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Abstract. The combustion mechanism of compacted mixtures of metallized fuel powders (Mg, Al,
etc.), nitrate-containing oxidizers (NaNO;, KNOs;, etc.), organic additives (paraffin, stearin, etc.) and
inorganic substances (metal fluorides, metal oxides, etc.) has been established under conditions of
external thermal influences, according to which the process of transformation of the initial mixture
into combustion products is, on average, stationary and proceeds in three spatially separated zones:
condensed phase, where decomposition and high-temperature oxidation of components take place; the
interface of phases (burning surface), on which the complete decomposition of components and the
ignition of metal particles, which then pass into the flame zone, take place; gas phase (zone of heat
release in the flame), in which metal particles burn in a diffusion mode, forming combustion products.
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Models of combustion of mixtures that take into account kinetic characteristics of thermal
decomposition of the oxidizer, additives of organic and inorganic substances and high-temperature
oxidation, ignition and combustion of metal particles in decomposition products, as well as the results
of thermodynamic calculations of the temperature of the combustion products of the mixtures and the
content of high-temperature condensate (non-oxidized metal) in them have been developed, which
allows with a relative error of 8...10% to determine critical ranges of the change in the burning rate of
mixtures under conditions of external thermal effects, exceeding which can lead both to the
acceleration of the burning process of mixtures and fire-explosive destruction of pyrotechnic products,
and to a sharp attenuation of their burning process and failure of products.

Keywords: fire safety, pyrotechnic mixtures, nitrate-containing oxidizers, metal fuels, additives
of organic and inorganic substances, thermal influences, combustion processes, combustion models
of metallized condensed systems.

Introduction

The purpose of the work: to establish the combustion mechanism of multicomponent
compacted mixtures of metal fuel powders and nitrate-containing oxidants with additives of
organic and inorganic substances and to develop their combustion models to determine the
critical ranges of changes in the burning rate of mixtures, taking into account different values
of technological parameters and the influence of external thermal actions.

Research objectives are: analysis of experimental data on the behavior of mixture
components under conditions of elevated heating temperatures and external pressures in order
to establish the physical and chemical processes occurring in different combustion zones of
mixtures; obtaining a system of equations for calculating the dependence of the combustion
rate of mixtures on technological parameters (ratio and dispersion of components) and
external conditions (elevated heating temperatures and external pressures); determination of
critical ranges of changes in technological parameters for a wide range of heating
temperatures (up to 800 K) and external pressures (up to 10’ Pa), exceeding which can lead to
a sharp acceleration of the combustion process of mixtures, which leads to the fire-hazardous
destruction of products, and to its rapid attenuation and subsequent failure of products under
the conditions of their regular use.

Literature review

Currently, compacted mixtures of metal fuel powders (Mg, Al, Ti, Zr etc.), nitrate-containing
oxidizers (NaNO3;, KNOs, Ba(NOs),, Sr(NOs), etc.) with organic (paraffin, thiocol, urotropin,
stearin, etc.) and inorganic additives (fluorides (NaF, BaF,, SIF,, AlF; etc.), metal oxides
(CuO, Cuy0 NiO, Sb,0; etc.)) substances are widely used in pyrotechnic products of various
purposes (firecrackers and stars, lighting and signal cartridges and projectiles, tracers, IR
means of thermal protection of various objects, as well as elements of rocket and space
technology, etc.) (Akkerman & Penner, 2020; Fang et al., 2019; Marich et al., 2018). The
investigated pyrotechnic products in the process of circulation (during storage, transportation
and use) may be exposed to extreme external thermal effects (for example, in the event of a
fire in warehouses, in the conditions of their transportation, in the event of thermal shock
effects, in the conditions of firing and shelling during their launches, in combat zones, etc.
(Jia et al., 2021; Mader, 2019; Xu et al., 2018). Systematization and analysis of various cases
of fire-explosive activation of products under the specified conditions show that the main
reason for this is premature ignition and explosive development of combustion of mixtures in
conditions of a sharp increase in heating temperatures and external pressure under their metal
shells, which lead to the fire-hazardous destruction of products for surrounding objects (flying
sparks, high-temperature combustion products (with a temperature of more than
2000...3000 K), residues unburned mixtures, parts of destructible metal bodies, etc.).
Therefore, the prevention of forced fire-hazardous destruction of products in the event of
external thermal effects becomes of significant practical importance.
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To date, the mechanism and combustion models of two-component pyrotechnic
mixtures have been studied in sufficient detail (compacted mixtures of metal fuel powders
(Mg, Al, Ti, Zr etc.) and oxygen-containing oxidizers (nitrates of alkaline and alkaline earth
metals (NaNO3;, KNO;, Ba(NOs),, Sr(NOs); etc.), metal oxides (CuO, Cu,0 NiO, Sb,0; etc.))
(Bai & Yang, 2019; Fateev et al., 2017; Niu & Wang, 2019).

