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MATHEMATICAL MODELLING OF THE COMBUSTION PROCESS OF
PARTICLES OF TWO-COMPONENT METAL ALLOYS IN THE
DECOMPOSITION PRODUCTS OF PYROTECHNIC MIXTURES

Purpose. The purpose of this work is to establish the mechanism and develop a mathematical model of the
combustion process of AMC particles in gaseous decomposition products of nitrate-containing oxidants and organic additives
to determine the dependence of their combustion time on technological parameters and external conditions.

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. As a result of studies of the combustion process of aluminium-magnesium alloy (AMA) particles in products
of thermal decomposition of pyrotechnic mixtures based on nitrate-containing oxidizers and organic additives, it was
established that the process of combustion of alloy particles in gaseous decomposition products of mixtures that are formed
(oxygen, oxygen + nitrogen or air in the presence of no more than 10 % CO + CO3) with an alloy content of no more than 80
% Al flows stably through the diffusion mechanism; with a content of Mg in the alloy of at least 20 %, the combustion process
of the particles becomes unstable and becomes explosive as a result of their spontaneous fragmentation into smaller particles,
the combustion of which becomes intermittent and accelerates sharply. Two points of view on the mechanism of diffusion
combustion of alloy particles are also formulated: according to one of them, the particle combustion process takes place in
two stages (first there is vapour phase combustion of Mg from the alloy, as the most volatile component, and then vapour
phase combustion of the remaining molten drop of Al), and according to the second, simultaneous evaporation and combustion
of both particles takes place. A mathematical model of diffusion combustion of particles of two-component metal alloys in
gaseous products of thermal decomposition of pyrotechnic mixtures based on nitrate-containing oxidants and additives of
organic substances has been developed. Using the example of AMA particles, it is shown that the developed combustion model
allows, with an accuracy of 5...10 %, to determine the dependence of its combustion times on the technological parameters of
the alloy powders (the content of the components in the alloy, the radius of the particle) and external conditions (the
composition of the environment, the concentration of oxygen in it). As a result of calculations carried out on a PC in dialog
and real-time mode, the following dependencies were established: an increase in the Mg content in the alloy and the
concentration of O: in the gaseous medium, as well as a decrease in the radius of the particle leads to a decrease in the
burning time of the particle and a sharp increase in its burning rate, which contributes to destabilization and explosive
development of the combustion process of pyrotechnic mixtures under external thermal conditions.

Scientific novelty. As a result of studying of the process of combustion of AMC particles in products of thermal
decomposition of pyrotechnic mixtures based on nitrate-containing oxidizers and additives of organic substances (in the
amount of 5...10%), two points of view on the mechanism of diffusion combustion of alloy particles were formulated: according
to one of them, the process of particle combustion proceeds in two stages (first there is a vapour-phase burning of Mg from
the alloy, as the most volatile component, and then there is a vapour-phase burning of the remaining molten drop of Al), and
according to the second, simultaneous evaporation and burning of both particles takes place; at the same time, spinel is the
basis of combustion products in both cases MgAl>0.4.

Practical significance. The results of theoretical and experimental studies, which are obtained in the form of
mathematical models and a database of experimental data on the influence of technological parameters of mixture charges
on critical modes of explosive development of their combustion process under conditions of external thermal influences
(elevated heating temperatures, external pressures, etc.), allow at the stage of manufacturing products by optimization of
technological parameters (ratio of components, dispersion of metallic fuel and its nature) to increase their ignition
temperature and reduce the probability of fire-explosive destruction of products in the conditions of their storage and
transportation, taking into account the influence of external thermal actions; in the conditions of launch of products by
optimising the speeds and angles at which they are fired during their application, to reduce the heating temperature of the
metal shells of mixture charges and to reduce the number of premature explosive destruction of products during firing and

flight.
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Introduction.

