні суміші, нітратно-металеві джерела запалювання.  

 

 