As for three-component mixtures of metallic fuel + nitrate-containing oxidizer +
inorganic substance additive and, even more so, four-component mixtures of the above
components, currently the above-mentioned studies are not available for them.

Conducted studies of the behavior of the components of mixtures of powders Mg, Al
etc., nitrate-containing oxidizers (NaNO;, Ba(NOs), etc.), organic (paraffin, stearin) and
inorganic additives (NaF, BaF, etc.) substances in the conditions of elevated heating
temperatures inherent in the process of burning pyrotechnic mixtures based on metal fuels and
oxygen-containing oxidizers (Kovalishyn et al., 2018; Dibrova et al., Improving, 2020), made
it possible to establish that the combustion process of the charges of the investigated mixtures
is stationary on average and proceeds in the same way as in the case of mixed powders
(Kovalyshyn ef al., 2018), in the following spatially separated zones: condensed phase; on the
burning surface; gas phase (flame zone).

Materials and methods

We will analyze the physical and chemical processes occurring in the specified zones using
the following mixtures widely used in pyrotechnic products (Dibrova et al., Fire safety,
2020): Mg + NaNOj + paraffin + NaF and Mg + NaNOs + stearin + BaF,.
Condensed phase. The considered inorganic substances begin to melt only at temperatures of
1268...1553 K, and decompose — at temperatures higher than 1700...1800 K. Therefore, these
additives within the c-phase can be considered inert, and their contribution to the combustion
process of the mixture is carried out already in the flame zone. The change in temperature in
the so-called warm-up area of the c-phase of the mixture, which is characterized by a change
in temperature from 7 (the initial temperature of the mixture) to 7, (melting point NaNOs), is
described by the heat conduction equation (Fateev et al., 2017):
T or

lcg'pcucca_gr: > (1)
wherein ¢ — the direction that coincides with the direction of the coordinate x, opposite to
which the combustion front propagates through the mixture sample with speed u, m/s. At the
same time, the first term in equation (1) corresponds to the conductive heat flow (4, — thermal
conductivity coefficient of the mixture, Wt/m*K), and the second (p_ and ¢, — density (kg/m?)
and specific heat capacity (J/kg-K) mixture) — convective heat flow. Integration of this
equation leads to the determination of the thickness of the heating layer of the c-phase of the
mixture o:

az
o=, 2)
2 _ A

wherein a; = P coefficient of thermal conductivity of the mixture, m?/s.

It was established that for the considered mixtures the value of the parameter J; (at
a=0,5...3,0) vary from 100 to 200 um to 3000 to 4000 um. It is also shown that the
decomposition NaNOs;, paraffin and stearin begins immediately after their melting and
noticeably intensifies as the temperature rises. At higher temperatures (77 = 1100...1200 K),
corresponding to the temperature values of the combustion surface 7,, complete
decomposition of the oxidizing agent is already taking place (to O,, N, etc.) and the indicated
additives of organic substances (to CO, CO,, H, etc.) according to the following kinetic
equations (Kirichenko et al., 2020):

dp N
ke, 3)

© N. M. Kozyar, O. V. Kyrychenko, V. O. Kovbasa, V. A. Vaschenko, S. O. Kolinko, T. I. Butenko, V. V. Tsybulin, 2023
DOI: 10.24025/2306-4412.3.2023.284319

71



ISSN 2306-4412 (Print), ISSN 2306-4455 (CD-ROM), ISSN 2708-6070 (Online)

d
—2=kye I, )
wherein ¢,, ¢, — relative degrees of decomposition of the oxidant and organic matter; ky, k>,

E\, E; —kinetic constants (£, E;>> RT). The thickness of the reaction layer is much smaller
than the thickness of the heated c-phase layer, and in order of magnitude it has the form
a2

= T, (5)

In accordance with formula (5) and taking into account the above values J,, we get that

the value of the parameter d, (at @ =0,5...3,0) vary from 10 to 15 pm to 350 to 450 um, i.e.