Currently, pyrotechnic mixtures of
metal fuels (two-component alloys of metals
(aluminium-magnesium alloys (AMA), etc.),
nitrate-containing oxidizers (nitrates of alkali
and alkaline earth metals, etc.) and additives of
various organic substances (paraffin, stearin,
iditol, etc.) are widely used are used in various
branches of the national economy and military
equipment (incendiary mixtures for signalling,
lighting and tracers, pyrotechnic products of IR
technology, eclements of rocket and space
technology, etc.). At present, due to the
limitations of experimental research on the
combustion of particles of two-component metal
alloys, including AMA etc., in active gaseous
environments (Akkerman & Penner, 2020;
Leontyev et al., 2021; Sergeev et al., 2020), it is
impossible through their analysis to reveal the
main regularities of the combustion process of
these particles and to establish the mechanism of
its occurrence in the indicated environments.
Therefore, the purpose of this work is to
establish the mechanism and develop a
mathematical model of the combustion process
of AMA nparticles in gaseous decomposition
products of nitrate-containing oxidants and
organic additives to determine the dependence of
their combustion time on technological
parameters and external conditions.

Literature review

The use of pyrotechnic mixtures based
on AMA, nitrate-containing oxidizers and
additives of various organic substances in
various sectors of the national economy and
military equipment is reflected in works (Bai &
Yang, 2019; Berezhnaya et al., 2020; Fang et al.,
2019). In conditions of forced external heating
(for example, during the ignition of warehouses
where products equipped with charges from the
mixtures in question are stored, in conditions of
transportation with intense convective heating of
their surfaces, or in case of shock thermal effects
on the metal cases of products in conditions of
shot and flight) pyrotechnic mixtures can ignite
prematurely with a sharp acceleration of the
further process of their combustion, destruction
of products due to the formation of high-
temperature combustion products that fly at high
speeds in different directions, which are fire-
hazardous for surrounding objects (buildings,
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fuel and lubricants, launchers with service
personnel etc.) (Jia et al., 2021; Syromyatnikov
et al.,2020; Shchukin et al., 2019). Therefore, in
order to prevent premature fire-explosive
destruction of products under conditions of
external thermal influences, it is necessary, first
of all, to have data on the regularities of the
process of combustion of metal fuel particles in
the decomposition products of mixtures when
they are heated. At the moment, theoretical and
experimental studies of the combustion of metal
particles (Mg, Al, Ti, Zr, etc.) in gaseous
oxidising media (oxygen, mixtures of oxygen
and nitrogen, air, etc.) have been sufficiently
completed. It was shown that the process of
burning of metal particles proceeds according to
the diffusion mechanism with the formation of
bright luminescence zones (Dibrova et al.,
2020). The influence of the nature of the
oxidising medium and metallic fuel, as well as
the dispersion of components and external
conditions (elevated heating temperatures and
external pressures, environmental composition,
etc.) on the combustion characteristics of
metallic fuel particles has been established
(Kirichenko et al., 2020). Mathematical models
of the combustion process of metal particles
have been developed, which allow to calculate
the speed and time of their combustion
depending on the characteristics of the powders
and external conditions (Kyrychenko, Dibrova,
Motrichuk, Vashchenko, Kolinko, 2019).

Research methods

As two-component (binary) metal alloys
in pyrotechnic mixtures based on nitrate-
containing oxidizers (NaNQOj;, KNO;, Ba(NO3),,
Sr(NO3),, etc.) and additives of organic
substances (paraffin, stearin, thiocol, etc.) in
currently, aluminium-magnesium alloy (AMA)
is most widely used (Kyrychenko, Dibrova,
Motrychuk, Vashchenko, Kolinko, Tsybulin,
2019; Kyrychenko, Gvozd et al., 2021). As a
result of research (Kyrychenko, 2021) on the
behaviour of mixture components under external
heating conditions within the main combustion
zone of the considered mixtures (k-phase
reaction zone characterised by a range of
temperature changes of 1100...1300 K (under
normal conditions)) (Kyrychenko, Kovalyshyn
et al.,2021) such organic substances as paraffin,
stearin and thiocol completely decompose to
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gaseous products (the main ones are CO and
CO3). At the same time, gaseous CO and CO;
products in the main decomposition products of
nitrate-containing oxidizers (O + N stream) are
present in small quantities (the amount of
organic additives in the mixture does not exceed
5...10 %), and the rate of oxidation of metal fuel
particles into CO and CO, is an order of
magnitude lower , than in the decomposition
products of the oxidant. Therefore, the results of
studies of combustion processes of AMA in the
specified gaseous products, including air, which
is based on a mixture of O, + N, gases, are
considered below.

