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IMPROVING FIRE SAFETY OF METALIZED PYROTECHNICAL MIXTURES BY
OPTIMIZING THEIR TECHNOLOGICAL PARAMETERS

Purpose. The purpose of this work is to establish quantitative relationships between key technological parameters
(fuel dispersion, oxidant excess coefficient) of metallized pyrotechnic mixtures and their fire safety indicators (ignition
temperature, induction time, probability of activation) for scientific justification of measures to reduce risks during their
operation.Problem statement and solution.

Methods. Modern methods of physical and chemical analysis: thermocouple methods of temperature measurement
(tungsten-rhenium thermocouples were used); non-contact methods of recording the beginning and end of the burning of metal
particles (temperature indicators, photosensitive elements, etc), film shooting methods (film camera "Konvas-auto" (shooting
speed 30 frames/s)) and methods of micro-filming SKS-1M film camera (shooting speed 3000...5000 frames/s)) of the burning
process of individual metal particles; methods of X-ray structural and micro-X-ray spectral analysis for conducting chemical
analysis.

Results. The article presents a methodology for improving the fire safety of pyrotechnic products based on metallized
mixtures with fluoroplastics. The main emphasis is placed on the influence of external thermal factors on key parameters, such
as ignition temperature, induction time and probability of ignition source, as well as on the technical characteristics of the
charges. The proposed method is aimed at optimizing the technological parameters of the mixtures, including the dispersion
of the metal fuel, the excess oxidant coefficient, the compaction of the mixtures and the geometric features of the charges.

The results of the research demonstrate that regulating the composition of pyrotechnic mixtures allows to significantly
increase their resistance to ignition under the influence of external heat. Reducing the risk of fire and explosion-hazardous
destruction is achieved through the use of finely dispersed metal powders, as well as replacing magnesium fuel with aluminum,
which significantly improves the fire safety of the products.

The application of the methodology allowed to increase the level of fire safety of pyrotechnic products both at the
stage of their production and during transportation and storage. The results of the study create the basis for improving the
regulatory framework and raising safety standards at Ukrainian enterprises.

Scientific novelty. The first direction of the complex's work includes the development of mathematical models for
calculating the processes of surface and volumetric transformation of matter. Thanks to these models, the modeling of
physicochemical reactions that occur during heating or combustion of materials is carried out. This makes it possible to
determine the main parameters - ignition temperatures, reaction rates, process stability limits and critical conditions under
which the system may transition to a dangerous state.

Practical significance. Thus, modification of the composition of pyrotechnic mixtures, in particular, changing the
content of powdered metal fuels and their dispersion, allows to significantly increase the fire safety of products under the
influence of external thermal factors — more than 1,4 — 2,3 times. In addition, replacing one metal fuel with another also
contributes to increasing safety. For example, using aluminum powder instead of magnesium powder provides an increase in
the fire safety of the product by 1,7 times.

The developed method and database can be used as a basis for improving regulatory documents, implementing new
safety standards and optimizing technological processes in the production, storage and transportation of pyrotechnic products
in Ukraine. In the future, these results can be applied to the development of safe mixtures in other industries where ensuring
the stability of chemical processes and minimizing the risks of ignition are important.

Kniouogi cnosa: fire safety, pyrotechnic mixtures based on metal fuels and fluoroplastics, ignition and combustion
development processes.

Introduction. rocket and space technology devices, and
Every year, pyrotechnic products designed others. The main components of such products
to create special effects, such as thermal, sound, are compacted mixtures of powders of metal
reactive, etc., are increasingly used in the economic combustible materials, such as magnesium,
sphere and military industry of Ukraine. This aluminum, titanium, zirconium, as well as

includes incendiary devices, solid rocket fuels,
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fluoroplastics (F-3, F-4) and technological
additives of organic and inorganic origin.

During transportation, storage or use of
pyrotechnic products, they may be exposed to
external thermal factors. In particular, these may be
significant heating during fires in warehouses,
thermal shocks during the launch or flight of
products, as well as thermal effects during
transportation. Such factors cause premature
activation of charge mixtures, which accelerates
their combustion and can lead to dangerous fire-
explosive regimes.

Negative consequences are manifested in the
destruction of product casings, which are
accompanied by various fire factors: the release of
flame, jets of high-temperature combustion
products, casing fragments, incandescent particles
of mixtures, sparks, etc. This can cause significant
destruction of surrounding objects, loss of life and
significant material losses.