0, < 0, about an order of magnitude. Thus, for the used metal fuel powders, the thickness of

the heating layer of the c-phase is much larger than the average size of their particles (d,,), and

the thickness of the reaction layer of the c-phase is already commensurate with the size of the
particles, i.e. the following conditions are met

0y << 01,01 >>dy, 07 = d,. (6)

According to experimental data (Kyrychenko et al., 2018), the process of oxidation of

metal particles begins in the gasified NaNOs; melt, together with additives of organic

substances, at temperatures 7> 673 K. The speed of this process is described by the following

equation (Kyrychenko, 2022):

d(f’g k3Cm2p”€ -E3/RT at E;>> RT, (7)
wherein ¢, — degree of metal ox1dat10n ky — pre-exponential multiplier (¢™'); E3 — activation

energy (kJ/mol); Cop,, p Py — relative mass content of O, in gaseous products, relative density of

the gas medium (relative to normal conditions), respectively; m, n — empirical constants. At
the same time with the condition E3 >> RT it follows that the intense pre-flame oxidation of
metal fuel particles in the gaseous products of decomposition of the oxidant and additives of
organic substances also occurs in a narrow reaction layer of the c-phase, where complete
gasification of the oxidant and additives of organic substances occurs, i.e., the degree of their
decomposition ¢, = ¢, =1, ¢,= ¢, =1.

In experimental studies (Kyrychenko ef al., Investigation, 2019), 1t Was also established
that during the existence of the reaction layer of the c-phase (within 107" 3 s) according to
the kinetic equation (9), the degree of oxidation of the metallic fuel in the c-phase
is .= ¢, =0,2...0,3.

Burning surface. Microcine imaging of the combustion surface of mixtures shows that the
ignition of metallic fuel particles occurs immediately after they reach the combustion surface
(Kyrychenko et al., Study, 2019). At the same time, the interface between the condensed and
gas phases is characterized by significant heterogeneity depending on the ratio of components
in the mixture: at 0,5 < a < 3,0 — the burning process in the first approximation can be
considered stable and quasi-stationary (the average burning rate throughout the process is
constant); at & < 0,5 the combustion process becomes unstable and non-stationary; at « > 3,0
there are significant pulsations and emissions of significant masses of oxidizer that did not
decompose during the burning process, which quickly subsides. At the same time, the
combustion surface of the mixture, as in the case of mixed powders (Kyrychenko,
Investigation, 2022), can be characterized by an average temperature 7,. Conducted
thermocouple measurements 7, made it possible to establish the nature of its dependence on
various factors (Kyrychenko et al., Patterns, 2021). When increasm% a from 0,5 to 2,0 7,
monotonically decreases from 1200 K to 1080 K(Ty=293K; P=10 Pa) At the same time,
for a stoichiometric mixture in the region of pressure change from 10° Pa to 10’ Pa, 7,
increases monotonically from 1100 K to 1350 K (7, = 293 K).

Gas phase (flame zone). Metal fuel particles dispersed from the combustion surface
in the g-phase burn in gaseous products of thermal decomposition of the oxidizer and
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additives of organic and inorganic substances (Motrichuk ef al., 2020) (in the O, flow — the
initial stage of the decomposition of the oxidant; in the O, + N, flow with the addition
of CO + CO;, and water vapor — the decomposition of the oxidant at the temperatures of the
combustion surface, taking into account the decomposition of the additives).

From the data presented in (Kyrychenko et al., 2022), it follows that dispersing metal
particles burn in the flow of gaseous decomposition products by the diffusion mechanism
with the formation of almost spherical glowing zones, where exothermic reactions of the
interaction of the diffusing metal vapors with the oxidant of the surrounding gaseous
environment take place. At the same time, for large metal particles (d,, > 200...300 um) the
combustion process becomes asymmetric and its quasi-stationarity is violated, and for small
particles (d,, < 50...70 um) their disintegration (fragmentation) into smaller burning particles
is observed in some cases.

The conductive heat flux can be estimated, as in the case of mixed powders

(Kyrychenko et al., Study, 2021), using the following approximate formula:
= Toax-Tn

q,Zg 5 (8)
wherein 7, — the maximum value of the gas temperature in the zone of heat release of the
flame, K; d; — thickness of the heat release zone, m; Ig — coefficient of thermal conductivity
of gas at temperature 7=(T,,,+ T,)/2. For stoichiometric mixtures of d,, < 150...200 pm
according to experimental data (7,,,= 2500 K; 7,,= 1100 K; 95 = 0,5-107 m; Zg= 0,54 J/m-K
(Dibrova et al., Regularities, 2020), we have g_ = 3,8-10° J/m’.

