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This paper presents the results of determination of conditions for the production of modified
pyrotechnic compositions that allow initiating atmospheric precipitation, neutralizing their
acidity and scavenging toxic substances from the atmosphere. Taking into account the
requirements of environmental protection, the use of Mg as a fuel and KNO, as an
oxidizing agent in the pyrotechnic composition was suggested. The combustion of the
proposed two-layer pyrocomposition impedes the release of chemically hazardous
combustion products (NH, and HCI). Using TERMO-CALC software package, the content
of ammonia and hydrogen chloride in the combustion products of the proposed mixtures
was determined at the best fuel-oxidizing agent ratio. The thermodynamic calculations
were performed to determine the best reducing/oxidizing agent mass fraction ratio which
was stated to be 1:8. The experimental study of the main parameters of high-temperature
oxidation (temperature and burning rate) of pyrotechnic compositions was carried out.
A two-layer structure of the explosive charge with a highly flammable primary layer is
proposed, which substantially increases the probability of ignition of the pyrotechnic mixture
triggered by an electric spark. In order to intensify a decrease of the acidity of atmospheric
precipitation, a technology for modifying pyrotechnic compositions by adding KOH and
cellulose was proposed. The modification of the developed composition with the use of
NaOH allows effectively neutralizing such dangerous gases as chlorine and phosgene. The
established physicochemical basics of the technology for modifying pyrotechnic compositions
for complex purposes allow developing multi-functional explosive compositions aimed at
artificial initiation of precipitation and chemical neutralization of hazardous substances in
the atmosphere.
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Introduction

In case of large-scale emergencies, a huge
amount of hazardous chemical substances enters the
atmosphere [1—3], the composition and physical and
chemical properties of which depend on the nature
of the emergency [4,5]. It is essential to increase the
rate of the atmosphere cleaning by discharging special
chemical reagents into the atmosphere that increase
the rate of sorption of dangerous (poisoning,
radioactive) particles of rain drops or neutralize their
negative impact. Therefore, the development of the
technology of special modified pyrotechnic
compounds (PCs) initiating artificial precipitation
and reducing the degree of negative effects of air

pollutants, is an urgent task.

When technogenic accidents on the objects of
the chemical industry take place, the release of such
hazardous substances as Cl, and COCI, occurs. Their
neutralization is carried out by spraying aqueous
solutions of NaOH and C,H,,0; [4].

Another characteristic of accidents are fires.
The qualitative and quantitative compositions of the
combustion products depend substantially on the type
of fuel and the combustion conditions. The main
components of the combustion products in fires are
CO,, CO, NO, NO,, SO,, soot and ashes [6,7]. The
atmospheric precipitation is known to efficiently sorb
not only dangerous chemical but also radioactive
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substances and precipitate them from the atmosphere
[8]. The effectiveness of cleaning the atmosphere
due to precipitation depends on the precipitation
rate and the physical and chemical properties of the
precipitated substances [9,10]. Various reagents are
used to artificially initiate the precipitation. The most
effective way of delivering and spraying reagents in
the atmosphere is the use of pyrotechnic
compositions designed as aerosol generators or
explosive cartridges [11,12]. An analysis of the latest
achievements and publications has shown that the
substantiation of physical and chemical approaches
in the theory of modification and features of kinetics
of PC modification reactions has already been given
[13,14]. However, the existing compounds of
explosive cartridges are not very effective or cannot
be used to neutralize or reduce the negative impact
of pollutants.

In view of the above, the aim of this paper is to
establish the process conditions for the modification
of pyrotechnic compositions that have both enhanced
properties of initiating atmospheric precipitation and
neutralization of their acidity and toxic components
in the atmosphere.

The tasks of PC modification are defined based
on a preliminary analysis of the expected effects of
interparticle interaction under the conditions of
forced condensation of water vapor and the
absorption of acid molecules and toxic components
by condensate drops.

The research objectives were as follows: (i) to
model the best composition (Ox/Red ratio) at the
maximum combustion temperature and the PC
combustion rate; (ii) to increase the effectiveness of
pyrocomposition to neutralize acidic atmospheric
precipitation, and (iii) to study the features of a PC
with new additives, such as NaOH and C,H,,0;, for
the neutralization of COCI, and Cl,.