All studies were conducted on AMA
powders produced by the pyrotechnic industry
on standard pyrotechnic equipment using
modern methods of physical and chemical
analysis (Kyrychenko, Investigation, 2022):
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.); methods of film shooting (film
camera “Konvas-automat” (shooting speed 30
frames/s)) and methods of micro-filming film
camera CKC-1M (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 chemical
analysis. The relative measurement error of the
main characteristics of the burning process of
metal particles (burning speed, burning time) did
not exceed 5...7 %.

Study of the mechanism of the
combustion process of AMA particles in
gaseous decomposition products of mixtures.
The process of burning aluminium-magnesium
particles is quite complicated. During studies of
the combustion process of individual immobile
particles of aluminium-magnesium alloys using
high-speed cinematography and low-inertia
thermocouples, it was established that the
combustion mechanism of these particles in
oxygen-argon mixtures, in air and carbon
dioxide is very similar to the combustion
mechanism of pure magnesium, i.e., the
beginning of the ignition process of particles is
preceded by oxidation reactions occurring on
their surface, and the combustion process
proceeds according to the diffusion mechanism.
At the same time, it is possible to formulate, at
most, two points of view on the combustion of
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alloy particles. According to one of them, the
process of combustion of an aluminium-
magnesium alloy particle proceeds in two stages:
the burning of magnesium from the alloy particle
and the burning of the remaining molten drop of
aluminium. Both phases of combustion take
place in the vapour phase (fig. 1, 2).

According to the results of spectroscopic
studies, the burning of both components of the
Al — Mg alloy begins simultaneously, but
magnesium burns out faster than aluminium. In
contrast to this, there is a point of view that
during the burning of an aluminium-magnesium
alloy, the more volatile magnesium first burns
out (in a vapour phase flame), and the non-
volatile aluminium is then dispersed in the form
of small particles that burn out.

According to the second point of view,
there is simultaneous evaporation and burning of
both particles.

The alternate evaporation of magnesium
and aluminium from the particle and the
complete absence of complex molecules based
on Mg and Al in the pair were established, while
the combustion products consist mainly of spinel
MgAle4 (table 1)

The dependence of the ratio of the radius
of the luminescence zone (f;, um) to the initial
radius of the particle (fg, um) on the relative
burning time (6 =T%c , where T, and Tp, —

Cc
respectively, the current burning time of the

particle and the time of its complete combustion,
ms) particles of the Al — Mg alloy is more
complex than that of pure aluminium and
magnesium (fig. 3). Thus, when burning
particles of an alloy of 30 % Al + 70 % Mg in
air, the ratio is 17/ ry in a very short period of time
(= 10™*s) reaches the maximum value (ab). Then,
for a considerable time, this ratio practically
does not change (plateau bc). When the process
of burning Mg from the particle ends, the ratio
1/ ro begins to decrease to a minimum (point d).
Further, at the moment of the beginning of the
burning of aluminium, it increases sharply again
(section de), reaching a maximum (point e). As
the aluminium burns out, the ratio r;/ry
decreases monotonically (ef), approaching in
magnitude to the size of the glowing oxide
particle that remained after the combustion
process was completed. The nature of the

relationship change r/ry = f(6) when the
oxygen concentration in the medium changes, it
is preserved for particles of alloys containing no
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more than 80 % Al. At the stage of steady-state
combustion of magnesium from the particles of
the ratio 1;/ry decreases with a decrease in the
concentration of oxygen in the environment and
the content in the alloy. If at the end of burning
Mg from the particle ratio r;/ry decreases to
unity (the glow zone disappears), then the
particle splits with the subsequent explosive
development of the combustion process.

Thus, the combustion process of AMA
particles in the gaseous products of thermal
decomposition of the considered mixtures
(oxygen, oxygen + nitrogen or air in the presence
of no more than 40 % CO + CO) with an alloy
content of no more than 80 % Al proceeds stably
by the diffusion mechanism.

Discussion results
Mathematical model of diffusion
combustion of a particle of a two-component

metal alloy in gaseous decomposition
products of mixtures. The model for
calculating the rate of diffusion burning of a
single particle of an alloy of two metals was
considered in a standard setting (Kyrychenko et
al., 2022): heat and mass transfer processes
proceed quasi-stationarity within the limits of
the reduced pellicle with an outer radius

Nu . . .
= (ro — the initial radius of the particle,

Nu — the Nusselt criterion (Kyrychenko,
Methodology, 2022); physical constants are
constant and the same for all components of the
gas mixture; metal oxides completely condense
on the combustion surface. It is believed that the
alloy is an ideal solution, that is, it obeys
Raoult’s law (Kyrychenko, Methodology,
2022). The temperature and composition are
assumed to be constant over the entire volume of
the particle.