The development of effective methods for
preventing fire-hazardous destruction of products
under the influence of external thermal factors is of
significant practical importance. Such methods
should be based on scientifically sound approaches
that allow determining the critical parameters of
external thermal influences on products, as well as
technological ~ characteristics =~ of  mixture
compositions, the excess of which leads to
premature destruction.

To create such methods, it is necessary to
have the results of theoretical and experimental
studies of the processes of thermal influence on the
compositions of mixtures under various conditions
(different heat flows, duration of their action, etc.),
as well as ignition and combustion depending on
external factors, such as elevated temperatures or
pressures.

Today, the influence of technological
parameters of charge mixtures, such as the ratio of
components, dispersion, compaction coefficient,
charge diameter, shell material and oxidizer
humidity, as well as external conditions, including
heating temperatures, pressures, humidity and
composition of the environment, on the burning
rate and explosive modes of their development is
studied in scientific articles, monographs and
research works.

However, systematic research and analysis
of these results from the point of view of practical
application at Ukrainian enterprises remain
insufficiently developed. In particular, there is a
lack of recommendations for improving the
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organization of fire protection systems at
facilities where pyrotechnic products are used,
especially in conditions of external thermal
influences.

Literature review.

The relevance of the study is due to the
need to prevent premature ignition of
metallized pyrotechnic mixtures under the
influence of external thermal load.
Information on the temporal characteristics of
the combustion of metal particles — such as
magnesium, aluminum and zirconium — in
gaseous environments is scattered and
fragmentary, which complicates the creation
of a manageable database for predicting fire-
hazardous scenarios.

In [1], the fundamental mechanisms of
thermal decomposition and combustion of
metallized systems are considered, which
allows wus to assess the influence of
magnesium and aluminum on the duration of
combustion and the formation of high-
temperature products. The study [2] focuses
on the fire hazard of pyrotechnic products
under external thermal influence, in particular
based on fluoroplastic mixtures, and offers
methods for predicting the duration of particle
burning. In [3], the influence of mechanical
characteristics of charges on their
flammability is analyzed, which is important
for assessing the parameters of thermal
decomposition. In [4], detailed data on the
combustion of aluminum powder are
provided, and in [5], thermodynamic
calculations of the temperature of combustion
products are provided, which allows us to
model the reaction rate. In [6], the conditions
that cause premature ignition are considered,
and in [7], a model of the development of the
combustion process of mixtures with metal
fuels and oxides is proposed, which provides
accurate prediction of the time characteristics.

Based on the analysis of these sources,
a method that combines mathematical
modeling, experimental research results and
applied software - three application program
packages (APP1-PPP3) that implement
modern numerical methods [1; 2] was formed.
These programs allow in real time and
dialogue to form a data array containing
critical parameters of external thermal effects
(intensity of heat flows, duration of their
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action) on pyrotechnic products created on the
basis of the studied mixtures. In addition, they
provide analysis of the main parameters of the
combustion process of charge mixtures - the
temperature of combustion products, the content of
high-temperature condensate and the burning rate.

The method also takes into account the
technological characteristics of the mixtures: the
ratio of components, their dispersion, compaction
coefficients and geometric dimensions of the
charges. Exceeding the critical values of these
parameters can lead to premature ignition,
transition to explosive combustion and subsequent
fire-hazardous destruction of products.

Thus, the solution to the problem is to create
a scientifically based analysis and forecasting
system that integrates the physicochemical,
thermodynamic and structural parameters of
pyrotechnic mixtures and allows you to effectively
prevent premature ignition under conditions of
external thermal load.

Research methods

The purpose of this work is to establish
quantitative relationships between key
technological parameters (fuel dispersion, oxidant
excess coefficient) of metallized pyrotechnic
mixtures and their fire safety indicators (ignition
temperature, induction time, probability of
activation) for scientific justification of measures
to reduce risks during their operation.Problem
statement and solution.

To achieve this purpose, the following tasks
must be solved:

— to analyze the influence of technological
parameters — the oxidant excess coefficient (o) and
the average particle size of the metal fuel (d,,) — on
the ignition temperature (7;) and induction time (z;)
for mixtures of Mg + @-3 Ta Al + ®-3.

— to adapt the methodology (based on
DSTU 8828:2019) for quantitative assessment of
the probability of occurrence of an ignition source
(Qs5) in pyrotechnic products under the influence
of external heat.

— to establish the quantitative dependence
of the probability (Qy;) on the studied technological
parameters (a, d,) and the type of metal fuel (Mg
vs Al).

