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Abstract. Problem statement. The problem of the lack of a database for evaluating the fire-hazardous properties of 

pyrotechnic products under conditions of external thermal influences significantly complicates the prediction of the fire-

hazardous properties of pyrotechnic mixtures under conditions of various external thermal influences (for example, in 

the event of ignition of warehouses where pyrotechnic products equipped with charges from the mixtures in question 

are stored, under conditions of transportation at intense convective heating of their surfaces, or during aerodynamic 

heating of the metal shells of products during firing and flight), an important characteristic of which is the heat flow that 

heats the metal cases of pyrotechnic products to critical temperatures that may exceed the flash point of metal fuels in 

gaseous products of thermal decomposition of oxidants. Purpose of the article is to obtain such a database on the 

ignition temperature of the particles of the considered metals under conditions of elevated heating temperatures and 

external pressures in the form of simple experimental and statistical models, convenient for practical evaluations. To 

solve this problem, the methods of experimental and statistical modeling were used and specialized software was 

developed using regression and interpolation methods, which allows you to calculate the levels of ignition temperatures 

of metal fuel particles in gaseous products O2 + N2 (main products decomposition of nitrate-containing oxidizers [1; 12; 

15; 18; 19]), which characterize their ability to accelerate the ignition process under conditions of elevated heating 

temperatures and external pressures. Conclusion. New regularities of the complex influence of various controlled 

parameters on the ignition temperature of magnesium particles in the products of thermal decomposition of nitrate-

containing oxidizers have been established. The combustion processes of pyrotechnic metal fuel powders were 

simulated and the influence of controlled parameters on the ignition temperature of magnesium metal fuel particles was 

determined, which is necessary for the further formation of a database on the fire-hazardous properties of pyrotechnic 

products under conditions of external thermal influences. 

Keywords: fire safety; pyrotechnic products based on multi-component nitrate-metallized mixtures; processes  

of ignition and development of combustion 
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Анотація. Постановка проблеми. Проблема відсутності бази даних для оцінення пожежонебезпечних 

властивостей піротехнічних виробів в умовах зовнішніх теплових впливів значно ускладнює прогнозування 

пожежонебезпечних властивостей піротехнічних сумішей в умовах різноманітних зовнішніх теплових впливів 

(наприклад, загоряння складів, де зберігаються піротехнічні вироби, споряджені зарядами з відповідних 

сумішей, в умовах транспортування при інтенсивному конвективному нагріванні їх поверхонь або при 

аеродинамічному нагріванні металевих оболонок виробів під час стрільби та польоту), важлива характеристика 

з яких − тепловий потік, що нагріває металеві корпуси піротехнічних виробів до критичних температур, які 

можуть перевищувати температуру спалаху металевих палив у газоподібних продуктах термічного розкладання 

окиснювачів. Мета статті − отримати базу даних про температуру займання частинок розглянутих металів в 

умовах підвищених температур нагріву та зовнішнього тиску у вигляді простих експериментально-

статистичних моделей, зручних для практичних оцінок. Застосовано методи експериментально-статистичного 

моделювання та розроблено спеціалізоване програмне забезпечення із застосуванням методів регресії та 

інтерполяції, що дозволяє розрахувати рівні температур займання частинок металевого палива в газоподібних 

продуктах O2 + N2 (основні продукти розпаду − нітратумісні окиснювачі [1; 12; 15; 18; 19]), що характеризує їх 

здатність прискорювати процес займання в умовах підвищених температур нагріву та зовнішнього тиску. 

Висновок. Установлено нові закономірності комплексного впливу різних контрольованих параметрів на 

температуру займання частинок магнію в продуктах термічного розкладання нітратумісних окиснювачів. 

Проведено моделювання процесів горіння порошків піротехнічного металевого палива та визначено вплив 

контрольованих параметрів на температуру займання частинок палива металевого магнію, що необхідно для 

подальшого формування бази даних про пожежонебезпечні властивості піротехнічних виробів в умовах 

зовнішніх термічних впливів. 