Table 1 - Radiography of products of combustion of alloys

Alloy composition Basic oxides Secondary oxides
Al a-AlLO; Y—A1203
Al-5%Mg y-ALOs3 MgAl,O4
Al-12 % Mg MgALO4 y-ALOs3
Al-36% Mg MgA1204 C(—A1203, Y—A1203
Al—43 % Mg MgAle4 Y—A1203, MgO
Al—50 % Mg MgAl,O4, MgO y-ALOs3
Al—-55% Mg MgALO4, MgO a-ALOs, y-AlLOs
Al - 65 % Mg MgAl,04, MgO —
Al - 80 % Mg MgO MgALO4
Al-90 % Mg MgO MgALO4
Mg MgO -

5

6

7

8

Fig. 1. Microfilms of the combustion process of a particle of an alloy of 50 % aluminium + 50 % magnesium in
the environment of gaseous decomposition products of nitrate-containing oxidants (75 % oxygen + 25% nitrogen
at P = 10° Pa (complete decomposition)): 1 — a picture of an alloy particle before its ignition; 2, 3, 4 — pictures
characterising the burning of magnesium from the particle; 5, 6, 7 — pictures characterising the burning of
aluminium from the particle; 8 is a photograph of an oxide particle formed after the combustion of an alloy
particle
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14

15
Fig. 2. Microfilms of the combustion process of a particle of an alloy of 40 % aluminium + 60 % magnesium in

10° Pa): 1, 2, 3, 4, 5 — images characterising

the combustion of a particle in an environment of 60 % O, + 30 % N> + 10 % CO + CO»; 6, 7, 8, 9, 10 — pictures
characterising the combustion of a particle in an environment of 65 % O, +25 % N, + 10 % CO + CO»; 11, 12,
13, 14, 15 are pictures characterising the combustion of a particle in an environment of 55 % O> + 35 % N, + 10

% CO + CO;
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Fig. 3. Dependence of the ratio of the radius of the glow zone to the initial radius of the aluminium-magnesium
alloy particle on the relative time of its burning: 1 — burning of the 30 % Al + 70 % Mg alloy in air; 2 —
combustion of an alloy of 30 % Al + 70 % Mg in a mixture of 15 % O, + 85 % Ar; 3 — combustion of 50 % Al +
50 % Mg alloy in air

In the accepted assumptions, the processes
of heat and mass transfer inside the reduced
pellicle are described by a known system of
differential equations (Motrichuk et al., 2020):
1) in the inner zone of the reduced pellicle
(ro <r <r,), on which exothermic reactions of
the interaction of a pair of metals and an
environmental oxidant take place (the so-called
glow zone):
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This system of equations is solved under saturating one for the temperature 7p and is
the following boundary conditions: determined in accordance with Raoult’s law by
1) the concentration of the metal vapour near the the formulas:
surface of the particle corresponds to the

-1
. H3 /‘2+/‘3) Py 1N (11-12) 4y P ( h )
nyl,=np=| (1+= )+ |\=—| = —ep|——)t= - w—-epl=—]) ]| , 6
=10 ( /11) ( w ) P e T P P e ©
. -1
_ _ s H2+ﬂ3> P N (12'11) H3 P ( ) )
ml,,=nme=| (1-=|+|=—) = —ep|— )= ——-epl|l==) ]| ., 7
2|r0 20 ( /ﬁ) ( I Py 1-N; P RTy/)  py Pp(1-Ny) P RTy ™
where P — full gas pressure; wu,, W, pV'r2 Z,B(y-l)po-VO-r%, an
— 1 +
Uy — molecular weights of metal vapours and where = _Bimothymo, ﬂl’ ﬂ2 the ratio of mass

n10*tn20
flows of the oxidizer and steam of the given
metal; y — the ratio of the mass flow of the
gaseous reaction product to the mass flow of the
oxidizer; index “0” means that the parameters
are taken at » = ry;
6) metal vapours and oxidizer are brought to the
combustion surface in a stoichiometric ratio:

inert gas, respectively; [;, [, — heat of
vaporisation of metals; PT, P; — steel for these
metals; NV, N, — mole fractions of
metals in a particle: N; + N, =1