The tasks are solved by modeling thermal
effects, analyzing phase transitions in combustion
products, and assessing the stability limits of the
combustible environment, taking into account the
design features of the facility. The results obtained
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allow for the formation of scientifically
substantiated recommendations for increasing
the efficiency of the fire and technogenic
safety system.

Discussion results

The complex of created mathematical
models in combination with the experimental
data base constitutes the main component of
the conducted research. The developed
models and the formed base provide the
possibility of obtaining and systematizing data
arrays by critical parameters. It is these
parameters that became the basis for
developing a method aimed at preventing

premature ignition and preventing the
dangerous development of combustion
processes.

In the center of the scheme is a
generalizing block - "Mathematical models
and experimental data base", which is the
basis of the integrated analysis system. This
block combines the results of theoretical
calculations and experimental studies, which
allows obtaining reliable information about
the regularities of the process flow and more
accurately determining the critical parameters
of their development.

The first direction of the complex's
work includes the development of
mathematical models for calculating the
processes of surface and volumetric
transformation of matter. Thanks to these
models, the modeling of physicochemical
reactions that occur during heating or
combustion of materials is carried out. This
makes it possible to determine the main
parameters - ignition temperatures, reaction
rates, process stability limits and critical
conditions under which the system may
transition to a dangerous state.

The second direction involves the use
of an experimental data base, which serves to
check, refine and verify the obtained
calculation results. The base contains the
results of numerous experiments, which
allows statistical analysis, comparison of
theoretical dependencies with real
measurements and correction of model
parameters. Such interaction between theory
and practice ensures high reliability and
accuracy of predicting the behavior of the
studied systems.
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The third direction has applied significance
and is focused on the practical use of modeling
results. In the interactive mode, the user can form
critical data sets, analyze and predict the
development of processes, and assess the
possibility of dangerous situations. This creates
conditions for prompt decision-making aimed at
improving safety, optimizing technological
parameters, and preventing accidents.

Summarizing, it can be noted that the
complex of mathematical models and the
experimental data base form an effective system
that combines analytical and practical approaches
to the study of combustion processes. Its use
provides a deep understanding of the mechanisms
of thermal and chemical transformations, allows
for accurate determination of critical limits, and
contributes to the development of scientifically
sound methods for preventing dangerous
situations.

A specialized software package (SPC) was
used to increase the performance of calculations
based on the described models. This package
includes standard application packages (SAPI-
SAP3), which provide the implementation of basic
numerical methods for solving complex problems
(see Fig. 2).

The software package includes three
specialized application packages (SAP), which
contain 60 modules created on the basis of modern
numerical methods [1, 13]. Its effectiveness was
confirmed by conducting large-scale numerical
experiments: 200 engineering and technological
problems related to the combustion processes of
pyrotechnic mixtures were solved in an interactive
mode.

The complex operates in DOS and Windows
operating systems. To start the package, it is
necessary to activate the corresponding executable
file (for example, PAP1.exe, PAP2.exe, etc.), and
exit is carried out by pressing the F10 key (in some
cases, ESC or EXIT). The assignment of function
keys is displayed in the bottom line of the screen,
which simplifies management.

All numerical methods implemented in the
packages are written in the Turbo Basic
algorithmic language. They have been tested on a
large number of examples (1015 tests for each
method), which cover typical engineering and
technological tasks related to the combustion of
pyrotechnic mixtures. As experiments have shown,
the calculation times for test examples vary from
several seconds to several minutes.
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The application program packages
(PAP1, PAP2 and PAP3) are presented in the
format of bootable modules. The PAPI
package implements numerical regression and
interpolation methods, PAP2 specializes in
methods of numerical integration of functions,
and PAP3 provides solutions of differential
equations using numerical methods.

At the first stage of the algorithm, basic
initial information is generated. It includes:

—  parameters of external thermal
influence: heat flux density g, duration of its
action t, heating temperature Ty, as well as
pressure P, at which the combustion process
of mixtures begins.

— echnological parameters of charge
mixtures: type of oxidizer and metal fuel,
oxidizer excess coefficient a, average particle
size of metal fuel d,, and oxidizer particles dx.

— mechanical and thermophysical
characteristics of mixtures: geometric shape
and dimensions, density, heat capacity and
thermal conductivity coefficient.

