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Abstract

At present, the redistribution of moisture in the direction necessary for man can be carried out on a large scale by
artificially inducing precipitation. In this regard, scientists around the world are developing new projects to artificially increase
precipitation. Projects carried out in different countries differ significantly, but most of these projects use pyrotechnic
compositions containing silver iodide (Agl), which are equipped with anti-hail products. In the current state of active
influences, the issue of developing new, more effective reagents is topical. This is confirmed by the fact that the average
consumption of anti-hail products per 100 thousand hectares of protected territory in the period from 1967 to 1988 was 1107
pcs., and with the transition to the use of anti-hail products "Alazan-5" and "Alazan-6", equipped with more effective
compositions, the consumption decreased to 531 pcs. A promising direction in the issue of increasing the ice-forming
efficiency of the reagent is the use of various chemical additives to the main pyrotechnic composition of AD-1. It is proposed
to use finely ground zinc powder as such an additive. Zinc oxide at a temperature of 906.2 °C begins to boil and turn into
steam, which contributes to the formation of zinc oxide nanotubes during the combustion of the fuel charge of anti-hail
missiles. The generation of ice-forming aerosol during rocket seeding of clouds is carried out at temperatures from 700 to 1400
°C.
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AHHOTanMs

B Hacrosiiriee BpeMmsi repepacrpe/ie/ieHde Bjard B HY)KHOM [I/Is1 UeJioBeKa HarpaB/ieHUM MOXKET OBITb OCYLeCTB/IEHO B
OospIMX MacmTabax MyTeM MCKYCCTBEHHOTO BBI3BIBAHHSI OCAJKOB. B CBSI3M C 3TUM yueHble BCero Mupa pa3pabarbiBaroT
HOBBbIE TPOEKTBHl TI0 WMCKYCCTBEHHOMY YBE/JHUUeHHIO oObema o0cafkoB. IIpDOeKTHI, peanu3yeMble B pa3HbIX CTpaHaXx,
CYILECTBEHHO OT/IMUAIOTCS PYT OT pyra, HO B GO/BLIMHCTBE U3 HUX MCIIO/IB3YIOTCS MMPOTEXHUUECKHe COCTaBbl, CoAepiKaliye
Homuy cepebpa (Agl), KOTOpble OCHAIAIOTCS MPOTMBOIPAZOBBIMMU CpeAcTBaMU. IIpy HbIHEIIHEM COCTOSHUM aKTHBHBIX
BO3/elCTBHI TIpobieMa pa3paboTKu HOBBIX, Oosiee 3(h(eKTUBHBIX PEAareHTOB SIB/ISIETCS aKTyalbHON. DTO TIOATBEPXKAAETCS TEM,
YTO CpeJHUN pacxof NPOTHUBOrpaZioBbixX nperaparoB Ha 100 Teic. ra oxpaHseMoii TeppuTopuu B nepuop ¢ 1967 no 1988 rop
cocranan 1107 wT, a C mnepexofoM Ha IpUMeHeHMe MPOTUBOIPaZOBbIX IperapaToB "Asa3saHbp-5" u "AsasaHb-6",
CHapsDKeHHBIX 0osiee 3¢ (eKTUBHBIMU COCTaBaMM, pacxof, CHU3WICSA 0 531 wrT. [lepcrieKTUBHBIM HarpaejeHHeM B BOIIPOCE
TIOBBIIEHUs Jibj000pasytoell 3¢(heKTUBHOCTH peareHTa sIBISETCS WCIIO/Ib30BaHWE PAa3/IMYHBIX XMUMHUYECKHUX A00aBOK K
OCHOBHOMY ITUPOTeXHUYeCKoMy cocTaBy AD-1. B kauecTBe Takoi [00aBKM Npe/iiaraeTcst NCI0/b30BaTh MeKOU3MeTEdeHHbIA
nopoIok LuHka. Okcuy uyHKa nipu Temreparype 906,2 °C HauMHaeT KWIETb W TPeBpallaThCsl B Map, UTO CIOCOOCTByeT
00pa3oBaHMI0 HAHOTPYOOK OKCHJA IMHKA IPY CropaHWM TOIUIMBHOTO 3apsifia IPOTMBOIPaZioBBIX pakeT. OOpa3soBaHUe
Jib1000pa3yoLIero aspo307is MpY PaKeTHOM 3aceBe 00J1aKOB MPOUCXOAUT TipU Temriepatypax ot 700 mo 14000 °C.