2) on the burning surface, the reaction proceeds

instantaneously, and the concentration of the
oxidizer and vapours of both metals are

considered to be zero: dnge| dn dny | dny

n Ircz nZIrc= noxlrcz 0; (8) dr e o (ﬂl dr ﬁz ) C; (12)
3) temperature of the particle and the 7) the mass flow of gases on the particle
combustion surface: surface is equal to the flow of metal vapours:

T,,=To; Tl,= Ty ©) = (dﬂ+@) + +100):

4) the temperatuﬁe and oxidant content are PoVo= Pyl dr——dr/y, Poo (mo* mo):
specified on the outer boundary of the reduced (13)
pellicle: 8) since as the more volatile component burns

(10) out, the composition of the particle changes (and,
therefore, the temperature of the particle will
also change), the expression for the heat flow to
the particle also takes into account the heat that
goes into its heating:

Tlrlle; noxlrlz Poxys
5) from the equation of discontinuity and the
ratio of stoichiometry, the relationship of gas
flow velocities in the inner and outer zones of the
reduced pellicle is expressed as:

dT _ dn1 dny cpc ro dTO
A . =-pyDo (11 +1 ;) +peVolliniot hnyg)t——"—= (14)
du; dﬂ|
1_( '%)'Nl 7 47T<po Dyr§ ar |y, Py Vonio ), (16)
=12/ . _ d, d
where p =77y P> Py — Values of the e —47rp0-r%- (Do.ﬂ_y.nl) a7
Pl #2 P2c dr dr Yo
densities of the pure metals that make up the Current values of the masses of metals x, and x,
particle; , in the particle are connected by a ratio:
9) heat release on the combustion surface -1
(to condensed oxide): I T (L +1) (18)
dr" dT dn; dny iyt n v )
— i — = D .  — + . . — 5 . . .
drdr =P DPy4, dr by, dr)rc In the accepted notation, the burning time of a
.o (15) particle is found from equation:
where the indices “+” and “— refer to the outer dro
and inner zones of the reduced pellicle, P ;_po'VO- (19)
respectively. If we consider that the Lewis criterion
. . L .
~ The change in the composition of the Le =—2—is equal to one, which corresponds to
particle as it burns out is related to the flow of pcpD . .
components as follows: the states of the considered gas mixtures under
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normal conditions (7o = 293 K, P = 10° Pa) and
introduce a new variable

Then for the inner and outer zones of the
reduced pellicle we have:

poVorocp r 2 2 2
n = exp(-———+(1--9), (20) ==, @1)
then the system of equations (1) — (5) will be 1 ! !
simplified.
d ”ox dnoy
+(1 ﬂ()"l))——’? o TABO-1))TE=0 (22)
and boundary conditions (12) — (15) will be
written as: _ [dm  dm
1=- ( + ) tnptny, (24
dny d”l dny dn dﬂ _
W (ﬁl 5,7 ) . (23) :
. ﬂ dﬂ dny G, pc ro dTO
Pl (11 o b ) 7 (limo+ hngo)+ === oo de (25)
dr’ dr\ _ ,  dnmg dnz
cp’ (dn-dn)c_'gl T, ﬁz 9o
(26)

Equations (16) and (17) will have the form:
dﬂ
—1= 471'7’2 pO Vo <n10 - _| ), (27)

Using the conditions (23) — (26) it is possible to
obtain the expressions:

PO'V0—2CP,0 lm?p (29)
d
ﬂz “AmrgpyVo- (nzo-—| ) (28) _(1+(y-1)-noxl)5‘(7'1) 30
1 1-ny9-n20 ’ (30)
Gyp.ro dTy
3p0 Vo dr ((,31'”10'41+ﬂ2'”20'42)‘”ox1+,B'(”10+ ”20)'(Tr'To))‘
! linyo + hnyo
“(1- nyo- nyp)- ((’ﬁoJr ny0)* (nox1+,3'(n10+ ”20))) S—— (31
10 T 120

Thus, to calculate the time of complete
combustion (z,) size of alloy particles 7, which
determines the fire-explosive modes of
development of the combustion process of the
considered mixtures under the conditions of
external thermal actions (elevated heating
temperatures, external pressures, the
composition of the environment, etc.), we have a
system of equations (6), (7), (18), (19),
27)-(@31).