All this information is integrated with a
set of mathematical models, an experimental
database and specialized application packages
(PAP1-PAP3) that are part of the SPC. This
ensures the execution of calculations in
interactive and real-time mode on personal
computers..

At the second stage of the algorithm, the
values of T, (the surface temperature of the
mixture charge) and 7; (the ignition
temperature of the metal fuel in the products
of oxidizer decomposition) are entered. If the
temperature 7, mnepesuinye 713 which
corresponds to critical external thermal effects
(gn > q;, t> ), this leads to accelerated self-
heating of the mixtures, their premature
ignition, explosive  development  of
combustion, and, as a result, the destruction of
pyrotechnic products. At the next step, a
model of external thermal effects on the
mixture charge is selected, after which
calculations of the parameter values T are
performed using specialized PAPs. These
calculations are compared with the limit
values for determining the critical indicators

* * . . .
q, and ¢, exceeding which causes destruction

of products. In addition, surface temperature
T; measurements and heat flux ¢, at
individual points of the charge are carried out.
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The obtained experimental data are compared with
the calculated results to assess the errors of the

*

methods for calculating the critical parameters g,
and ¢* in real operating conditions. In the case of
significant discrepancies between the experimental
and calculated data (more than 10 — 12%), the
models are corrected to ensure their accuracy.

At the third stage, the values of key
parameters are entered, such as 7, (temperature of
combustion products), g. (relative content of high-
temperature condensate) and u (burning rate of

mixtures), as well as their critical limit values: T;,

Te. 9o Uga),,

upper concentration limit, exceeding which causes

(burning rate of mixtures at the

unstable, explosive combustion) and “Za)

HMIr

(burning rate of mixtures at the lower concentration
limit, exceeding which leads to a sharp extinction
of combustion). These parameters determine the
possibility of ignition, extinguishing of mixtures,
the level of fire hazard for surrounding objects in
the process of developed combustion, as well as
areas of instability that cause either rapid
extinguishing or explosive combustion modes.
After that, the appropriate mathematical model is
selected, and with the help of specialized PAPs, the
parameters 7., g. and u are calculated at given
values of the controlled parameters (o, dn, dox, To,
P). The obtained calculated parameters are
compared with their limit values, checking the

fulfillment of the conditions: 7, < T;, g < g;, u<

uza) , u> uza) . If the specified conditions are

BMr HMr
not met, the values of the controlled parameters are
adjusted and the critical ranges of their changes are

determmed This includes: o < ()uct, & > (X)ict, dy <
d (abo d,, > dM) Ao < dOK (60 do> dOK) To> To

(abo To< To), P> P’ (abo P < P7). Then, selective
measurements of the parameters 7., g. and u, are
carried out, which are compared with the calculated
values. Based on this, the errors of the calculation
methods are determined to assess the critical ranges
of changes in the controlled parameters. In the case
of significant discrepancies (more than 10 — 12%)
between the calculated and experimental data, the
models are refined to increase their accuracy.

It is worth noting that the proposed
scientifically based method allows in the process of
developing pyrotechnic products made on the basis
of mixtures of metal fuel powders and
fluoroplastics, to create an array of data in an
automated mode. This array contains critical
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parameters of external thermal effects and key
characteristics of the combustion process of
mixtures, the excess of which causes
premature ignition of charges and unstable
development of combustion. Such processes
can lead to explosive destruction of products
and the appearance of various fire hazard
factors.

To reduce the risk of ignition and
explosive destruction of pyrotechnic products
during storage or transportation under
conditions of external thermal influence, it is
important to prevent the formation of centers
of exothermic oxidation of metal particles in
the combustible environment, which are
formed during the decomposition of
fluoroplastics. This can be achieved by using
charge mixtures with a reduced level of
flammability, which is ensured by optimizing
their technological parameters.

Such parameters include the ratio of
components, dispersion of components,
compaction coefficient, as well as geometric
characteristics of the charges, including their
diameter, height and shape. Correct
adjustment of these parameters allows
minimizing the risk of dangerous self-heating
and ignition of charge mixtures even under
conditions of elevated temperatures or
prolonged  thermal  exposure,  which
significantly increases the safety of storage
and transportation of products.

To quantitatively assess the level of fire
safety of products under conditions of external
thermal exposure, a method based on the
provisions of DSTU 8828:2019 is used. The
document describes the general requirements
for ensuring fire safety (paragraph 7) and the
methodology for determining the probability
of a fire occurring at a facility (paragraph B.
Method for determining the probability of a
fire occurring, paragraph B.3.4. Calculation of
the probability of an ignition source).