Ключові слова: пожежна безпека; піротехнічні вироби на основі багатокомпонентних нітратно-

металізованих сумішей; процеси загоряння та розвитку горіння 

Introduction. For the practical use of the 

obtained results on the ignition of particles of 

metallic fuel magnesium in various oxidizing 

media, including gaseous products of thermal 

decomposition of nitrate-containing oxidizers 

(nitrates of alkali and alkaline earth metals) of 

pyrotechnic mixtures for various purposes [1;  

3–13; 16l; 17; 20–23], it is necessary to create a 

database based on them, convenient for 

evaluating the fire-hazardous properties of 

pyrotechnic products under conditions of 

external thermal influences, one of the main 

parameters of which is the ignition temperature 

of metal particles. At present, the specified 

database is missing, which makes it difficult to 

predict the fire-hazardous properties of 

pyrotechnic mixtures under conditions of 

various external thermal influences (for 

example, during the ignition of warehouses 

where pyrotechnic products equipped with 

charges from the mixtures in question are 

stored, under conditions of transportation with 

intense convective heating of their surfaces, or 

during the aerodynamic heating of the metal 
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casings of the products during the shot and 

flight), an important characteristic of which is 

the heat flow that heats the metal cases of 

pyrotechnic products to critical temperatures 

that may exceed the flash point of metal fuels in 

gaseous products of thermal decomposition of 

oxidants. This leads to premature activation of 

the products, which leads to their destruction 

with the formation of high-temperature 

combustion products that fly at high speeds in 

different directions and are a fire hazard for 

surrounding objects [1; 2; 7; 10−12].  

Analysis of publications. Currently, 

research on the influence of technological 

parameters of mixture charges (ratio of 

components and their dispersion, compaction 

coefficient, diameter of the charge and the 

material of its shell, humidity of the oxidizer, 

etc.) and external conditions (heating 

temperature, external pressures, humidity and 

composition of the environment, etc.) on the 

main characteristics of their processes ignition 

and development of combustion (temperature 

and composition of combustion products, speed 

of combustion and explosive modes of its 

development, etc.) are presented in separate 

articles, monographs and scientific works 

[14−29]. However, their systematization and 

analysis from the point of view of practical 

application at enterprises of Ukraine to increase 

efficiency in the organization of fire protection 

systems at objects with the presence of 

pyrotechnic products, especially in conditions of 

external thermal influences, are missing.  

Purpose of the article is to obtain such a 

database on the ignition temperature of the 

particles of the considered metals under 

conditions of elevated heating temperatures and 

external pressures in the form of simple 

experimental and statistical models, convenient 

for practical evaluations.  

Research results. To solve this problem, 

the methods of experimental and statistical 

modeling were used and specialized software 

was developed using regression and 

interpolation methods, which allows you to 

calculate the levels of ignition temperatures of 

metal fuel particles in gaseous products О2 + N2 

(main products decomposition of nitrate-

containing oxidizers [1; 12; 15; 18; 19]), which 

characterize their ability to accelerate the 

ignition process under conditions of elevated 

heating temperatures and external pressures. 

Modeling of combustion processes to 

calculate the dependence of the ignition 

temperature ( сТ , К) on the size of metal 

particles ( мd , micron), the relative mass 

concentration of oxygen in the gas mixture  

O2 + N2 and external pressure (Р, Pa). 

The data used were obtained using standard 

pyrotechnic equipment, as well as well-known 

photographic methods and methods of 

microcinema shooting [1; 9; 16; 12]. 

The model of the combustion process of 

magnesium powders for the considered metals 

has the following expression: 

Тс(𝑑м, СО2
, Р) = СО2

+ 3,2 ⋅ 10−2 ⋅⋅

(118 − 6,3 ⋅ Р) ⋅ 𝑑м
0,6 + (375,4 − 75,6 ⋅ Р) ⋅

(1 − СО2

2 ) ⋅ 𝑑м
−1 − 

−59,1 ⋅ Р−2⋅𝑑м + 1062 − 1,2 ⋅ Р − 0,5 ⋅ Р0,5

⋅ (𝑑м + СО2
)
−1

 

Ranges of change of controlled parameters 

54   мd    305 micron; 0,2   
2ОС    0,8;  

105   Р   107 Pа. 