Theory

Among the gaseous products of high-
temperature oxidation released into the atmosphere,
CO, NO, NO, and SO, have the highest reactivity.
When discharged to the atmosphere, these
combustion products react with atmospheric gases.
The lower troposphere, except for H,0, O, and
almost non-reactive CO, and N,, contains highly
active radicals, such as hydroxyl HO*, hydroperoxide
HO,, and nitrate ions NO,~ [5]. Such radicals appear
in the atmosphere due to ultraviolet radiation.
Chemically active components of combustion
products react with radicals according to the following
reaction schemes:

CO+HO*-»CO,+H"; (1)

CO+HO,—»CO,+HO"; (2)
NO+HO*-NO,+H-; (3)
NO+HO,>»>NO,+HO¢; (4)
NO,+HO*<HNOg; (5)
SO,+HO*-»HSO;"; (6)
HSO;*+0,-»S0O;+HO,"; (7)
SO;+H,0-H,S0,. (8)

Due to chemical transformation of NO, NO,,
SO, according to (1)—(8), nitric and sulfuric acids
are formed in the atmosphere and sorbed by small
water drops. Under certain weather conditions, drops
of aqueous solutions of acids fall out causing
significant damage to crops and other vegetation.
Therefore, we propose a method of neutralizing the
acid before it is on the earth surface by spraying
fine-dispersed alkali contained in the pyrotechnic
composition of the explosive cartridge [14].

In studying the combustion processes of
multicomponent pyrotechnic compositions for
artificial influence on atmospheric processes, the
development of a theoretical model that takes into
account all the main factors affecting the combustion
process is an extremely difficult task. Therefore, we
analyze below the main factors affecting the
combustion process and existing models for
describing this process based on experimental data
and the use of specialized models.

Ammonium perchlorate (NH,CIO,) and
ammonium nitrate (NH,NO,) are mainly used as an
oxidizer in solid pyrotechnic compositions.
Ammonium perchlorate has the highest oxidizing
activity. However, when it burns, a harmful halide
HCI is released. The replacement of NH,CIO, with
NH,NO, leads to a sharp decrease in the burning
rate and reactive thrust. Therefore, oxide-coated
dispersible alkali and alkaline-earth metals are used
as fuels for explosive charges. The most used are
beryllium (Be), sodium (Na), magnesium (Mg) and
aluminum (Al). Among the listed substances, sodium
is unstable in the air and flammable, and beryllium
releases extremely toxic products during combustion.
Among the stable metals, magnesium has the largest
heat and highest burning rate; that is why it is so
often used as a fuel for explosive charges [13,14].
When artificially influencing the atmospheric
precipitation, aluminum compositions are often used.
Nevertheless, all previous studies on the development
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of pyrotechnic compositions for the artificial
initiation of precipitation paid very little attention
to the physicochemical principles of the combustion
of the main components that determine the effective
ratio of the fuel and oxidizing agent, the burning
rate, the chemical composition of combustion
products, their surface properties, etc.

Since metal oxides have significantly higher
melting and boiling points than the metals
themselves, oxide film will reduce the rate and
temperature of combustion.

Based on the fact that metals particles are small,
the effect of the oxide film on the combustion will
be significant. The dynamics of the destruction of
the oxide film will depend on its thickness and
porosity determined by the storage conditions and
the combustion temperature.

One of the main parameters of an effective
pyrotechnic composition is an optimal ratio of the
mass of the fuel and the oxidizing agents. However,
it is often underestimated since the air components
take part in combustion. To obtain a formal
stoichiometric ratio, we use the set of thermodynamic
calculation programs for multicomponent systems
TERMO-CALC. We take the maximum PC
combustion temperature as a criterion for estimating
reaching the stoichiometry of the combustion process
(Fig. 1).