We will estimate the radiation heat flow under the assumption that the particles of
emitting metal oxides have the same temperature 7,,,; radiation occurs according to the law of
an absolutely black body; the degree of blackness of the flame is equal to one; the influence of
the dustiness of the outflowing gas flow and the roughness of the combustion surface, as well as
the mutual influence of the emitting particles are absent. With the specified assumptions, the
radiation heat flux can be estimated using the well-known formula (Fateev et al., 2017):

45 =TT, ©)
wherein ¢ — Stefan-Boltzmann constant.

For stoichiometric mixtures and the obtained experimental data (Kyrychenko, 2021), in
accordance with formula (9), we obtain that q,<< g (more than 4...5 times). In fact, the
radiation heat flow from the flame zone during the combustion of mixtures is much smaller,
since formula (9) gives an overestimated value g, (assessment from above).

Results and discussion

The mechanism and mathematical model of the combustion process of mixtures of metallic
fuel + nitrate-containing oxidizer + addition of organic and inorganic substances
under conditions of external thermal influences (elevated heating temperatures and
external pressures). The analysis of experimental data on the physic-chemical processes
occurring during the combustion of the considered mixtures was carried out (mixtures with
0,5 < a < 3,0) allows establishing the mechanism of their combustion according to which the
process of transformation of the initial mixture into combustion products is stationary, one-
dimensional and proceeds in the following three most characteristic zones in the first
approximation: condensed phase (c-phase) of the initial mixture, consisting of a heated layer,
where chemical transformations can be neglected, and a reaction layer, in which the solid
mixture turns into a gas containing metal particles; the combustion surface of the mixture, on
which complete decomposition of the oxidizer and organic substance additives occurs, as well
as the ignition of metal particles; gas phase (g-phase — zone of heat release in the flame), in
which dispersed metal particles burn in the diffusion mode in the flow of decomposition
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products of the oxidant and additives of organic substances, forming combustion products
with temperature 7.

With the above-mentioned basic assumptions about the combustion mechanism of the
considered mixtures, as well as the assumption of the absence of heat losses to the
environment and external forces, the radiation heat flow from the flame zone of the
propagation front, the combustion reaction in the c-phase of the initial mixture can be
described by the following system of equations known in the theory of the combustion of
condensed metallized mixtures (Kirichenko ef al., 2020)

dT Hyp o dgol dpy | Hpp,o dgo3__
(1) poce G- TR U Hp ey 2+ T 20 (10)

c Cdx 1+,.a I+l.a — dx
%z -E|/RT.
uddx ke VR (11)
u=2=kyeF/RT; (12)
dpy _ k3Co, pupr
u—== Fa 3 (13)
with boundary conditions:
T=To, ¢, =¢,=¢,= 0 npu x— —oo; (14)
T2l = 010027 00 037 O3
Ae (ET)ZqC mpu x = 0. (15)

Here p, c., 4. — density (kg/m’), specific heat capacity (J/kg'K) and coefficient of
thermal conductivity (Wt/m-K) of the mixture; H,, H,, H, — thermal effects of decomposition
reactions of oxidant and organic matter, oxidation of metal fuel particles (J/kg); ¢, k; and E;

(i = 1,3) — relative degrees of decomposition of ox1dant and organic matter, oxidation of metal
fuel (by mass) and their kinetic constants (s”, kJ/mol), respectively; /.— stoichiometric
coefficient of the mixture.

To obtain expressions for determining the burning rate, it is convenient to reduce the
system of equations (10) — (13) to one equation:

' poksioHyClyRT L3I To)
(p.ccu(Tu-To)-q,)a, W6E3/RT”[1-€ " -
Er(Ty-T, Ey(Tn-T,
_pckzlch,,lCaRT% e_Ez/RTn[l_e- 2(RT% 0)]_ PcklicHnSnRT% e—E1/RTn[1 y 1(RT2 0)] (16)
Ery(1+,.a) Eq
Definition T,. Experimental determination of 7, by existing methods is difficult and
sufficiently approximate (Kyrychenko et al., Patterns, 2021), and studies devoted to the
analytical determination of 7, are currently limited. Therefore, using systematic data on the
kinetics of thermal decomposition of the oxidant and additives of organic substances
(Kyrychenko et al., Study, 2021) at temperatures characteristic of the reaction zone of the
c-phase of the mixture, the value of 7, can be determined based on the assumption that at 7= T},
complete decomposition of the oxidant and organic substances occurs, and the degree of
oxidation of metallic fuels ¢, during the existence of the reaction layer of the c-phase during

the combustion of the considered mixtures (Kyrychenko et al., 2022) lies within 0,2...0,3. At
9, =0, =1 and g, = ¢* (example, p"= 0,25) to determine 7,,, we get the following equation:

u? , Hyl.otH,e,(1+l.0)] H,p, H Lo+ H,e,(1+.a)
pccc(Tn'TO) [(03' ] ]
J.RT; H, 2(1+.a) H,
E3(1,-To) Ex(T,-To)
Esp sz
E1(Tn-Tp)

