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O6’ckmom 0ocaioAcenIs € 6NAUE CNIBEIOHOWEHIA KOMNOHEHMIE NIPOMEeXHIUHUX CYMIULCT MaA MUCKY HABKOLUUL-
Hb020 cepedosuula Ha memnepamypy npooyKmie 2opinns ma ix eMicm y 6UCOKOMEMNEPAMYPHOMY KOHOEHCAM.
Jlana mema € nepcnexmugnoro y 36’s13Ky i3 muM, w0 OCMAHHIM YACOM Y CBIMI 8Ce Yacmiuie 3acmocosy1omucsi nipo-
mexniuni 6upodu pisnozo npusnauenns. O0nuMm 3 HAUOIILW NPOOICMHUX MICUb € NOPYULCHH NPABUL TLOHCCHCHOL
Gesnexu nio uwac ix séepizanus, Mpancnopmyeanis ma 3acmocyeanis. Y 3asnauenux peicumax 6iodyeacmvcs
nepeduacna ix excniyamayis, HACIIO0K 4020 YMEOPHIMLCS BUCOKOMEMNEPAMYPHI KOHOeHCo8aHi npodykmu
320psnus. Jlani peuosunu cmikarmocs 8 pPisHi CMOPOHU Ma CMAHOBLSIM NOMCEHCHY HeOe3NeKy 05l HABKOIUUHIX
06’exmie (6ydieenv ma cnopyo piznozo npusnauenis, 0epes’sHux cnopyod 00 ekmis, 1iCo8UX MACUBIS, NAPKIE MOU0).

B x00i docridncenia euxopucmosysanacsa 6a3a 0anux npo memnepamypy npooyxmie 320panns NipOmexHiunux
cymiwell ma ix 6Micm y 6UCOKOMEMNEPAMYPHOMY KOHOeHCAMI, AKI BUSHAYAIOMY iX 6LACMUBOCTI W00 NONCENHCHOT
nebesnexu nio uac excnayamauii 6 ymosax 306niwmnix enausie. Jani, nasedeni y docaioxcenni, 6yau ompumani
6 pesyivmami cmanoapmuux mepmoOUHaAMMHUX PO3PAXYHKIE i Oyau 3i6pani 3a 00nomoz010 GI00MUX MeMO0is
MHONCUNHOT KOpeLayii ma pezpecii y uzisiol CIMamucmuunux mooeell.

3a 00noMm02010 OMPUMAHUX PO3PAXYHKIE 6CMAHOBAECHO ICIMOMNULL 6NIUE CNIBCIOHOUEHA KOMNOHEHMIE Nipo-
MeXHIUHUX CYMIWed Mma MUCKY HABKOIUULIDOZO Cepedosulla Ha memnepamypy npooykmie ix szopsuns ma ix
emicm y sucokomemnepamypHomy xonoencami. Ile 00360uU10 UsHAUUMU ONMUMATLLHI 0iANA30HU NAPAMEMPIE
3MinU. 3a80sKU YbOMY 3A0E3NEUYEMBCL MONCIUBICTD OMPUMAHHS HOBUX pe3yivmamis. [isi NOPIiGHAHHSL 8351M0
PO3PAXYHKU 3 OMPUMAHUMU OKPEMUMU EKCREPUMEHMATOHUMU OAHUMU, OS5 SIKUX BUKOPUCTOBYBANU B0IbDPAMOBO-
PeHiesi mepMonapu 3i CNeylarvHUMU eKpanamu 01 3anobizanis adzesii KoH0eHcosanux npooyKmie ma 30H0u O
ix 6i060py. Pesyivmamu noxasanu, wo piswuui mixc numu ne nepesuuyeanu 8—10 %.