KnroueBble c/10Ba: akTHBHbIe BO37€MCTBHS, NMUPOTEXHUUECKUN COCTaB, peareHT, JibJ000pa3ylollye YacTHLbl, LMHK,
HaHOYaCTULIBL.

Introduction

The output of active ice-forming nuclei depends on many factors: composition formulation, design features of the aerosol
generator; reagent dispersion conditions, etc. these factors determine the dispersity of the formed aerosol, which determines its
structure and ice-forming activity. An increase in dispersity leads to an increase in the number of particles per unit mass of the
reagent, however, small particles exhibit ice-forming activity at very low temperatures or under conditions of significant
supersaturation of water vapor, which is not found in clouds. The formation of a large aerosol leads to the production of an
aerosol active in the required temperature range (from -5 to -10 °C) without supersaturation of water vapor, but as the particles
become larger, the yield from 1 gram of the composition decreases. To compensate for this, the formulation of crystallizing
reagents provides for the formation of an ice-forming aerosol containing a core of combustion products, on the surface of
which there are inclusions of Agl. This ensures the production of sufficiently large particles with a minimum consumption of
Agl deposited on their surface. Formulations with ultra low Agl content (<0.5%) give a spectrum of fine particles whose ice-
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forming efficiency is affected by dispersion conditions. An increase in the content of Agl leads to an increase in the yield of
active ice-forming nuclei and an increase in the stability of their ice-forming efficiency, but this does not mean that the yield of
ice-forming nuclei increases in proportion to the content of Agl [1], [2], [3], [4]. Due to the fact that most active exposure
projects use pyrotechnic compositions containing from 2 to 20% silver iodide, in recent years, research efforts have been
directed to explore the possibilities of using the reserves of existing reagents based on Agl. The presence of such possibilities is
indicated by the fact that the ice-forming efficiency of pyrotechnic compositions based on silver iodide strongly depends on the
production technology of the compositions, on the dispersion of the components included in the composition, on the terms and
conditions of storage of pyrotechnic products, etc. Therefore, increasing the efficiency of pyrotechnic compositions is mainly
achieved by experimental selection of components for each particular pyrotechnic product. Thus, in particular, finely ground
zinc powder is introduced into experimental pyrotechnic compositions, which, in combination with silver iodide, leads to the
formation of ice-forming particles with a crystal lattice closer to that of ice. During the combustion of the fuel charge of anti-
hail missiles, zinc oxide begins to boil and turn into steam, which contributes to the formation of zinc oxide nanoclusters.
Molecular clusters of zinc oxide are polynuclear complex compounds based on a framework of zinc atoms surrounded by
ligands. The choice of zinc is due to the fact that the ice-like structure of zinc, like that of Agl, promotes the adsorption of H ,O
molecules on its surface.