_W@'EI/RT”[I-e_ BT, (17
EqH,
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Definition q . For an approximate analytical definition g, we will use the well-known “heat
flow method” (Dibrova et al., Fire safety, 2020), namely: replace the true value of the heat

flow from the heat release zone of the g-phase with the average value for this zone:
dT = T.-T,

e I (18)
wherein Zg — coefficient of thermal conductivity of gas at temperature 7= (T,+ T,)/2; Ax —
the distance from the combustion surface to the plane on which the temperature is reached 7,
(temperature 7, and the corresponding composition of combustion products are the result of
thermodynamic calculations (Motrichuk et al., 2020)). At the same time, the value Ax is

found from the equation of motion of a spherical metal particle with a radius 7:
——o 152 g 52% (19)

wherein ,Eg — gas flow density at temperature 7; Experlmental data on the outflow rate of

gaseous decomposition products show that the rate of their relative movement within the heat
release zone of the g-phase is V, = 1...10 m/c. v, — coefficient of kinematic viscosity of gas at
temperature 7.

Having integrated equation (19) taking into account the initial conditions on the
combustion surface (at t = 0; x = 0, x = u), we will find the dependence of the displacement of
the particle on time:

Pé rL

Ax=ut,+0,15

ldt PgVsVn (1. [t dt
0 ()] t+7,527f0 [foﬂ—(t)] dt, (20)
dj;

. . . dy,
wherein 7, — the burning time of a metal partlcle when its radius changes from ro= tor=7

(7 (dy) — the radius (diameter) of the metal particle at the end of the flame heat generation zone).

Using the well-known equation (Dibrova ef al., Regularities, 2020) we find z,.:
2
dﬂ‘l 3

2 ) 2 4 4 4 (43
=2 (&) [0 (g V] b () [, ] -2in | — Ly
1-(2)3 1+, (g5, )9
Calculations based on formulas (18), (20) and (21) with the involvement of all
necessary data on mixtures and their components (Kovalishyn et al., 2018) show that the heat
flow g, depends most strongly on the coefficient of excess oxidizer and dispersity of the

metallic fuel: when increasing « from 0,5 to 3,0 values g, decrease from 5,83 10° Wt/m? to
1,34-10° Wt/m* (for a mixture of Mg + NaNOjs + paraffin + NaF) and from 4,12-10° Wt/m? to
0,75 10°  Wt/m? (for a mixture of Mg + NaNO; + stearin + Ban)
when 1ncreasmg dy from 74,5 um to 182 um values g, decreases from 4,1 10®° Wt/m? to
2,3-10° Wt/m (for a mixture of Mg + NaNOj; + paraffin + NaF) and from 2,9-10° Wt/m? to
1,7-10° Wt/m* (for a mixture of Mg + NaNOs + stearin + BaF)).

The above equations (16) — (18), (20), (21) allow you to calculate the burning rate of the
mixtures under consideration u, the temperature of their burning surface 7,, as well as the
burning rate of dispersed metal fuel particles in the decomposition products of these mixtures,
their burning times in the zone of heat release of the flame 7., degree of their burnout in this zone

Z—", the length of this zone Ax and heat flow from the flame heat release zone ¢ . Using the

m

necessary values of the physic-chemical parameters of the mixtures and their components
(Kovalyshyn et al., 2018) on a PC with the use of standard software (Kyrychenko et al., Study,
2021), calculations were made of the dependences of the burning rate on the technological
parameters (the coefficient of excess oxidant and the relative content of additives of organic and
inorganic substances), as well as the main parameters of external thermodynamics (heating
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temperature, external pressure) according to the equations indicated above (Fig. 1 — 4). From the
results of comparing the calculated dependencies with the obtained experimental data, it follows
that there is a complete qualitative match between them, which corresponds to the combustion
mechanism of the mixtures proposed above. As for the quantitative differences between the
calculation and the experiment, they do not exceed 8...12%.

u, 107 m/s u, 10” m/s

N
“ Rs J\\

u _:u._________k(__\_\- 17 4 \/\ T
W!\\\‘-. 2\' u \ >
L =~ < ~
-4 A ~ A
3 \‘5'[.5‘ 12 \ = <
**_____________ = - - = ok i -
M | " uz/|
y
1 7
0,5 1,0 1,5 2,0 2,5 3,0 a 0,5 1,0 1,5 2,0 2,5 3,0 o
a) b)
u, 107 s/ «

