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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 O, + N, (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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Anoraniss. Ilocmanosxka npoonemu. Ilpobnema BinCyTHOCTI 0a3u MaHUX IS OIIHEHHS TOXKEKOHEOE3METHHX
BJIACTUBOCTEH MIPOTEXHIYHUX BHUPOOIB B yMOBax 30BHINIHIX TETUIOBHUX BIUTMBIB 3HAYHO YCKIIAIHIOE IMPOTHO3YBaHHSI
NOXKEKOHEOE3MEUHUX BJIIACTUBOCTEH MIPOTEXHIYHUX CyMillled B yMOBaxX pi3HOMaHITHHX 30BHILIHIX TEIJIOBHX BILUIMBIB
(HanpuKIaa, 3aropsHHS CKIaMAiB, Jie 30epiraroTbesi MIPOTEXHIYHI BHUPOOM, CIOPSKEHI 3apsjaMu 3 BiJIOBIIHUX
CyMillleif, B yMOBax TPaHCIOPTYBaHHs IPH IHTEHCHMBHOMY KOHBEKTHBHOMY HAarpiBaHHi iX MOBEpXOHb abo0 mpu
aepoJMHaMiIYHOMY HarpiBaHHI MeTaJIeBUX OOOJIOHOK BHPOOIB ITiJ] Yac CTPLIBOM Ta TMOJILOTY), BXIIMBA XapaKTEPUCTHUKA
3 SIKUX — TEIUIOBUH TOTIK, IO HarpiBae MeTalieBl KOPIYCH MiPOTEXHIYHMX BHPOOIB IO KPUTUYHUX TEMIIEPaTyp, SIKi
MOXKYTbh IE€PEBHIIYBaTH TEMIIEPATypy CIaTaXy METAJeBHX MAIUB Y Ta30M0JI0HIX MPOAYKTaX TEPMIYHOTO PO3KIIaIaHHS
OKHUCHIOBauiB. Mema cmammi — oTpuMaTh 0a3y JaHHUX MPO TEMIEPATypy 3aiiMaHHS YaCTHHOK PO3IVITHYTHUX METaJiB B
yMOBax IiJBHIIEHUX TEMIIEpaTyp HarpiBy Ta 30BHIIIHBOTO THCKY y BHUIJIAJI IPOCTUX EKCIICPUMEHTAIBHO-
CTaTHCTUYHHUX MOJIENICH, 3pYYHHUX /ISl MPAaKTHYHHUX OLIHOK. 3aCTOCOBAHO METOJM E€KCHEPHMEHTAIBEHO-CTATHCTHYHOTO
MOJICITIOBAHHSI Ta PO3pOOJICHO CcIeliani3oBaHe IMpOorpaMHe 3a0e3MedYeHHs 13 3aCTOCYBaHHSIM METOJIB perpecii Ta
THTEPITOJISIIIT, IO JTO3BOJIE PO3paxyBaTH PiBHI TeMIlepaTyp 3aliMaHHS YaCTHHOK METaJIEBOTO MaJMBa B Ta30MoOdiOHUX
npoaykrax Oz + N2 (oCHOBHI poayKTH po3nany — HiTparyMicHI okucHioBadi [1; 12; 15; 18; 19]), mio xapakrepusye ix
3JIATHICTh TPHCKOPIOBATH MpOIEC 3aliMaHHS B YMOBax MiJBHIICHUX TEMIIEPATyp HarpiBy Ta 30BHIIIHBOTO THCKY.
Bucnoeox. YcraHOBIEHO HOBI 3aKOHOMIPHOCTI KOMIUIEKCHOTO BIUIMBY DI3HMX KOHTPOJILOBAaHHUX MapaMeTpiB Ha
TEeMIlepaTypy 3aiiMaHHsS YacCTHHOK MarHil0 B TPOAYKTax TEPMIYHOTO PO3KJIAJAHHS HITPAaTyMICHHX OKHCHIOBAdYiB.
[IpoBeneHo MonentOBaHHS IMPOINECIB TOPIHHSA MOPOIIKIB MIPOTEXHIYHOTO METAIEBOTO TajMBa Ta BH3HAYEHO BIUIMB
KOHTPOJILOBaHHUX TapaMeTpiB Ha TEMIEpaTypy 3aiiMaHHS YaCTHHOK MNajiBa METAJEeBOr0 MarHilo, 10 HEOOXIiJHO JuIs
nojansmoro (GopmMyBaHHS 0asM JaHMX MPO MOXKEKOHEOE3NMEeUHi BIACTHUBOCTI MIPOTEXHIYHHX BHUPOOIB B yMOBax
30BHIIIHIX TEPMIUYHHX BILIUBIB.