The results of calculations based on the 

presented model made it possible to establish 

the following ranges of changes in the ignition 

temperature of metal particles in the products of 

thermal decomposition of nitrate-containing 

oxidizers, shown in Fig. 1−9. 

For magnesium particles, the flash point is 

Тс = 780...1330 К.  
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Fig. 1. The influence of the size of magnesium particles and the external pressure Р = 105 Pa on the dependence 

of the flash point of particles in a gas medium О2 + N2 on the relative mass concentration of oxygen at different sizes  

of magnesium particles 

 

Fig. 2. The influence of the size of magnesium particles dм = 50 мкм and external pressure on the dependence  

of the flash point of particles in the О2 + N2 gas environment on the relative mass concentration of oxygen  

at different external pressures 

 

Fig. 3. The influence of the relative mass concentration of oxygen and the external pressure Р = 105 Pa  

on the dependence of the ignition temperature of a magnesium particle in a gas medium О2 + N2on its size  

at different values of the relative mass concentration of oxygen 
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Fig. 4. The influence of the relative mass concentration of oxygen 
2ОС  = 0,2 and external pressure on the dependence 

of the ignition temperature of a magnesium particle in a gas medium О2 + N2 on its size at different values  

of the external pressure 

 

Fig. 5. The effect of the relative mass concentration of oxygen and the size of magnesium particles dм = 50 micron  

on the dependence of the flash point of the particles on the external pressure at different values  

of the relative mass concentration of oxygen 

 

Fig. 6. The influence of the relative mass concentration of oxygen 
2ОС  = 0,2 and the size of magnesium particles 

on the dependence of the flash point of particles on the external pressure at different values  

of the size of magnesium particles 
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Fig. 7. Three-dimensional image of the dependence of the ignition temperature of a magnesium particle 

in an O2 + N2 gas environment 
2ОС on the parameters and dm. 
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Fig. 8. Three-dimensional image of the dependences of the ignition temperature of a magnesium particle  

in an O2 + N2 gas environment on the parameters
2ОС  and Р 
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Fig. 9. Three-dimensional image of the dependence of the ignition temperature of a magnesium particle in an O2 + N2 

gas environment on the parameters Р and dм 
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At the same time, as a result of the 

calculations for the ranges of changes of the 

considered parameters ( мd , 
2ОС , Р) used in 

practice, the processes of ignition and 

development of combustion of magnesium 

particles proceed stably and do not have an 

explosive nature. 

In addition, a change in the specified 

controlled parameters significantly affects the 

behavior of the ignition temperature of metal 

particles: an increase мd in and 
2ОС  leads to a 

decrease in сТ , and an increase in Р − to an 

increase in сТ . 

The obtained model makes it possible to use 

the software to form a controlled database on 

the ignition temperatures of magnesium 

particles in the gaseous decomposition products 

of nitrate-containing oxidants under external 

heating conditions. 

Conclusion 

The regularity of the complex effect on the 

ignition temperature of magnesium particles of 

the following parameters was established: an 

increase in the particle size from мd = 5 micron 

to мd = 300 micron and a decrease in the 

relative oxygen content from
2ОС  = 0.8 to  

2ОС = 0.2 leads to a decrease сТ , an increase in 

external pressure from Р = 105 Pa to P = 107 Pa 

leads to an increase. The developed model of 

the combustion process is used to form a 

database of calculation data on the effect of the 

main controlled parameters of pyrotechnic 

powders ( мd , 
2ОС , Р) on the ignition 

temperature of magnesium particles in the 

composition of pyrotechnic mixtures 
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