©)

Figure 1. Dependences of the burning rate of mixtures of Mg + NaNOjs + paraffin + NaF on
the coefficient of excess oxidant for different values of the amounts of additives under normal
external conditions (dy, = 74,5 um; d, =106 um; C.=0,95...0,96; To =293 K; P = 10° Pa):
a)—g=0; 1-¢,=0,052-¢,=0,2;b)—¢,=0;3-¢=0,1; 4 —¢,=0,05;
c)—&#0andeg, #0;5—-¢,=0,2; =0,1; — — — — calculation curve; u;k and uf* (i=1,5) — critical values
of the burning rate of mixtures; o, @, A, A, m — experimental data

In addition, as a result of the calculations, the following critical ranges of changes in the
burning rate of mixtures and technological parameters were established (as an example, finely
dispersed Mg powders with d,, = 74,5 um were considered as the most reactive in active
gaseous decomposition products (Marich et al., 2018); at the same time, as the results of the
calculations showed, in the case of coarsely dispersed Mg powders (with d,, = 182...306 pum),
the considered mixtures become less sensitive to external thermal effects), the excess of
which leads to the unstable explosive development of their combustion process under the
conditions of external thermodynamics (Tables 1, 2):

e <, <, 8;*5 =< 8;, u! <u<u;, (22)
i=1,2,3,...
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Table 1. Ranges of change of critical parameters u; and u; (107 m/s), &, €., e and &g
for mixtures Mg + NaNO; + paraffin + NaF and Mg + NaNOj; + stearin + BaF, under normal
external conditions (o0 = 0,5...3,0; d, = 74,5 um; d, = 106 um; C, = 0,95...0,96; Ty = 293 K;
P=10’Pa),i=1,10

Mixture Mg + NaNO; + paraffin + NaF Mixture Mg + NaNO; + stearin + BaF,
uy>9,6andu | <4,7at &1 =0; ¢, <0,05and | ug>3,7andu, <1,6at &5 =0; &, <0,05and
e >0,05 £ >0,05
u;>S,landu, <25at e, =0; ¢,<02and | uz>2,landu;<12at &,=0; &,;<0,05and
g5 >0,2 £,7> 0,05
uy>314andu i< 163 at ¢, =0; ug>254andu g <119at g5=0;
&3>0l and ey <0,1 &g < 0,05 and &5 > 0,05
uy>26landu ; <115at ¢, =0; ug>21,1andu g <88 at &g =0;

& > 0,05 and gy < 0,05 &9 < 0,05 and £13 > 0,05
us > 16,1 at ,5 <0,2 and &5 > 0,1; upo> 153 at £,,0<0,2 and &0 >0,1;
us <77at &;>02andes <0,1 U9 <5.9at £,9>02and ey, <0,1
u, 10" m/s u, 10" m/s
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Figure 2. Dependencies of the burning rate of mixtures of Mg + NaNQOs + stearin + BaF; on
the coefficient of excess oxidant for different values of the amounts of additives under normal
external conditions (d,, = 74,5 um; d, = 106 um; C, = 0,95...0,96; Tp =293 K; P = 10° Pa):
a)—g=0; 1-¢=0,052-¢,=0,2;b)—¢,=0;3-¢=0,1; 4 —¢,=0,05;
c)—&#0andeg, #0;5-¢,=0,2;=0,1; — — — — calculation curve; ui* and ui** (i=6,10) — critical values
of the burning rate of mixtures; o, ®, A, A, m — experimental data
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Table 2. Ranges of change of critical parameters u; and u: (107 m/s), €., e, e and ep
for Mg + NaNO; + paraffin + NaF and Mg + NaNOj; + stearin + BaF, mixtures under conditions
of external thermal influences (o = 0,5...3,0; d,, = 74,5 um; d, = 106 um; C, = 0,95...0,96),
1=11,40

Mixture of Mg + NaNOQO; + paraffin + NaF | Mixture of Mg + NaNQO; + stearin + BaF,