Materials and methods of research

Like most metals, zinc oxidizes in air, and a dense protective film of oxidized metal compounds forms on the metal
surface. This film prevents the penetration of oxygen deep into the metal and thus stops further oxidation of the metal. The
boiling point of zinc is 906.2 °C, and in the process of its thermal decomposition, many active atoms are formed, which create
aggregates in the form of nanoclusters. Zinc interacts with water and hydrogen sulfide when the temperature rises, releasing
hydrogen; and when strongly heated, it reacts with many gases: gaseous chlorine, fluorine, iodine. At temperatures below 200
°C, in addition to zinc oxide, there is zinc peroxide ZnO,. Above 200 °C, only ZnO is stable [5], [6]. Zinc oxide nanoclusters
belong to hydrophilic clusters; they can sorb the molecules of the environment on their surface, so they are surrounded by a
shell. On the surface of a zinc oxide nanocluster, there can be up to several layers of H,O molecules, which leads to the
formation of a surface water film with its subsequent freezing when the critical thickness is reached. In such a film,
microvolumes with oriented H,O molecules are formed, which acquire an ice-like structure upon supercooling. At a sufficient
size, these microvolumes serve as nuclei for ice crystals. "Multiphase" zinc oxide nanoparticles do not have standard
interfaces; the concept of a phase or aggregate state is inapplicable to them. Phase diagram of the Zn—O system. The complete
phase diagram of the Zn—O binary system has not been constructed. There are separate data on some parts of the phase
diagram, its (T-x) cross-sections and phase transition in ZnO under the influence of external pressure [7]. In [8], the (T-x)-
section of the phase diagram of the Zn—O system for the condensed state was first proposed (see Fig. 1).
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Figure 1 - (T-x)-section of the phase diagram of the binary system Zn—O at a pressure of 0.1 MPa

Note: L denotes the solubility of oxygen in Zn at different temperatures. Tn(Zn) — melting point of zinc (419.6 °C)

When heated, zinc oxide dissociates according to the reaction:

ZnO(solid) < Zn(g) + 0.5 O(g).

Simultaneously with this process, the process of sublimation proceeds:

ZnO(solid) = ZnO(g).

The study of zinc oxide evaporation by high-temperature mass spectrometry using platinum and quartz effusion chambers
showed that in the temperature range of 1200-1450K, the vapor over ZnO(solid) consists of Zn atoms(g) and O(g) molecules,
while ZnO(g) molecules were found only at temperatures above 1500 K [9]. At 1540 K, the composition of the gas-vapor
phase over ZnO consists of 99.94% of zinc oxide dissociation products: Zn(g) and O,(g). In the presence of an excess of zinc
vapor, the evaporation rate of zinc oxide sharply increases (by a factor of 108-1010) [9]. The authors of [10] explain the
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increase in the evaporation rate of ZnO in the presence of Zn vapor by the interaction of zinc with trace amounts of H>O and
CO,, which leads to the formation of H, and CO, which reduce zinc oxide.

Some results of studies of ZnO nanostructures obtained in a dry and wet chamber

Previously, glass slides are installed at the bottom of the cloud chamber, which are covered with lids. A certain amount of
the prototype (zinc) is placed on the graphite substrate of the reagent sublimation device. The large chamber is cooled to a
predetermined temperature, and an artificial cloud environment is created in the chamber using an ultrasonic steam generator.
A current of the order of 100-120 A is applied to the contacts of the graphite substrate, the substrate is heated to temperatures
of 1200-2000 °C and zinc is sublimated. After that, the air in the chamber is mixed by fans. In the chamber, under the influence
of high temperature, zinc interacts with oxygen to form ZnO oxide nanoparticles:

27n+0,=27Zn0.

Next, zinc oxide nanostructures are deposited on glass slides, which are removed from the chamber and examined under an
optical and electron microscope. During the sublimation of zinc in a dry chamber, zinc oxide nanoparticles are formed in the
form of nanotubes with a diameter of about 30-50 nm and a length of several microns. Figure 2 shows a hollow nanostructure
obtained in a dry chamber.
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Figure 2 - Zinc oxide nanostructure obtained in a dry chamber

When zinc is sublimated in the presence of water vapor, hollow nanostructures (up to 300 pm in size) are formed, the
formation of which depends on the water content in the chamber. At low water content, nanostructures are formed in large
quantities, and disappear with increasing water content. Zinc oxide nanostructures consist of nanotubes, the dimensions of
which are 1-5 nm. Figure 3 shows a photograph of a zinc oxide nanostructure taken with a TESCAN electron microscope.