KarouoBi caoBa: noowcescna 6esnexa; nipomexuiuni eupobu Ha O0CHOGI OA2AMOKOMHOHEHMHUX HIMpamHo-
Memanizoeanux cymiuiell; npoyecu 3a20pAHHA ma po36UMK) 20pIHHS

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; 161; 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
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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
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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 Oz + 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 (7., K) on the size of metal

particles (d,, micron), the relative mass

concentration of oxygen in the gas mixture
O2 + N2 and external pressure (P, 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:

7.(d,,Co, P)=Cp, +3,2-1072 -
(118 -6,3-P) - d%° + (375,4 — 75,6 - P) -
(1-C3,) dyt -

—-591-P %% +1062—1,2-P—0,5- P*>
-(d, + COZ)_l

Ranges of change of controlled parameters
54 < d, < 305 micron; 0,2 < Cp, < 08;

10° < P < 107 Pa.

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
T, =780...1330 K.
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Fig. 1. The influence of the size of magnesium particles and the external pressure P = 10° Pa on the dependence
of the flash point of particles in a gas medium O; + N on the relative mass concentration of oxygen at different sizes
of magnesium particles
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Fig. 2. The influence of the size of magnesium particles d,, = 50 mxm and external pressure on the dependence
of the flash point of particles in the O, + N, gas environment on the relative mass concentration of oxygen
at different external pressures
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Fig. 3. The influence of the relative mass concentration of oxygen and the external pressure P = 10° Pa
on the dependence of the ignition temperature of a magnesium particle in a gas medium O, + N,0n 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 C02 = 0,2 and external pressure on the dependence

of the ignition temperature of a magnesium particle in a gas medium Oz + Ny on its size at different values
of the external pressure
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Fig. 5. The effect of the relative mass concentration of oxygen and the size of magnesium particles d,, = 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
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Fig. 6. The influence of the relative mass concentration of oxygen C02 = 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 O, + Nz gas environment CO2 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 O, + Nz gas environment on the parameters C02 and P

Fig. 9. Three-dimensional image of the dependence of the ignition temperature of a magnesium particle in an Oz + N
gas environment on the parameters P and dwu
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At the same time, as a result of the Conclusion
calculations for the ranges of changes of the

considered parameters (d ,,, Co, . P) used in _Th(? _regularity of the comple>_< effect on the
ignition temperature of magnesium particles of

the following parameters was established: an
increase in the particle size from d,, = 5 micron

practice, the processes of ignition and
development of combustion of magnesium
particles proceed stably and do not have an
explosive nature. to d, = 300 micron and a decrease in the

In addition, a change in the specified relative oxygen content fromC,, = 08 to
controlled parameters significantly affects the

behavior of the ignition temperature of metal
particles: an increase d ,, in and Co, leadsto a external pressure from P = 10° Pato P = 107 Pa
leads to an increase. The developed model of
the combustion process is used to form a
increase in 7',.. database of calculation data on the effect of the

The obtained model makes it possible to use mMain controlled parameters of pyrotechnic
the software to form a controlled database on powders (d,,, Co, P) on the ignition
the —ignition temperatures of magnesium yemnerature of magnesium particles in the

particles in the gaseous decomposition products composition of pyrotechnic mixtures
of nitrate-containing oxidants under external

heating conditions.

Cp, = 0.2 leads to a decrease T, an increase in

decrease in 7., and an increase in P — to an
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