AtT,=800K,P=10"Pa

uy >223andu ;<84 at &y, =0;
£, <0,05and e, > 0,05

uyg > 8,4 and u 1< 3,7 at 6“;16 =0;
€16 <0,05and ¢, > 0,05

> 12,1 and u [,<4,5 at &7, =0;
8:;12 < 0,2 and 8::2 > 0,2

7> 4,1 and u [7<2,2 at &y7=0;
£17<0,05and ¢,,; > 0,05

upy > 70;2 and u |3< 33;5 at £,13 =0;
£n3> 0,1 and 73 <0,1

uyg > 62,0 and u [g< 11,9 at &5 =0;
£r15 < 0,05 and ¢, 5 > 0,05

Uy, > 54,1 and u < 22,3 at 14 =0;
8ﬂ4 > 0,05 and 8/114 < 0,05

uyg > 48,1 and u [9< 19,2 at &9 =0;
€19 <0,05and ¢, > 0,05

ujs> 52,6 at 5 <0.2and gy5>0,1;
uys<147at &,5>02andgys <0,1

u;O >29,3 at 8;20 <0,2 and 8;20 >0,1;
w5y < 10,1 at &5y > 0,2 and 0 < 0,1
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Figure 3. Dependencies of the burning rate of mixtures of Mg + NaNOs + paraffin + NaF
on the coefficient of excess oxidant for different values of the amounts of additives under
conditions of elevated heating temperatures (dy, = 74,5 um; d, = 106 um; C, = 0,95...0,96;
To=800K;P= 10° Pa):a)—e=0;1-¢,=0,05 2-¢=02;b)—¢,=0;3-&=0,1;4—¢,=0,05;
c)—&#0andg, #0;5—¢,=0,2; ,=0,1;— — — — calculation curve; ui* and ui** (i =11,15) — critical values
of the mixture burning rate; o, ®, A, A, m — experimental data
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Figure 4. Dependences of the burning rate of mixtures of Mg + NaNQOj; + stearin + BaF,
on the coefficient of excess oxidant for different values of the amounts of additives under
conditions of elevated heating temperatures (dy, = 74,5 um; d, = 106 pm; C, = 0,95...0,96;
To =800 K; P = 10° Pa):
a)—&=0;1-¢,=0,05, 2-¢,=0,2;b)—¢,=0;3—-¢=0,1;4—¢,=0,05;
c)—&#0andeg, #0;5—-¢,=0,2; &=0,1; — — — — calculation curve;
u; and u;* (i =16,20) — critical values of the burning rate of mixtures;
o,e, A, A, m— experimental data

Thus, mathematical models of the combustion of mixtures of metal + nitrate-containing
oxidizer + additives of organic and inorganic substances were developed using standard
software provision allows at the design stage and subsequent bench tests of products to
predict with an accuracy of 8...12 % the effect of elevated heating temperatures and external
pressures (for a wide range of changes in the ratios of components and their dispersion) on the
burning rate of mixtures (the duration of action of products equipped with sample mixtures),
and as well as critical regimes of sustained combustion propagation under conditions of
thermal exposure. This makes it possible to predict various fire-dangerous situations that arise
under the conditions of various external thermal effects on the surface of metal casings of
products.
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Conclusions

The following new results were obtained on the basis of theoretical and experimental studies
of the combustion process of multicomponent pyrotechnic nitrate-metallized mixtures under
conditions of external thermal effects.

The combustion mechanism of compacted mixtures of metal fuel powders, nitrate-
containing oxidizers and additives of organic and inorganic substances under conditions of
elevated heating temperatures and external pressures has been established, according to which
the processes of transformation of the initial solid mixture into combustion products are
stationary and proceed in the following zones: condensed phase (c-phase), where the initial
mixture is heated, thermal decomposition of oxidizers and additives, high-temperature
oxidation of particles occurs metal fuels in active decomposition products; the phase interface
(combustion surface), on which the mixture loses the properties of a condensed medium,
while metal particles ignite on it, which are then carried by the flow of gaseous decomposition
products into the flame zone; gas phase (g-phase, zone of heat release in the flame), in which
transferred metal particles burn in the diffusion mode in gaseous decomposition products,
forming combustion plumes.