As shown in Fig. 1, the high-temperature
oxidation (combustion temperature) of magnesium
(Fig. 1,a) with all of the oxidants is much higher
than the combustion temperature of aluminum
(Fig. 1,b). At the same time, ammonium perchlorate
is the most reactive among the oxidizing agents, and
the reactivity scheme of the oxidizers is as follows:
NH,CIO,>NH,NO,>KNO,. The temperature of
effective combustion shifts towards a decrease in the
oxidizer content when magnesium is burned with
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ammonium perchlorate, whereas an inverse relation
is observed when using ammonium nitrate. When
the oxidant content is less than 3 weight parts,
practically all the mixtures do not burn. The use of
ammonium oxidizers, especially ammonium
perchlorate and nitrate, can lead to the release of
highly toxic NH; and HCI:

14AI+6NH,CIO,=

=7A1,0,+6NH,+3HCI+3HCIO; (9)
2AI+2NH,NO=ALO;+2NH+2NOT+H,0; (10 a)
8AI+6NH,NO,=4ALO,+6NH,+3N,0+3H,0; (10b)

2A1+2KNO,;=ALO,+2NOT+K,0,
K,O0+H,0(atm.)=2KOH; (11)
7Mg+2NH,CI0,=7MgO+2NH,+HCI+HCIO; (12)
3Mg+2NH,NO,=3MgO+2NH;+2NOT+H,0; (13 a)
4Mg+2NH,NO,=4MgO+2NH+N,0+H,0; (13b)

3Mg+2KNO,=3MgO+2NOT+K,0,
K,0+H,0(atm.)=2KOH. (14)

The most realistic reaction paths (9)—(14) are
presented on the basis of experimental data in a
climate chamber using a Drager Xam—5000 gas
analyzer with gas detectors on NO, NH;, HCI, Cl,.

Using the TERMO-CALC software package,
we will estimate the content of ammonia and
hydrogen chloride in the combustion products of
the mixtures under study at the best fuel-oxidizing
agent ratio (Table 1). The calculations showed that
a rather large amount of toxic ammonia and hydrogen
chloride releases when pyrocompositions burn with
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Fig. 1. Temperature of combustion of pyrotechnic compositions as a function of fuel-oxidizing agent ratio (Red/Ox ratio) where
Red: (a) Mg, (b) Al; Ox: (1) NH,CIO,, (2) NH,NO,, (3) KNO,. w(Ox) is the mass ratio of Ox (w(Ox)/w(Red) at w(Red)=1)
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ammonium oxidizing agents.
Table 1
Content of NH; and HCI in the pyrocomposition
combustion products

. mol/kg

Compositions NH, HcI
PC-0-1 [AI+NH,CIO, (1:9)] 18.22 6.34
PC-0-2 [AI+NH4NO; (1:7.8)] 22.73 —
PC-0-3 [AI+KNO; (1:8.1)] — —
PC-0-4 [Mg+NH,C1O, (1:8.4)] 13.51 8.31
PC-0-5 [Mg+NH,NO; (1:8.9)] 15.42 —
PC-0-6 [Mg+KNO; (1:7.3)] — —

Table 1 shows that it is preferable to use
compositions based on potassium nitrate as an
oxidizing agent (11) and (14) to improve
environmental safety when using pyrotechnic
compositions for the purpose of artificial
precipitation.

Such modifying additives as fine powders of
alkali (NaOH, KOH) do not participate in the
combustion process. As a result of combustion of
the explosive charge, alkali particles are sprayed,
contact with the acidic atmospheric aquatic
formations and neutralize their excessive acidity.

Since the boiling temperature of these alkalis
is high (T,,;(NaOH)=1676 K, T,,,(KOH)=1600 K),
the explosive charge burning makes them subliming,
which leads to an additional dispersion of alkali
particles.

The overall process of high-temperature
oxidation of pyrocompositions can be considered as
a two-stage process: pyrocompositions reactants
interact under conditions of a closed thermodynamic
system (I), but the combustion reaction products
and modifiers (NaOH, KOH) interact with
atmospheric components under the conditions of
an open thermodynamic system (II).

An additional amount of alkali in the
thermodynamic system (II) can be released as a result
of the combustion reaction of metals burning with
alkali metal nitrates in the thermodynamic system

(D:

3Mg+2KNO,+H,0=3MgOJ+2KOH+2NO
or
3Mg+2KNO,+4H,0=
=3Mg(OH),4+2KOH+2NO. (15)
However, as equations (15) show, the additional
release of potassium hydroxide requires water. Despite
the fact that moisture is always in the atmosphere,
entry of water molecules into the fire reaction zone

of the explosive charge is extremely difficult due to
the escape of a powerful stream of superheated
reaction products from the charge nozzle.