This method allows to calculate the
probability Q;s of occurrence of an ignition
source in one pyrotechnic product, which can
initiate the process of premature combustion
of mixtures of product charges. It takes into
account the impossibility of predicting in
advance the specific conditions under which
external influence on the surface of products
can occur during their transportation or
storage. In such situations, ignition sources
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can arise in the composition of mixtures due to foci
of exothermic oxidation of metal particles in
decomposition products of other components.

These processes often cause ignition of
mixtures, which, in turn, leads to fire-hazardous
destruction of products. The method of calculating
the probability Q;, is a key tool for risk analysis and
prevention of critical situations. According to
DSTU 8828:2019 (paragraph B.3.4, formula
(B.30)), the following mathematical expression is
used to determine the probability Qi of the
occurrence of an ignition source

Qi = 1- /s €))

This expression for Qs is calculated taking
into account the storage or transportation time of
the pyrotechnic product during the analyzed period
of time, denoted as 7. The average time to the
occurrence of an ignition source s, is determined
by the formula: 7;=3,03-10*Ey, where Eo — is the
minimum energy required to ignite a compacted
mixture of components, J. The value Eo describes
the minimum energy required to heat the reaction
zone of the c-phase of the mixture from the initial
temperature 7Ty, K to ignition temperature 7;, under
the influence of external thermal factors:

Ey=p, . AV (T-Ty) )
where p_, ¢, — respectively, the charge

density of the mixture (kg/m?) and its specific heat
capacity (J/kg'K); AV, — volume of the reaction
zone of the k-phase of the mixture (m?), within
which complete thermal decomposition of the
oxidant and exothermic oxidation of metal particles
occur, leading to ignition of the mixture.

Given that the charge has a diameter D, and
the thickness of the reaction zone of the k-phase is
equal to J;, in the first approximation the volume
of the reaction zone AV, can be defined as:

2
y VC= T D4 51 (3)

Substituting expression (3) into expression
(2), we obtain an updated formula for further
calculations.

7z'~D2'51- P, Ce
Ey=——— (") @

According to the established combustion
mechanism of the pyrotechnic mixtures under
consideration [1, 2], the value J;, in the first
approximation, is defined as a parameter
characterizing the thickness of the reaction zone of
the k-phase of the mixture, within which the key
process of thermal decomposition of the oxidant
and exothermic oxidation of metal particles occurs.

14

_ 2RT,d}
0= (5)

where R — gas constant, J/mol-K; 7, —
surface temperature of the burning mixture, K;
a3 — thermal conductivity coefficient of the
mixture, M*/c; u — combustion rate of the
mixture, m/s; £| — eHepris aKTHBAILil TIPOIECY
MOBHOTO TepMiYHOTO po3kiafganag @ — 3 npu
T =T, sx ocHoBHOro sources of active
gaseous  products (E;>>RT), kJ/mol.
According to the obtained experimental data
[1, 2] (for «=0,5...0,6 and Ky =0,96...0,97):
T, = 1050...1200 K; E, = 127,5 kJ/mol; a3 =
3,7-10°...11,8:10° m%/s, valued; = 60...340
um, that is, in order of magnitude,
corresponds to the average particle size of the
powders used Mg (d,, = 54...305 um) Ta Al
(dy=56...310 pum).

To determine the ignition temperature
(T;,) and the induction (delay) time (z;)
experimental studies of the ignition processes
of Mg + F — 3 and Al + F — 3 mixture charges

were conducted. These studies were
performed under conditions of external
thermal influences under various

technological parameters, such as the oxidant
excess coefficient o, average particle size of
metal fuel d,, and oxidant dy, the mixture
compaction coefficient Ky and the charge
diameter D, which is shown in Figures 1 and
2.

According to the data presented in
Figures 1 and 2, the values of the ignition
temperature 7, and the induction time t;
significantly depend on the concentration of
the oxidant in the mixture and the dispersion
of the metallic fuel. When the oxidant excess
coefficient (&) from 1,5 to 0,5, as well as the
particle size of the metallic fuel (d,) from 305
um to 56 pum (for magnesium) and from 310
um to 54 um (for aluminum), the value of 7,
increases by 1.4-1.9 times, and 7; — by 2.7-3.2
times.