Mathematical models of the combustion process of four-component mixtures of metal +
oxidizer + organic additive + inorganic additive under conditions of external thermal
influences were developed, which use the kinetic characteristics of the thermal decomposition
of the oxidizer and substance additives, high-temperature oxidation, ignition and combustion
of metal fuel particles in different zones, as well as the results of thermodynamic calculations
of the temperature of the combustion products of mixtures and the amount of high-
temperature condensate (non-oxidized metal) in them, which allows with a relative error of
8...10% to calculate the dependence of the combustion rate of mixtures on technological
parameters (the nature and ratio of components, their dispersion) and external conditions
(elevated heating temperatures, external pressures). These models make it possible to
determine, for a wide range of changes in the heating temperature (up to 800 K) and external
pressure (up to 10’ Pa), the critical ranges of changes in technological parameters, exceeding
which can lead to a sharp increase in the rate of combustion of mixtures (with an excess of
metallic fuel), which leads to fire-explosive destruction of pyrotechnic products, as well as to
a sharp decrease in the burning rate (with an excess of oxidizer) and subsequent failure of the
products during their normal use.
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AHoTanisi. BcTaHoBIeHO MexaHi3M TOPiHHS YIIUIBHEHHMX CyMilIed 3 TOpPOIIKIB METai30BaHUX
nanpHuX (Mg, Al Ta iH.), HiTpaToBMicHHX okucHIOBadiB (NaNQO;, KNO; Ta iH.), 100aBOK OpraHigHHX
(nmapadiny, cTeapuHy Ta iH.) Ta HEOPraHIYHMX PEYOBUH ((TOPHIIB METalliB, OKCHAIB METAJIB Ta iH.)
B YMOBax 30BHIIIHIX TEPMiYHMX BIUIMBIB, 3TiHO 3 SKHUM IpOILEC MEPETBOPEHHS BHUXIIHOI cymimii
Ha IPOJYKTH 3TOPSIHHS, y CEpefHbOMY, € CTAIllOHAPHUM Ta 3MIHCHIOETHCA y TPHOX IMPOCTOPOBO
po3IijeHnX 30Hax: KOHIAEHcOBaHa (aza, Ae BinOyBaeThCsl PO3KIAZAHHS Ta BHCOKOTEMIIEPAaTypHE
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OKHMCHEHHS KOMIIOHEHTIB; TTOBEPXHS PO3IiTy (a3 (MMOBEpXHS TOPiHHS), Ha SKiil BimOyBaeThCsl TOBHE
pPO3KIIaTaHHs KOMITOHEHTIB Ta 3aliMaHHS YAaCTHHOK METaly, sKi MOTIM MEPEXOMSITh Y 30HY ITOIYM S
rasosa (a3a (30Ha TEIUTOBUIUICHHS y MOJyM’i), B SIKIdH YaCTHHKH MeTaly 3ropsioTh y AudysiiiHoMYy
peXuMi, YTBOPIOIOUH TMPOAYKTH 3TOpSHHSA. Po3po0iieHO Mojeni TOpiHHs CyMIIIeH, siKi BpaXOBYIOTh
KIHETUYHI XapaKTEPUCTHKH TEPMIUYHOTO PO3KIAJaHHS OKHCHIOBada, [100AaBOK OpraHiYHHUX Ta
HEOpraHiYHUX PEYOBHH i BUCOKOTEMIIEPATypHOTO OKUCHEHHS, 3aiiMaHHs Ta TOPiHHS YaCTHHOK METaly
y TMPOAYKTaX pO3KJIaJaHHsA, & TaKOX pEe3ylbTaTH TEPMOAMHAMIYHHX pO3PaXyHKIB TeMIepaTypu
MIPOIYKTIB 3TOPSHHS CyMIIlIeH Ta BMICTY Y HAX BHCOKOTEMIIEPATypPHOTO KOHJEHCATy (HEOKHCHEHOTO
MeTally), 110 JTO03BOJILE 3 BiHOCHOK ToxuOkow §...10 % BH3HAUATH KPUTHYHI Jialma30HU 3MiHH
IIBUIKOCTI TOPIHHSA CyMIIIe B yMOBaX 3OBHINIHIX TEPMIYHUX [il, IEPEBUIICHHSI SKHX MOXKE
MPU3BOAUTH SIK JO0 TPHUCKOPCHHS TMPOIECY TOPIHHSA CyMIlIed Ta IOXKEKOBHOYXOHEOE3MEeUHOTO
pyHHYBaHHs HIpPOTEXHIYHUX BUPOOIB, TAaK 1 A0 PI3KOro 3aTyXaHHs iX MPOLECY TOpPiHHA Ta BiAMOBH
BHPOOIB.

KarodoBi cioBa: mokexxHa Oes3rneka, MiPpOTEXHIUHI CyMIlli, HITPaTOBMICHI OKHCHIOBadYi, MeTalleBi
MajgbHi, MOOABKM OPTaHIYHMX Ta HEOPTaHIYHMX PEUOBHH, TEPMIUHI Iii, MPOIECH TOPIHHSI, MOIEII
TOPiHHS METaNi30BaHUX KOHJEHCOBAHUX CHCTEM.

Jlama naoxooxcenns: 11.07.2023
Hpusinamo: 10.08.2023

© N. M. Kozyar, O. V. Kyrychenko, V. O. Kovbasa, V. A. Vaschenko, S. O. Kolinko, T. I. Butenko, V. V. Tsybulin, 2023
DOI: 10.24025/2306-4412.3.2023.284319
84