The problem of providing water to the explosive
charge is solved by introducing combustible
hydrogen-containing components directly into the
explosive charge. Organic compounds can be used
for such purpose. From a technological point of view,
explosive charge organic substances must be solid
and highly dispersed under normal conditions.
Cellulose can be used as such an additive. The
explosive charge burning with cellulose added at the
molecular level releases MgO, CO,, K,O, NO and
H,O0. Since cellulose is a typical polymer, it is more
correct to make the equation for high-temperature
oxidation of Mg and [C,H,,0s], taking into account
the degree of polymerization (n), i.e. of monomers
in a polymer molecule:

3nMg+10nKNO;+[CH,,0;],=
=3nMgO+6nCO,T+5nK,0+10nNOT+5nH,0
5nK,0+5nH,0(atm.)=10nKOH. (16)

Almost all potassium atoms in the process of
combustion of EC release potassium oxide, which,
when entering the atmosphere, further increases the
concentration of alkali and also increases the degree
of neutralization of acidic atmospheric formations.

After selecting the components for the explosive
charge, it is necessary to determine the mass
composition. Determination of the effective mass
composition was carried out experimentally by
measuring the parameters of the high-temperature
oxidation process (burning rate and combustion
temperature).

Experimental

To make a solid explosive charge, ASD-4
aluminum powder and MPF-4 magnesium powder
with a size of 20—80 microns were used as fuels,
KNO; salt ground and screened with a size of 50—
100 microns was used as an oxidizing agent, and
granulated butadiene-nitrile rubber SKN-26 was used
as a binder. The content of components in the
composition was as follows (wt.%):

PC-1-3: ASD-4 — 10; KNO, — 80; and SKN-26 — 10;
PC-1-6: MPF-4 — 11; KNO; — 79; and SKN-26 — 10.

The components of explosive charges were
qualified as “pure”. The composition was formed as
a cylindrical elongated test piece with a diameter of
d=20 mm and a length of 1=150 mm.

The explosive charge was ignited with an electric
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spark. The burning rate was determined by measuring
the burning time of the PC mass between the control
marks. The combustion temperature was determined
using a high-temperature pyrometer Flus, IR866 [15].
The experiments were performed in an isolated
chamber. The measurements were carried out three
times for each composition.

Experimental results and discussion

The results of experiments on the study of the
parameters of PC combustion in the stoichiometric
ratio are shown in Table 2.

Table 2
Parameters of PCs combustion
Combustion parameters
PC Burning rate, Combustion
10° m-s™ temperature, K
PC-1-3 3.1+0.1 1690+20
PC-1-6 3.540.1 2060+20
PC-1-31 3.1+0.1 1695120
PC-1-61 3.4+0.1 2050+20
The experiment results confirmed the

assumption that adding a binder reduces the burning
rate (the measured combustion temperature is lower
than the predicted one). This fact should be taken
into account for future development of the
composition of multicomponent solid pyrotechnic
charges, in which some components do not
participate in the combustion process.

The decrease in the combustion rate is affected

two-layer charge with a thin layer of initiating
composition based on potassium perchlorate and
graphite (KCIO,+C) in the ignition zone and the
main working composition based on potassium nitrate
and dispersed metals (Fig. 2).

The results of testing two-layer compositions
PC-1-31 and PC-1-61 (Table 2) show that the
introduced changes (i.e. two-layer PC) do not
influence the burning rate within the measurement
accuracy, and the probability of ignition in all tests

was 100%.
3
2
1]
Fig. 2. Two-layer explosive charge: 1 — main composition;

2 —ignition composition; 3 — electric ignition

The results of experimental studies of explosive
charges with modifying additives KOH and C,H,,0;
are given in Tables 3 and 4. Initially, a composition
was studied with the addition of potassium alkali
only as the main acid neutralizer.