nanotubes

Figure 3 - Nanostructure of zinc oxide obtained in water vapor

As can be seen from the figures, hollow ZnO nanostructures obtained by sublimation of zinc oxide in the presence of water
vapor, as well as in a dry chamber, consist of the same elements — zinc oxide nanotubes. An analysis of the literature data
shows that the properties of water strongly depend on the nanotube diameter. When the nanotube diameter changes from 1.05
to 1.52 nm, the phase transition temperature of water changes from +13 to +138 °C [7], [8], [9]. It should be noted that zinc
oxide nanoclusters belong to hydrophilic clusters; they can sorb the molecules of the environment on their surface, so they are
surrounded by a shell. On the surface of a zinc oxide nanocluster, there can be up to several layers of H>O molecules, which
leads to the formation of a surface water film with its subsequent freezing when the critical thickness is reached. In such a film,
microvolumes with oriented H,O molecules are formed, which acquire an ice-like structure upon supercooling. With a
sufficient size, these microvolumes serve as nuclei for ice crystals [1], [11]. For each sample, the yield of crystallization nuclei
was calculated according to the method [11].

Table 1 - Ice forming component test results AD-1 at different temperatures

Temperature, °C Reagent AD-1, g Specific output, g-'
-6.8 0.01 6.5E11
-7.0 0.01 5.3E12
-7.2 0.01 5.3E12
-7.3 0.01 2.1E12
-7.5 0.01 3.2E12
-8.2 0.01 3.3E12
-8.7 0.01 1.3E12
-9.4 0.01 1.6E12
-9.7 0.01 6.4E12
-9.8 0.01 2.3E12
-10.2 0.01 1.2E12
-10.6 0.01 1.2E12
-11.9 0.01 5.7E12
-13.4 0.01 4.4E12

In laboratory studies, finely dispersed zinc powder was used, which was introduced into the initial pyrotechnic
composition AD-1 in relation to its total mass — 3%, 6% and 9%, respectively. It was found that the experimental reagent AD-1
with the addition of zinc in the amount of 6% of the total mass of the pyrotechnic composition has the highest activity. The test
results are presented in table 2.

Table 2 - Average values of the yield of crystallization nuclei of the ice-forming component of AD-1 with the addition of zinc
(6%) at different temperatures

Temperature, °C ‘ Reagent AD-1+Zn(6%) ‘ Specific output, g-*
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-5.0 0.00052 1.8E13
-4.2 0.00052 1.2E13
-3.4 0.00052 1.0E13
-2.2 0.00052 1.2E13
-2.0 0.00052 4.0E12
-1.6 0.00052 4.7E12
-1.1 0.00052 9.0E12
-1.0 0.00052 6.6E12
-11.2 0.01 9.0E13
-10.6 0.01 5.4E13
-10.4 0.01 1.4E14
-10.2 0.01 6.3E13
-10.0 0.01 6.0E13
-9.6 0.01 5.2E13
-7.5 0.01 6.9E13

Table 3 presents the results of laboratory studies of the ice-forming efficiency of the AD-1 composition with various mass

concentrations of zinc.

Table 3 - Specific yield of AD-1 reagent particles with addition of zinc

t, °C -11 -9 -7 -5
Co % Specific output, g- | Specific output, g- | Specific output, g- | Specific output, g-

Zn, /0 1 1 1 1
0 3.2 x 10" 2.7x 10" 2.5x 10" 6.5x 10"
1 8.8 x 10" 7x 10" 5.6 x 10" 1.2 x 10"
2 1.5x 10" 1.2x 10" 8.2x 10" 4.5 x 10"
3 2.8x10" 2.2x 10" 1.1x 10" 7.2 x 10"
4 4.6x 10" 3.6 x 10" 1.6x 10" 9.5 x 10"