Kmouosi cnosa: noscedxcrna Oesnexa, nipomexnivii cymiwi, Himpammuo-memanesi cymiwi, mepmiuna 0is, nipo-
mexuiuni 6upoou, mepmoouHamiuni po3paxyHKu.
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1. Introduction alloys, etc.) are widely used in various fields. They are used

in the national economy and military technology (mixtures
Nowadays, pyrotechnic mixtures of metallic fuels (alumi-  for fireworks, lighting and signaling devices, elements of
num, magnesium, titanium, zirconium, aluminum-magnesium  rocket and space technology, etc.) [1-3]. These mixtures
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include oxidizers that include nitrates (sodium, potassium,
strontium, barium nitrates, etc.). As a result of premature
burning of mixtures under external thermal influences (for
example, during fires in storage, war zones, etc.), combus-
tion products with high temperatures (up to 4000-4500 K)
produce thermal condensate (up to 0.7-0.8 relative content
of products combustion). According to numerous field tests,
this leads to fire and explosion burns of surrounding ob-
jects (buildings and structures of various purposes, timber
structures, forests, parks, etc.) [4—6].

Therefore, when designing these products, it is necessary
to control the temperature level of the mixture combustion
products, as well as the content of high-temperature conden-
sate in them. This will prevent the occurrence of fire hazard
situations during storage and transportation of products [7].

High burning temperatures of pyrotechnic mixtures
and their chemical activity make it difficult to directly
measure the above characteristics. Therefore, to determine
the possible ranges of temperature variation and content
of mixture combustion condensed products, methods of
thermodynamic analysis are widely used [8—10].

At the moment, data on the technological parameters
influence patterns (excess coefficient of the oxidizing agent in
the mixture o) and external conditions (increased pressures
of the environment, its composition, etc.) on the tempera-
ture and composition of the mixture combustion products
are limited.

Therefore, it is relevant to study the effect of the ratio
of the components of the pyrotechnic mixtures and the pres-
sure of the environment on the temperature of their pro-
ducts of combustion and their content in high-temperature
condensate, which allows to determine the optimal ranges
of parameters of change.

Thus, the object of research is the effect of the ratio of
the components of the pyrotechnic mixtures and the pressure
of the environment on the temperature of the products of
combustion and their content in high-temperature condensate.

The aim of this research is to determine the dependences
of the combustion product temperature and the content of
high-temperature condensate. In them for mixtures of alumi-
num powders with nitrate-containing oxidizing agents (so-
dium, potassium, strontium, and barium nitrates) using the
methods of thermodynamic analysis.

2. Methods of research

Thermodynamic calculations of the temperature and
composition of the mixture combustion products were car-
ried out at pressures from 10° Pa to 107 Pa and oxidizing
agent excess coefficient 00=0.15-0.55 (0lymg=0.15-0.25 — va-
lue of the burning upper concentration limit, ot;,g=1.5-1.55 —
value of the burning lower concentration limit).

3. Research results and discussion

According to the calculations, the temperature of the
nitrate-aluminum mixture combustion products substan-
tially depends on the mixture ratio and pressure and has
a maximum T =3530-5050 K, which lies in the range
o=0y,, =0.87-1.04 (Fig. 1-4). An increase in pressure
from 10° Pa to 107 Pa irrespective of o leads to an in-
crease of Tgmax: for AI+NaNOsz mixture — from 3770 K to
4760 K; for AI+KNO3 mixture — from 3530 K to 4570 K;
for Al+Sr(NOj3), mixture — from 3890 K to 5060 K; for
Al+Ba(NOs3), mixture — from 3630 K to 4870 K. Here-
with, the temperature of the mixture combustion products
on the upper (Opmg=0.25) and lower (Otme=1.55) burn-
ing concentration limits with a change in pressure from
10° Pa to 107 Pa changes:

— for Al+NaNOj; mixture — from 2030 K to 2440 K

and from 3060 K to 3480 K;

— for AI+KNO3 mixture — from 2030 K to 2230 K

and from 2890 K to 3430 K;

— for Al+Sr(NO3), mixture — from 2290 K to 2630 K

and from 3540 K to 3950 K;

— for Al+Ba(NOj3), mixture — from 2070 K to 2560 K

and from 3570 K to 3650 K.