Table 3
Basic parameters of PC burning to neutralize acidity
without adding cellulose

by an oxide film which was not taken into account ~Composition KOliViﬁ))ztem’ ra?eor:?(t)l}st;).zil ?2{2 Hf<g
in the calculations. For this reason, the experiments PC-2-0 0 ’3‘3 301 1870’120
showed a low probability of ignition of pyrocharges PC2-1 10 31201 1850420
PS-1-3 and PS-1-6 by an electric spark. The PC22 20 3'110'1 1820;20
probability of ignition of PC-1-3 composition was PCo3 30 2' 910'1 ™ 012 0
~50%, and ~30% for PS-1-6 composition. This is = =
also related to the presence of an oxide film, which PC-2-4 40 2.740.1 1810420
prevents initiation of combustion. The melting point PC-2-5 30 2.620.1 1800+20
of the MgO film is much higher than that of the PC-2-6 60 2.340.1 1780£20
aluminum oxide film; that apparently affects the low PC-2-7 70 ~2.1 (blow-off) 1750+20
probability of ignition of PC-1-6. PC-2-8 80 ~2.0 (blow-off)| 1720+20
To eliminate this issue, it is proposed to use a
Table 4
Basic parameters of PC burning to neutralize acidity with cellulose added
Composition | KOH content, wt.% | Cellulose content, wt.% | Combustion rate, x10° m-s”! Burning rate, K
PC-2-51 50 5 2.4+0.1 1790+20
PC-2-52 50 10 2.4+0.1 1780420
PC-2-53 50 15 2.4+0.1 1760120
PC-2-61 60 5 2.1+£0.1 175020
PC-2-62 60 10 (blow-off) 1720420
PC-2-63 60 15 (blow-off) 1710£20
PC-2-71 70 5 (blow-off) 170020
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The experimental results showed that the
addition of potassium alkali to 60—65 wt.% allows
maintaining stable burning of the pyrotechnic
composition.

Due to the addition of cellulose, the parameters
of EC combustion decrease because of the
replacement of a certain amount of reactive
combustible components with cellulose. However,
the combustion of the composition of PS-2-61 with
60% of KOH and 5% of cellulose is stable and this
composition can be used to neutralize acid
precipitates. In addition, magnesia and alumina
released during combustion are the centers of drop
formation which leads to an additional initiation of
precipitation. The precipitation process can also be
accelerated by adding Agl or NaCl to the pyrotechnic
composition assuming that the total number of
modifying additives should not exceed 65 wt.%.

The use of the proposed composition for
artificial precipitation allows initiating the
precipitation over the zones of large natural and man-
made fires which leads to the precipitation of harmful
combustion products from the atmosphere and
prevents the formation of acidic atmospheric
precipitation by neutralizing them.

Chlorine and phosgene form a separate group
of toxic substances. Unlike the solubility in water of
ammonia, those of chlorine (Cl,) and phosgene
(COCl,) are extremely low. A low solubility of
chlorine and phosgene in water leads to a low rate
of precipitation of these gases by atmospheric
precipitation. Therefore, neutralizing agents must be
added in order to increase the rate of the atmosphere
transformation into the aqua-condensate.

Sodium thiosulfate is the most active chlorine
neutralizer according to the following reaction:

Na,S,0,+4Cl,+5H,0=2H,S0,+2NaCI+6HCI, (17)

but it makes precipitation more acid.

According to Eq. (17), it takes almost 0.5 tons
of Na,S,0; to neutralize 1 ton of chlorine. As seen
from Eq. (17), the reaction proceeds in aqueous
solutions. It must be taken into account that sodium
thiosulfate is a combustible and explosive substance,
it decomposes when heated to 220°C:

(18)

Due to the above, the use of Na,S,0, as an
additive for explosive charges proves to be promising.

Sodium hydroxide is an effective neutralizer of
chlorine:

t
4Na,S,0,=3Na,S0, +Na,S+4S 1 -

Cl,+2NaOH=NaCl+NaOCI+H,O0. (19)

It takes 1.2 tons of NaOH to neutralize 1 ton
of chlorine. Sodium hydroxide is highly soluble in
water; therefore, aqueous solutions are usually used
in aqueous degassing. As can be seen from Eq. (19),
additional salts are formed when chlorine is
neutralized with alkali; they are desublimated into
hygroscopic crystals and water. It has been established
that the formation of such reaction products
(hygroscopic crystals) has a positive effect on the
process of precipitation.

Despite the fact that phosgene is lowly soluble
in water, like chlorine, it is actively neutralized by
sodium hydroxide. Taking into account the hydrolysis
of phosgene and the formation of HCI and CO,, its
neutralization proceeds according to the equation:
COCIl,+2NaOH=2NaCl+H,0+CO,. (20)

The reaction equation (20) shows that it takes
1.6 ton of sodium alkali or 16 tons of its 10% aqueous
solution to neutralize 1 ton of phosgene.