As an oxidizer, the gas mixture O, + N»
was considered, which is the main active
decomposition products within the k-phase of
the considered pyrotechnic mixtures under
conditions of external thermal influences
(Motrichuk et al., 2020).

With the involvement of all necessary
physical and chemical constants (Kuznetsov et
al., 2019; Niu & Wang, 2019) calculations were
carried out on a PC using standard application
program packages in dialog and real-time mode
according to the indicated system of equations
for the AMA particle dependences of burning
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time 7, from the ratio of components in the
particle (magnesium concentration wy), its
medium size ry and oxygen concentrations 7,,, in
the gas mixture O, + N, which forms the basis
of the gaseous decomposition products of the
mixtures (fig. 4 — 6). It follows from the data
presented in fig. 4 — 6: with increasing Mg
content in the alloy from 0,2 to 1,0 values 7,
decreases by 1,8 times (for n,, = 0,2) and
2,7 times (for n,, = 0,8), that is, when increasing
n,, dependence t.(w;) strengthens; when the
radius of the particle increases r, from ry = 15
um to ry = 190 pm size 7, increases by 5,7 times
(for n,, = 0,2) and in 4,3 times (for n,, = 0,2),
that is, when growing n,, dependence 7.(r() is
already weakening; during growth n,, from n,,
=0,1 to n, = 1,0 7, also decreases by 2,3 times
(for 7y =190 pm) and 2,7 times (for rq = 155
um), that is, when decreasing r;, dependence
7.(n,) gets stronger. Comparing the results of
calculations with experimental data shows that
the difference between them does not exceed
5...10 %.
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Thus, the developed method of
calculating the combustion time of AMA
particles in the products of thermal
decomposition of pyrotechnic nitrate mixtures
allows, at the stage of designing and
manufacturing products based on them, to
predict with an accuracy of 5..10 % fire-
explosive modes of their premature activation
under conditions of external thermal actions.

Conclusions

1. As a result of studies of the
combustion process of AMA particles in
products of thermal decomposition of
pyrotechnic mixtures based on nitrate-
containing oxidizers and additives of organic
substances (in the amount of 5...10 %) it was
established:

—dependence of the radius of the
glowing zone (burning front) ry near the alloy
particle from the time of its burning 7, is more
complex than near the particles of pure Al and
Mg (there are areas of sharp growth of the
plateau and rapid decrease, which alternate) and
is determined by the ratio of Al and Mg in the
alloy, as well as the concentration of O, in the
gas medium;

—based on dependency analysis T4(rg) it
is shown that the process of combustion of alloy
particles in the gaseous decomposition products
of the resulting mixtures (oxygen, oxygen +
nitrogen or air in the presence of no more than
10 % CO + COy) with an alloy content of no
more than 80 % Al proceeds stably by the
diffusion mechanism; with a content of Mg in
the alloy of at least 20 %, the combustion process
of the particles becomes unstable and becomes
explosive as a result of their spontaneous
fragmentation into smaller particles, the
combustion of which becomes intermittent and
accelerates sharply;
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MATEMATHUYHE MOJAEJIOBAHHSA ITPOLECY I'OPIHHS YACTHUHOK
JABOKOMIIOHEHTHHUX METAJIEBUX CIIJIABIB ¥ IIPOAYKTAX PO3KJIAJAHHS
MIPOTEXHIYHUX CYMIIIEXA

Mema. Tomy memoro 0anoi podomu € 6CMAHOBIEHHA MEXAHIZMY MA PO3POOKY MAMeMaAMU4HOL MoOeri npoyecy copiHHs
yacmunok AMC y 2a30no0i6Hux npooyKmax po3Kia0aHHs HIMpAmoeMIiCHUX OKUCHI08aUie ma 000AB0K OP2AHIUHUX PedO8UH
OJ151 BUBHAYEHHSL 3ATIeHCHOCTEL YACY IX 320PSHHS 810 MEXHON0SIUHUX NAPAMEMPie Ma 306HIUHIX YMO8.