As we can see from the dependences of
Figure 1, to increase the fire safety of products
during storage and transportation, where there
is a risk of external heating, it is
technologically advisable to use finely
dispersed metal fuel powders and oxidizer-
depleted (fuel-rich) formulations.
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Figure 1. Dependences of the ignition
temperature (a) and induction time (b) of
cylindrical charges of mixtures based on Mg + F —
3 from the average particle size of the metal fuel
for the values of the oxidant excess coefficient &
=0,5(1); 1,0 (2); 1,5 (3) (dox=100 pm;
Ky=10,96...097; D=2...3-10" m; T, = 293 K;
P =10’ Pa): o, A, 0 — experimental data.

The data in Figure 2, especially when
compared to Figure 1, provide a compelling
scientific rationale for replacing magnesium fuel
with aluminum fuel to improve fire safety. The
choice of aluminum as a metal fuel is an effective
fire prevention measure because it makes the
pyrotechnic product significantly more resistant to
external thermal influences.

Therefore, the use of finely dispersed metal
powders at the stage of manufacturing pyrotechnic
charges created on the basis of metallized mixtures
with fluoroplastics and with an excess of metal fuel
contributes to an increase in the time until their
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premature activation under the influence of
external thermal influences. This, in turn,
ensures an increase in the level of fire safety
of pyrotechnic products manufactured using
this technology.
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Figure 2. Dependences of the ignition
temperature (graph a) and induction time
(graph b) of cylindrical charges of mixtures
based on Al + F — 3 from the average particle
size of the metal fuel for different values of
the oxidant excess coefficient &= 0,5 (1); 1,0
(2); 1,5 (3) (dw=100 pm; Ky =0,96...0,97; D
=2...3:10"m; Ty = 293 K; P=10° Pa): o,
A, 0 — experimental data.

To quantitatively assess the probability
Qi of initiating an ignition source under
thermal action, which leads to fire-hazardous
destruction  of  pyrotechnic  products,
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calculations are used according to formulas (1)—
(5). Using the example of two serial pyrotechnic
products with different mixtures (Table 1), taking
into account the obtained experimental data (see
Fig. 1, 2) and the known physicochemical
characteristics of the studied mixtures, the
following was established: for product 1, the
probability of Q;; with a decrease in a and d,
decreases by 2,1 — 2,7 times; ms for product 2, the
similar decrease in probability is 1,5 — 1,9 times.

Thus, modification of the composition of
pyrotechnic mixtures, in particular, changing the
content of powdered metal fuels and their
dispersion, allows to significantly increase the fire
safety of products under the influence of external
thermal factors — more than 1,4 — 2,3 times. In
addition, replacing one metal fuel with another also
contributes to increasing safety. For example, using
aluminum powder instead of magnesium powder
provides an increase in the fire safety of the product
by 1,7 times.

ou13)
1
22 A
~
-~
1.8 -
/ g /1
7
/ —
s -+
v -
1.4 =
N~
/R -
///
1,0
50 100 150 200 250 300 dy, MEM

Figure 3. Relative probability dependence
of O(is) (O(is)= QQ*((IZ)), where O (is) is the
probability value for the minimum particle size of
the metal fuel used in practical ranges of changes
[1, 2]) of fire-hazardous destruction of
pyrotechnic products under external thermal
influence. The probability depends on the
dispersion of metal fuel powders and their content
in mixtures used in pyrotechnic product charges.
The first product with a charge based on Mg + F —
3; 2 is indicated by graph 1, he second product
with a charge based on Al + F — 3 is indicated by
graph 2 (see table 1); — mixtures with o =
0,5; — — —— — mixtures with & = 1,4 represent the
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dependences for the corresponding
coefficients of excess oxidant.

Table 1 — List of pyrotechnic products
for general industrial purposes, on the
example of which the probability calculation
methodology was tested O;s

Recipe
for the | Relativ
Compo .
. main € mass
sition of
the compon | content
Ne Purpose rotec ents of of the
P py . the mixture
hnic tech | compo
mixture | P P
charee nic nents,
g mixture %
charge
Mixture F-3 65
Solid based Mg 31
on Mg
pyrotec +F-3
1 hnic + Technol
fuels ogical
for te"l.m‘il additive | %
ramjets oglea ]
additive
s
Mixture F-3 69
Pyrote | based Al 28
chnic | on Al +
incendi | F—3+ | Technol
2 )
ary technol ogical
produc | ogical | additive 3
ts additive S
s
Conclusions