Pyrotechnic compositions with alkali additives
have been considered earlier. Similar properties of
potassium and sodium alkalis allow replacing them
in the composition of the explosive charge without
significant changes in the combustion parameters.
Thus, similarly with the composition of PC-2-6 with
60% of KOH as a non-combustible additive, the
properties of the composition of PC-2-61 with 60%
of NaOH were studied. As a result, it was established
that this composition has a combustion rate of
(2.4%20.1)-1073 m-s™' and a burning temperature of
1790120 K. Within the accuracy, these parameters
correspond to the burning parameters of the
composition of PC-1-6.

In case of unfavorable weather conditions for
the artificial initiation of precipitation, it is expedient
to use the method of spraying a finely dispersed
reagent (NaOH) pneumatically from light-engineered
manned and unmanned aerial vehicles.

Given that the molar masses of chlorine and
phosgene are higher than the molar mass of air, the
largest concentration of these dangerous gases is
localized in the surface layer of the atmosphere. This
makes it possible to efficiently use light-engine aircraft
for seeding clouds of chlorine or phosgene, which
permits significantly reducing material costs in
eliminating the release.

Conclusions

This paper showed that the introduction of the
pyrotechnic composition KNO; as an oxidizing agent
of the combustion process in the technology of
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production allows significantly reducing the degree
of hazard of combustion products for living
organisms.

The influence of the Ox/Red stoichiometric
concentration on the stability of the high-temperature
oxidation parameters was found and experimentally
confirmed.

Based on physicochemical calculations and
experimental results, the composition of the explosive
charge with NaOH and KOH for artificial
precipitation initiation was optimized to effectively
neutralize the acidity of rains and fogs formed during
large-scale natural and man-made fires. Pyrotechnic
composition contains up to 65% of KOH, as well as
cellulose, which contributes to the additional
formation of alkali in the burning reaction of the
explosive charge.

Thus, the novelty of this work consists in the
expansion of the possibilities of pyrocompositions
that have a complex of the following properties:
precipitation initiation, neutralization of their acidity,
removal from the atmosphere of toxic substances.

REFERENCES

1. Diminishing of ecological risk via optimization of fire-
extinguishing system projects in timber-yards / Vasiliev M.I.,
Movchan 1.0., Koval O.M. // Naukovyi Visnyk Natsionalnoho
Hirnychoho Universytetu. — 2014. — Vol.5. — P.106-113.

2. Assessment of improvement of ecological safety of power
plants by arranging the system of pollutant neutralization / Vambol S.,
Vambol V., Kondratenko O., Suchikova Y. // Eastern European
Journal of Enterprise Technologies. —2017. — Vol.3. — P.63-73.

3. Research of the influence of decomposition of wastes of
polymers with nano inclusions on the atmosphere / Vambol S.,
Vambol V., Bogdanov I., Suchikova Y., Rashkevich N. //
EasternEuropean Journal of Enterprise Technologies. — 2017. —
Vol.6. — P.57-64.

4. Kycmoe M.B. XuMuuecku onacHble BIOPOCHI B aTMO-
cdepy npu TeXHOTeHHBIX aBapusIX Ha MPEANPUSITUSIX YKPauHbl //
besonacHocTh B TexHocdepe. — 2015. — Ne 3. — C.16-21.

5. Kycmoe M.B. UccnenoBanue TuHaMUKU 00pa3oBaHUs
Y BBITIAICHUS KUCJIOTHBIX OCAKOB B Pe3yJibTaTe KPYITHBIX MPH-
POIHBIX U TEXHOTCHHBIX TI0XapoB // BocTouHO-eBpomeiicKui
KypHaJI TepeNoBbIX TexHonoruit. — 2016. — Bur. 10(79). — C.11-
17.

6. Kondratenko O.M., Vambol S.0., Strokov O.P.
Mathematical model of the efficiency of diesel particulate matter
filter // Naukovyi Visnyk Natsionalnoho Hirnychoho
Universytetu. — 2015. — Vol.6. — P.55-61.