Memoou oocnioxncenna. Cyuacui memoou @i3uxo-xXiMiyHoeo ananizy: mMepMONnapHi Memoou BUMIPIOBAHHS
memnepamypu (6UKOpUCHOBYBANUCH BObHPAM-PEHIEG] mMepMOonapu), 6e3KOHMAKMHI Memoou QIiKCy8anHs NOYAMKY ma Kinys
COPIHHA YACMUHOK Memanie (memnepamypHi IHOUKAMOpU, QOMOUYMAUGE eleMeHmu mowjo); Memoou KiHO3UOMKU
(kinoxamepa “Koneac-asmomam” (weuoxicmo 3tiomxu 30 xaop/c)) ma memoou mikposiiomxu kinokamepa CKC-1M
(weuokicmo  3iomxu  3000...5000 xadp/c)) npoyecy  copiHHA ~ OKpeMux — Memanesux — UYACMUHOK,  Memoou
PEHM2eHOCMPYKMYPHO20 Ma MIKpopeHmeeHocnekmpanivio2o ananizy (MPCA) 0aa npogedents XiMiuHo20 aHanizy.

Pesynomamu. B pesynomami nposedeHux 00CioxHcenb npoyecy 20piHHsA YACMUHOK ATIOMIHIEBO-MACHIEBO20 CNIABY
(AMC) y npooykmax mepmiuno2o po3kiaoanis NipomexHiuHux cymiuieti Ha OCHOGI HIMPAMOBMICHUX OKUCHIOB8AUI8 ma 000ABOK
OP2aHTYHUX PeHOBUH BCMAHOBNIEHO, WO NPOYeC COPIHHA YACMUHOK CNIA8Y Y 2A30N00IOHUX NPOOYKMAX pO3KIA0AHHs cymiutel,
AKI ymeopolomucs (Kucehb, kucehv + azom abo nosimpsa y npucymuocmi ne oinoue 10 % CO + CO2) npu emicmi y cnaagi ne
6inbwe 80 % Al npomikae cmabinbHo no ou@ysitiHomy mexanizmy, npu emicmi y cnaasi Mg ne menwe 20 % npoyec eopinns
YACMUHOK CMAE HeCMIUKUM ma Habysac eubyxoHebe3neuHo20 Xxapakmepy 6 pe3yibmami ix cnonmauHoi pacmenmayii Ha
OinbuL OpibHI YacmuHKu, 2OPIHHA AKUX CMAE ypugdacmum ma pisko npuckopioemuoca. Cgopmynvosano makooic 06i mouxu
30pY HA MEXAHI3M NPOMIKAHHSL RPoYyecy OUQY3IHO20 2OPiHHI HACMUHOK CHAABY: 32I0HO OOHIEL 3 HUX NPOYEC 20PIHHS YACMUHKU
npomikae y 06i cmadii (cnowamxy 6i06ysaemvcs napogasue eucopanus Mg 3 cniagy, Ax HaOLIbUL 1emy4020 KOMHOHEHMY, d
nomim napogasne 2opinus posnaagnenoi kpanni Al, wo 3anuwunacs), a 32iono Opy2oi mae micye cymicne 8unapogysans ma
suzopanus 060x uacmunox. Pospobreno mamemamuuny mooenv Oughysiiinoco 20piHHA YACMUHOK O0BOKOMNOHEHMHUX
Memanesux Ccniagie y 2azono0iOHuX HNPOOYKMAX mepMiuHo20 pPO3KIAO0AHHA NIPOMEXHIUHUX Ccymiel Ha OCHOSI
HIMPamosMiCHUX OKUCHIO8auie ma 0006aeok opeaniunux pewosun. Ha npuxnadi vacmunox AMC nokasano, wo pospobiena
MoOenb 20pinHs 00380a5€ 3 mounicmio 5...10 % eusHauamu 3anexicHOCmi 4acis il 320paHHs 810 MEXHONOSIUHUX Napamempie
NOPOWIKIE cnaagy (émicmy KOMHOHEHMI8 y CHAAsi, padiycy YACMUHKY) mMda 308HIWHIX YMO8 (CKIA0Y HABKOMUUIHBOZO
cepeoosuya, KOHYeHmpayii y HbOMy KUCHIO).