As a result of the research and
development of a scientifically based method,
it was possible to significantly improve the
fire safety of pyrotechnic products at all stages
of their life cycle - from production to storage
and transportation. The results of the work
have important practical and theoretical
significance, which is reflected in the
following key conclusions:

—the analysis established that by
adjusting technological parameters (oxidant
excess coefficient o and fuel dispersion d),
the ignition temperature (7;) of the mixture
charges was increased by 1,4-2,5 times and
the induction time (7;) was increased by 2,3—
3,4 times, significantly enhancing fire safety.
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—a methodology for the quantitative
assessment of the probability of an ignition source
(Qs) occurring under external heat was
successfully adapted based on DSTU 8828:2019.
This adaptation made it possible to calculate and
compare the integral fire safety indicators for
different product compositions.

—the  quantitative  dependence  was
established: optimizing the composition (using
finely dispersed metal powders and lower o)
reduces the probability (Qs) of fire-hazardous
destruction by 1,5-2,7 times. Critically, it was
proven that replacing magnesium (Mg) fuel with
aluminum (Al) fuel provides a significant
improvement, increasing the fire safety of the
products by 1,7 times.

The developed method and database can be
used as a basis for improving regulatory
documents, implementing new safety standards
and optimizing technological processes in the
production, storage and transportation of
pyrotechnic products in Ukraine. In the future,
these results can be applied to the development of
safe mixtures in other industries where ensuring the
stability of chemical processes and minimizing the
risks of ignition are important.
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NIABUIIEHHS IMOKEXHOI BE3IIEKHM METAJI30BAHUX IIIPOTEXHIYHUX CYMIILEMR
MIJITXOM OINTHUMIBAIIIT X TEXHOJOTTYHUX ITAPAMETPIB

Mema. Mema nonazae y cmeopenHi HayKo80-00IpYHMOBAHO20 MEMOOY, 3ACHOBAHO20 HA PE3YIbMAMAX MeopemuiHux
ma excnepuMeHmanbHux 00CaioxceHb. el Memoo cnpaAmMosanuti Ha 3anobicanHs ma KOHMPOdb NepedyacHo2o 3AalMaHHs
3apaonux cymiutell, nonepeodicenns GuOYxoHebe3neuHo2o0 pO3GUMKY npoyecy iX 2OpiHHA, a MAKoJC YHUKHEHHS
N0JHCEAHCOHEOE3NEYUHO20 PYUHYBAHHSA 8UPODIE NI 8NIUBOM 308HIUUHIX MENI0BUX PaKmopis.

Memoou oocnioncenna. CyuacHi memoou Qi3uKo-XiMiuHO20 aHANI3Y: MEPMONAPHI Memoou GUMIPHOBAHHS
memnepamypu (8UKOPUCMOBYBANUCH 80TbHPAM-penicai mepmonapu); 6e3KOHMaKmHi Memoou QiKcysanHs novamxy ma Kinys
20pIHHA 4ACMUHOK Memanié (memnepamypui IHOUKAMOpY, QOMOYymaugi eiemMenmu mowo); Memoou KiHO3UOMKU
(xinoxamepa “Komnsac-asmomam” (weuoxicmo 3tiomxu 30 xaodp/c)) ma memoou mikposiiomxu kinoxamepa CKC-IM
(weuokicmo  zuomxu  3000...5000 xadp/c)) npoyecy  2OpiHHA ~ OKpeMux — Memanesux — YACMUHOK,  Memoou
DEHMEeHOCMPYKIYPHO20 Ma Mikpopenmeenocnekmpanbhozo ananizy (MPCA) 0ns npoeedenns Ximiuno2o ananisy.

Pesynomamu. Y cmammi npedcmagieno memooono2ito nio8uUwjeH s NOXHCeHCHOI besneku nipomexHiuHux eupoois,
CMBOPEeHUX HA OCHOSI Memanizosanux cymiwei i3 @moponracmamu. OCHOBHUI akyenm 3pOOIEHO HA BNAUE 308HIUHIX
MenaI06Ux YUHHUKIE HA KII0YO08l napamempu, maxi K memMnepamypa 3auMaHHs, 4ac iHOYKyii ma tMOGIpHICIMb GUHUKHEHHS
oorcepena 3aUMAHHA, A MAKONC HA MEXHIYHI XApakmepucmuky 3apsoie. 3anponoHo8aHuti mMemoo CHpAMOBAHUN HA
onmuMi3ayilo MexHONOSITUHUX Napamempis cymiwell, GKIOYAIOUU OUCNEPCHICMb Memanesoeo naibHo2o, Koegiyienm
HAOMUWIKY OKUCHIOBAYA, YWITbHEH S CyMiutell ma 2eoMempuini ocooaugocmi 3apsois.