7. Vambol V. Numerical integration of the process of cooling
gas formed by thermal recycling of waste // Eastern European
Journal of Enterprise Technologies. —2016. — Vol.6. — P.48-53.

8. Influence of radioactivity on surface charging and
aggregation kinetics of particles in the atmosphere / Kim Y.-H.,
Yiacoumi S., Lee 1., McFarlane J. // Environmental Science &
Technology. — 2014. — Vol.48. — P.182-189.

9. Zhao Z., Lei H.-C. Numerical simulation of seeding
extra-area effects of precipitation using a three-dimensional
mesoscale model // Atmospheric and Oceanic Science Letters. —
2010. — Vol.3. — P.19-24.

10. Loosmore G., Cederwall R. Precipitation scavenging of
atmospheric aerosols for emergency response applications: testing
an updated model with new real-time data // Atmospheric
Environment. — 2004. — Vol.38. — P.993-1003.

11. Jackson T.L., Buckmaster J. Heterogeneous propellant
combustion // AIAA Journal. — 2002. — Vol.40. — P.1122-1130.

12. The three-dimensional combustion of heterogeneous
propellants / Massa L., Jackson T.L., Buckmaster J., Campbell M. //
Proceedings of the 38th JANNAF Combustion Meeting, Destin,
Floridia. — 2002. — P.121-136.

13. Guo X., Zheng G., Jin D. A numerical comparison
study of cloud seeding by silver iodide and liquid carbon dioxide
// Atmospheric Research. — 2006. — Vol.79. — P.183-226.

14. Kustov M., Kalugin V. Modification of pyrotechnic
composition to effectively neutralize acidic and chemically
hazardous atmospheric precipitation // Technogenic and
Ecological Safety. — 2018. — Vol.3. — P.28-32.

15. Andronov V., Pospelov B., Rybka E. Increase of accuracy
of definition of temperature by sensors of fire alarms in real
conditions of fire on objects // Eastern European Journal of
Enterprise Technologies — 2016. — Vol.4. — P.38-44.

Received 03.05.2018

®I3UKO-XIMIYHI OCHOBU TEXHOJIOTITI
MOJIUPIKOBAHUX ITTPOTEXHIYHUX CKJIAJIB JJIA
SHIZKEHHA PIBHA XIMIYHOI'O 3ABPYJHEHHSA
ATMOC®EPHU

M.B. Kycmos, B.JI. Kaayein, B.B. Tromronuk, O.B. Tapaxno

B pobomi nasedeni pezysvmamu ecmarnoeaenHs mexHon0ei-
YHUX YMO8 8UPOOHUYMEAa MOOUDIKOBAHUX NIPOMEXHIYHUX CKAadis,
o 60400iH0Mb KOMNACKCOM HACMYNHUX 61ACMUB0CMEI. IHIYII0BAHHS
ammocgeprux onadie, Helimpanizayis ix KUCAOMHOCMI Ma 6UMU-
BAHHs MOKCUYHUX KOMNOHeHmi8, wo micmamoscs 6 ammocgepi. 3
YPAXYBAHHAM BUMO2 3aXUCMY HABKOAUUWHBO0 cepedosuya, K nalb-
He 6 NIpOMexHiuHOMY CKAadi 3anponoHO8aro euxkopucmosyeamu Mg,
a sk okucaroeay — KNO;. [lpu eopinni 3anponoroearozo deouiapo-
6020 NIPOCKAADY BUKAIOUEHO YMBOPEHHS XIMIUHO HeOe3neuHUuX npo-
dykmie eopinns (NH; ma HCI). 3a donomoeoro npoepamnozo Kom-
naexcy «TERMO-CALC» 30dilicnene oyintosanHs emicmy amiaky
ma 2idpoeen xa0pudy 6 NpoOYKmax 20piHHsA 3aNPONOHOBAHUX CYMi-
wetl npu ONMUMAAHUX CHIBGIOHOWEHHAX NAAbHO20 MA OKUCHUKA.
Bukonani mepmodunamiuni pospaxyuxu oasi 6UHa4eHHs ONMUMANb-
HO20 CHIBGIOHOUIEHHS MACOBUX HYACMOK OKUCHUK/GIOHOGHUK, SIKe GU-
3Ha4eno pieHum 1:8. 30ilicneHo excnepumeHmanvHi 00CAIONCeHHS
OCHOBHUX NAPAMempie GUCOKOMeMNepamypHo20 OKUCAeHHs (mem-
nepamypa ma weuoKicme eopiHHs) nipomexHiuHux ckaadie. 3anpo-
NOHOBAHO 0BOWIAPOBY CMPYKMYPY MipO3apsady 3 AeeK03AUMUCIUM
NePeUHHUM WApPOM, W0 iCMOMHO NIOGUWYE LIMOGIDHICMb 3aNANI0-
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BAHH5 NIPOCYMIULT eAeKMPOICKPOBUM MemOodoM. 3 Memor nocuieH-
HA egheKmy 3HUINICEHHS KUCAOMHOCMI ammocpeprux onadie 3anpo-
NOHOBAHA MEXHOA02IS MOOUQDIKYBAHHS NIPOMEXHIYHO20 CKAAady 3
dodasanusam ayey KOH ma uenwnosu. Modughixyeanns po3pobie-
Hoeo ckaady 3 euxopucmanuim NaOH dozseoase echpexmueno Heti-
mpanizyeamu maxi Hebe3neuni easu, sk xao0p i goceen. Bemanog-
JNeHi i3UKOo-XIMIYHI 0cCHOBU MeXHOA02ii MOOuiKyeanHs nipomex-
HIYHUX CKAQQi6 KOMNAEKCHO20 NPU3HAUEHHs 003604510Mb PO3P00-
aamu ckaadu niposapsdie 6aeamo@yHKYIOHANbHO20 MUNY, CNPAMO-
BaHI HA Wmy4He [HIUit08aHHs 0Nadie ma XIMiYHy Helumpanizayirno
Hebe3neuHux pe4osur 6 ammocgepi