4.7 6.5x 10" 5.2x 10" 2.5x 10" 1.1x 10"
5 7.0x 10" 5.9x 10" 3.0x 10" 1.3x 10"

5.5 7,3x10" 6,2 x10" 3,3 x10" 1,5 x10"
6 7.5x 10" 6.3x 10" 3.4x 10" 1.6x 10"

6.6 6.5x 10" 5.2x 10" 2.5x 10" 1.4x 10"
7 5.2x 10" 4.3 x 10" 1.9x 10" 1.0 x 108
8 3.4x10" 3.0x 10" 1.4x 10" 7.2 x 10"
9 2.2x10" 1.9x 10" 1.0x 10" 5.3x 10"

The specific yield of reagent particles depending on the concentration of zinc oxide is shown in figure 4.
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Figure 4 - Dependence of the specific yield of ice-forming particles on concentrations of zinc in pyrocomposition AD-1 for
different temperature levels

The graph shows that the maximum yield of ice-forming particles is provided in the zinc concentration range of 4.7-6.6 wt.
%. The corresponding area on the chart is marked with vertical lines. Numerous experiments have established that when finely
dispersed zinc powder is added to the composition of the initial ice-forming fuel AD-1 in a ratio of 6% to the total mass of the
composition, it increases the yield of ice-forming particles in the temperature range from 0 to -14 °C. The increase in the yield
of active ice-forming particles in the temperature range under study is explained by the fact that during the thermal
decomposition of zinc oxide, many active atoms are formed, which create aggregates in the form of ZnO nanoclusters. They
are the basis on which water molecules are stacked, forming ice crystals. Thus, the addition of finely ground zinc powder to the
main pyrotechnic composition provides a significant increase in the ice-forming efficiency of the reagent in the temperature
range from O to -14 °C. In determining the effectiveness of crystallizing reagents, environmental cleanliness is of great
importance. Proposed as an additive to the main pyrotechnic composition, zinc oxide powder has been known for its
antibacterial properties since time immemorial [12]. It was used during the reign of the pharaohs, and historical records show
that zinc oxide was used in many ointments to treat injuries and boils as early as 2000 BC [13]. It is still used in sunscreens, as
an additive, as a photoconductive material, LEDs, transparent transistors, solar cells, memory devices, cosmetics and catalysts
(71, [14].

Conclusion

The obtained results of laboratory tests showed that the presence of finely dispersed zinc powder in the composition of the
initial ice-forming fuel AD-1 in relation to the total mass of the composition of 6% sharply increases the yield of ice-forming
particles in the entire range of accepted temperatures. At the same time, the yield of ice-forming particles at a temperature of
minus 12 °C increases by almost an order of magnitude, and in the temperature range from minus 2 °C to minus 4 °C, it almost
doubles. It was found that the ice-forming properties of zinc oxide nanoclusters depend on the environmental conditions where
sublimation is performed. During sublimation in a dry chamber, zinc oxide clusters with a diameter of about 30-50 nm are
formed [11]. During sublimation in a large cloud chamber in the presence of water vapor and at negative temperatures, zinc
oxide clusters are formed with sizes from 50 nm to 10 pm, which have a hollow structure and consist of many nanotubes with a
diameter of 1-5 nm. Nanoclusters formed during sublimation in a dry chamber do not have ice-forming properties, while
nanoclusters formed during sublimation of zinc in the presence of water vapor have good ice-forming properties, with a
specific yield of up to 10" g'. On the basis of the original ice-forming fuel AD-1, a method has been developed for obtaining
an effective pyrotechnic composition for equipping meteorological rockets designed for active impact on thunderclouds in
order to artificially increase liquid precipitation and combat hail. This composition can also be used in the creation of
promising ground-based generators for active influence on supercooled fogs in order to provide favorable meteorological
conditions for the operation of spaceports, airports and road communications.
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