Pesynomamu 00cniodkcenb 0eMOHCMPYIOMb, WO Pe2yI08aH s CKIA0Y NipOMEXHIUHUX cyMitueli 00360158€ CYMMEBO
niosuwumu ix cmiikicmes 00 3aUMAHHS N0 BNIUBOM 308HIUHBLO20 MENIA. SMEHUWEHHS PUSUKY NONCENCOBUOYXOHEOE3NeUHUX
PYIHY8aHb 00CA2AEMbCA 3A60AKU BUKOPUCIAHHIO OPIOHOOUCNEPCHUX Memanesux NOPOWKIE, a MaKodic 3amMiHi MAsHIEG020
nanbHo20 HA anioOMiHiE8e, U0 3HAYHO NOKPAUYE NOJCedCHY be3neKy eupooie.
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3acmocysanna memooono2ii 00360110 NIOBUWUTNU PIBEHb NONHCENHCHOT De3neKu NipomexHiuHUX eupoodie K Ha cmaoii
ix eupobnuymea, max i npu mpancnopmyeanni ma 36epicanni. Pesynomamu Oocniodcenns cmeopioiomv OCHO8Y Oas
B00CKOHANIEHHS HOPMAMUBHOT 6a3u Ma Ni8ULeHHA CMaHOapmis 6e3neku Ha nionpuemMcmeax Yxpainu.

Hayxkoea nosusna. Komnnexc cmeopenux mamemamuinux mooenei y NOEOHAHHI 3 0A3010 eKCRePUMEHMATbHUX OAHUX
CMAHOBUMb OCHOBHY CKAA008Y Np08edeH020 oocaiodcenns. Pospobreni moodeni ma cgopmosana baza 3abesneuyiomo
MOACTUBICIL OMPUMAHHA MA CUCMEMATU3AYIT Macusie Oanux 3a Kpumuynumu napamempawy. Came yi napamempu cmanu
niOIpyHmAM Olisi PO3POOAEHHS MEmOOY, CHPAMOBAHO20 HA NONEPEONCEHHT NepPedudacH020 3AUMAaHHS Ma 3ano0ieanHs
Hnebe3neuHoMy po36UMKY npoyecie 20piHHsl.

Ilpakmuune 3nauenns. Taxum uuHom, Moouixayis ckaady NiPOMEXHIUHUX cymiwlel, 30Kpema 3MiHa emMicmy
NOPOUKONOOIOHUX MeMANe8UX NATbHUX | iX OUCNEPCHOCMI, 00380IAE CYMMEBO NIOBUWUMU NONCENHCHY Oe3neKy eupobie npu
6NAUBT 308HIWHIX MeN08UxX hakmopie — binvu Hiowe y 1,4—2,3 pazy. [Jooamkoso, 3amina 00HO20 Memane8020 NATbHO20 THUUM
medic cnpusie niosuwennio 6esnexu. Hanpuknao, sukopucmanns anioMinie8020 NOPOWIKY 3AMICMb MAcHI€8020 3abesneuye
3pocmanhs noxcedncHoi besnexu eupody 6 1,7 pasy.

Pospobnenuit memoo ma 6aza Oanux mModxcymv OYmu SUKOPUCIMAHI SIK OCHO8A ONSl YOOCKOHANICHHSI HOPMAMUGHUX
OOKYMEHmMIB, 6NPOBAONCEHHSI HOBUX CMAHOApMie 6e3nexu ma Onmumizayii MexHOA02IHHUX Npoyecie npu SUpoOHUYME,
30epieanni i mMpancnopmysanui NipomexHiuHux eupobie 6 Yxpaini. YV nepcnexmusi yi pesyromamu moxcymv O6ymu
3acmMoco8ani 015 po3pooKu be3neyHux cymiwiell y iHuux 2any3ax, 0e axciuge sabe3neyents cmabitbHOCmi XIMIYHUX npoyecie
i MIHIMI3QYis PUBUKIG 3AUMAHHSL.

Knrwwuoegi cnosa: nipomexuiuni cymiwti, HimpamoemicHi OKUCHIO8AYT, Memanesi NabHi, OP2AHIYHI pevyoSUHU, NPoyecu
20pIHHA, MamemMamuiHe MOOen08aAHHS.
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