B pesynomami nposedenux pospaxyuxie na IIK y pesicumi Oianozy ma peanbnozo 4acy 8CMAHOGIEHO HACMYNHI
3anedcnocmi: 30inouienns emicmy Mgy cnnasi ma xonyenmpayii O2 y 2azo08omy cepedosuyi, a maxodlic 3MeHuerts paoiycy
YACMUHKYU NPU3B00UMb 00 3MEHULeHHS Yacy 2OPIHHA YACMUHKU MA PI3KO20 3POCMAHHA WEUOKOCHI i1 20pinHa, Wo cnpusc
Odecmabinizayii ma 6ubyxounebe3neuHoMy po36UMKY npoyecy 0PIHHS NIPOMEXHIYHUX CYyMIlUell 6 YMOBAX 306HIUHIX MePMIYHUX
Oitl.

Hayxoea wnoeusna. B pezynbmami nposedenux 00cniodicenv npoyecy eopinns uyacmunox AMC y npooykmax
MepMiuH020 PO3KIAOAHHSA NIPOMEXHIYHUX CYyMiuell Ha OCHO8I HIMPAMOoBMICHUX OKUCHIO8AYTI8 MA 000AB0K OP2AHIYHUX PEUOBUH
(v kinoxocmi 5...10 %) cghopmynvosano 08i mouKku 30py Ha MeXaHizM NPOMIKAHHA NPoyecy OUPY3iliHO20 20PiHHA YACMUHOK
Ccnagy: 32i0HO OOHIET 3 HUX NPoYec 20PIHHA YACMUHKU NPOMIKAE Y 0681 cmadii (cnouamky i00yeaemubcs napoazue 8U2OPsAHHA
Mg 3 cnnagy, ax Halibinbw 1emy4020 KOMROHEHMY, d NOMIM napogashe 20pinna po3naasnenoi kpanni Al, wo 3anuwunacs), a
32I0HO Opy20i Mae micye cymicHe 8UNAPOBYBAHHI MA BU2OPSHHA 000X YACMUHOK, NPU YbOMY OCHOBY NPOOYKIMIE 320PSHHA Y
060x gunaokax cxkradae wninens MgAl20q.

IIpakmuune 3nauenns. Pesynomamu meopemuunux ma eKCHepUMeHmMAaibHux 00CIi0HCeHb, AKi OMPUMAHi 6 6uensaoi
MamemamuyHux mooeneil ma 6a3u eKCnepuMeHmanibHux OaHUx no 6NIUey MexXHONI0IYHUX napamempie 3apadie cymiuell Ha
KpUMuuHi pexcumu 8uOyxornebe3neyHo2o po3eumKy npoyecy ix 20piHHsa 6 yMO08ax 306HIUHIX MePMIUHUX GNaUGax (Niosuujeni
memnepamypu Hacpigy, 306HiWHi MUCKU MOW0) 003601A10Mb HA CMAOI] 6UCOMOBNIEHHS GUPOOI8 WIAXOM ONMUMIZaYii
MexXHONO2INHUX napamempie (Cni6GIOHOWEHHA KOMNOHEHMI8, OUCNepPCHOCHI Memanego2o NAambHO20 Ma 1020 npupoou)
30LIbWY8aMYU MeMNepamypy ix 3aiMaHHA Ma 3HUSUMU BIPO2IOHICTG NOXHCEHCOBUOYXOHEDEe3NeYHUX DYIHY8AHb 6Up0Di6 68
ymoegax ix 36epicanus ma mMpaHCROPMYBAHHS 3 BPAXYBAHHAM GNIUGY 308HIUHIX MePMIYHUX OIll;, 8 YMOBAX 3anycKy 8upodie
WIAXOM onmumizayii weuoxocmell i Kymis nio AKUMU GOHU BUCIPENIOIOMbCA NPU X 3ACMOCYBAHHI 3HUICY8AMU MeMNepamypy
Hazpigy memanesux 0OONOHOK 3apsdie cymiwiell ma 3MeHWy8amu KilbKicmb nepedyacHux eubyxoneOesneuHux pyuHysaHsb
6UP006I6 Nio uac NOCMpIny i NOILOMY.

Knrwwuogi cnosa: nipomexuiuni cymiwii, HimpamoemicHi OKUCHIO8AUT, Memanesi NAbHi, OP2AHIUHI peuosUNU, NPoyecu

20piHHﬂ, mamemamuyre MoOeat08aAHHs.
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