It has been established that for the mixtures under
consideration as with an excess of metallic fuel (a<1), so
with an excess of oxidizing agent (o>1) pressure increase
leads to increased dependence Ty(at). Herewith the pressure
influence at o<1 are noticeably weaken for Al+Sr(NOj3), and
Al+Ba(NOs3); mixtures. As for the effect of the oxidizing
agent nature on the nature of the dependence Ty (o) for
different pressures (Fig. 5), as for a<1, so for o>1 with
increasing pressure, the effect of the oxidizing agent nature
changes significantly.
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Fig. 1. The temperature dependence of the combustion products of the Al+NaNOz mixture on the coefficient of oxidant excess and external pressure:

a — the temperature of combustion products Tj(o, P); b — dimensionless temperature of combustion ]Jr'm:lun:is Tg(oc P) T T/ ymax s O = (x/och:

Ty )7

1 - P=10°Pa, 2 - P=10° Pa, 3 - P=5-10% Pa, 4 - P=107 Pa
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Fig. 2. The temperature dependence of the combustion products of the Al+KNOz; mixture on the coefficient of excess oxidizer and external pressure:
a — temperature of combustion products T {0, P); b — dimensionless temperature of combustion products T (OL P)
1 - P=10°Pa, 2 — P=108 Pa, 3 — P=5-108 Pa, 4 — P=107 Pa
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Fig. 3. The temperature dependence of the combustion products of the Al+5r(ND3); mixture on the coefficient of oxidant excess and external pressure:
a — temperature of combustion products (o, P); b — dimensionless temperature of combustion products T, (a,P);
1 - P=10°Pa, 2 - P=108 Pa, 3 — P=5-108 Pa, 4 — P=107 Pa
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Fig. 4. The temperature dependence of the combustion products of the Al+Ba(NOs); mixture on the coefficient of oxidant excess and external pressure:
a — temperature of combustion products Tj{o,, P); b — dimensionless temperature of combustion products T (OL P)
1 - P=10°Pa, 2 - PlDSFaZ P=5-10% Pa, 4 — P=10" Pa
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Fig. 5. Dependence of dimensionless temperature combustion mixture fy (&) for different external pressures: a — P=10% Pa; b — P=107 Pa

For example, for P=10° Pa at o<1 according to the
degree of the oxidizing agent nature influence, the mix-
tures are arranged in the following row:

Al+Ba(NO3),>Al+KNO3>Al+Sr(NO3),>Al+NaNOs, (1)
and at o>1 — in the row:

Al+NaNO3>Al+KNO3>Al+Ba(NO3)y>

>Al+Sr(NO3)s; 2
for P=107 Pa at o<1 — in the row:

Al+KNO3>Al+Sr(NO3),>Al+NaNO3>

>Al+Ba(NO;),, 3)
and for o>1 — in the row:

Al+NaNO3>Al+Ba(NO3)y>Al+KNO3s>

>Al+Sr(NO3)s. 4

The comparative analysis of dependencies T(P) (Fig. 6,7)
for the equivalence ratio in mixtures near the upper (Clme=
=0.25) and lower (0,,s=1.55) concentration limits of burning
shows, near the upper limit of the burning concentration
according to the degree of dependence enhancement T (P)
mixtures are arranged in the row:

Al+Ba(NO3)y<Al+Sr(NO3)y<Al+NaNO3<
<AI+KNO3, )
and near the lower limit of the burning concentration — in
the row:

A+NaNO3<Al+Ba(NO3),<Al+Sr(NO3),<

<AI+KNO;, (6)

According to the calculations, the relative content of
high-temperature condensate gx in the combustion products
of the mixtures under consideration substantially depends
on the external pressure (Fig. 8, a): when P increases from
10° Pa to 107 Pa, the value gx increases in 1.8-2.3 times.
In addition, according to the degree of dependence enhance-
ment gg(P) mixtures are arranged in the row (Fig. 8, b):

Al+NaNO3<Al+KNO3<Al+Ba(NO3),<

<Al+SK(NO3),. (7)