KiouoBi cioBa: mipoTexHiuHUMI CKJax, poO3paxyHOK,
TeMmIlepatypa TOpiHHS, iHillifoBaHHS OTMAaIiB, HEWTpasi3allis
docreHy, XiMiuyHa HelTpati3allist KUCJIOTHUX TOIIIiB.

PHYSICOCHEMICAL PRINCIPLES OF THE
TECHNOLOGY OF MODIFIED PYROTECHNIC
COMPOSITIONS TO REDUCE THE CHEMICAL
POLLUTION OF THE ATMOSPHERE

M.V. Kustov *, V.D. Kalugin, V.V. Tutunik, O.V. Tarakhno

National University of Civil Defence of Ukraine, Kharkiv,
Ukraine

* e-mail: kustov_m@nuczu.edu.ua

This paper presents the results of determination of conditions
for the production of modified pyrotechnic compositions that allow
initiating atmospheric precipitation, neutralizing their acidity and
scavenging toxic substances from the atmosphere. Taking into account
the requirements of environmental protection, the use of Mg as a
fuel and KNO; as an oxidizing agent in the pyrotechnic composition
was suggested. The combustion of the proposed two-layer
pyrocomposition impedes the release of chemically hazardous
combustion products (NH; and HCI). Using TERMO-CALC software
package, the content of ammonia and hydrogen chloride in the
combustion products of the proposed mixtures was determined at the
best fuel-oxidizing agent ratio. The thermodynamic calculations were
performed to determine the best reducing/oxidizing agent mass fraction
ratio which was stated to be 1:8. The experimental study of the main
parameters of high-temperature oxidation (temperature and burning
rate) of pyrotechnic compositions was carried out. A two-layer structure
of the explosive charge with a highly flammable primary layer is
proposed, which substantially increases the probability of ignition of
the pyrotechnic mixture triggered by an electric spark. In order to
intensify a decrease of the acidity of atmospheric precipitation, a
technology for modifying pyrotechnic compositions by adding KOH
and cellulose was proposed. The modification of the developed
composition with the use of NaOH allows effectively neutralizing
such dangerous gases as chlorine and phosgene. The established
physicochemical basics of the technology for modifying pyrotechnic
compositions for complex purposes allow developing multi-functional
explosive compositions aimed at artificial initiation of precipitation
and chemical neutralization of hazardous substances in the
atmosphere.

Keywords: pyrotechnic composition; calculation;
combustion temperature; initiation of precipitation; neutralization
of phosgene; chemical neutralization of acid rains.
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