A change in the equivalence ratio in the mixture both
toward the excess of metallic fuel and towards the excess
of oxidizing agent also significantly affects the nature of the
dependence gx(P) regardless of the nature of the oxidizing
agent. For example, for a mixture of aluminum with sodium
nitrate, an increase in o from 0.25 to 1.55 leads to a significant
weakening of the dependence gx(P) in 2—2.5 times (Fig. 9).
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Fig. 6. Temperature dependences of combustion products of mixtures and their relative values T Ty =T;/(T,);_,;s) on the external pressure

near the upper concentration limit of combustion (0t=0.5): a — 1 — Al+5r(NO3),, 2 — Al+Ba[NU 3o, 3 — Al+NaNDZ, 4 — Al+ENOs;
b -1 — Al+BNOs, 2 — Al+NaNOs, 3 — Al+5r(N0O3)p, 4 — Al+Ba(NO3);
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Fig. 7. The temperature dependence of the combustion products of the mixtures and its relative values on the external pressure
near the lower concentration limit of combustion (0t=1.3): a — 1 — Al+5r(N0O3),, 2 — Al+NaNOsz, 3 — Al+Ba(NO3),, 4 — Al+ENO5;
b — 1 — Al+ENO3, 2 — Al+5r(NOz)p, 3 — Al+Ba(NOg)z, 4 — Al+NaNO3
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Fig. 8. Dependences of the relative mass content of high-temperature condensate in the combustion products of the mixture
from the external pressure (00=1.0): a — gz 1 — Al+NaN0Os, 2 — Al+5r(NO3);, 3 — Al+ENOs, 4 — Al+Ba(NOs)y;
b - gy, 1 — Al4+5r(NO3)s, 2 — Al+Ba(NOg);, 3 — Al+ENOs, 4 — Al+NaNO3
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Fig. 9. Dependences related to the mass content of high-temperature condensate in the combustion products of the Al+NaNOz mixture
on the external pressure for different values of the oxidant excess coefficient: 2 — gz, 1 — 00=02, 2 - =03, 3 - a=1.0, 4 — =15, 5 — a=0.5;
b-gg, 1-0=02 2-0=03 3-0=054-0=105-a=15

It is established that the temperature of combustion
products of nitrate-aluminum mixtures is significantly de-
pendent on the ratio of components and pressure and has
maximum values 3530-5050 K, when oo=0.87—-1.04. While
increasing the pressure from 105 Pa to 107 Pa causes the
specified temperature to increase by 1.1-1.3 times.

It is shown that both with excess metal fuel (a<1),
and with the excess oxidant (o>1) increasing the pres-

sure leads to an increase in the temperature depen-
dence of the combustion products of the mixtures on
the ratio of components, regardless of the nature of the
oxidizer.

It is established that the relative content of high-
temperature condensate in the products of combustion
of mixtures increases by 1.8-2.3 times with increasing
external pressure from 10° Pa to 107 Pa.
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It is shown that the change in the ratio of the com-
ponents in the mixture, regardless of the nature of the
oxidizer, substantially affects the nature of the dependence
of the relative content of high-temperature condensate
in the combustion products from the external pressure.
Increasing the oxidizer content of the AI+NaNOs mixture
from 0=0.25 to oo=1.55 leads to a decrease in the speci-
fied dependency by 2-2.5 times.

4. Conclusions

In the course of the study the influence of the ratio of
the components of pyrotechnic mixtures and the pressure
of the environment on the temperature of their products
of combustion and their content in high-temperature con-
densate was determined — magnesium alloys, the so-called
pyrotechnic nitrate-metal mixtures. Thanks to the work
done, it is possible to obtain results. These findings were
compared with the results of calculations with the results
of separate experimental data, which used tungsten-rhenium
thermocouples with special screens to prevent adhesion of
condensed products and probes. Their selection showed
that the difference between them was not 810 %. This
ensures new results. For comparison, calculations were
made with separate experimental data for which tungsten-
rhenium thermocouples with special screens were used to
prevent the adhesion of condensed products and probes
for their selection. The results showed that the differences
between them did not exceed 8-10 %.
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