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Abstract

Active impacts on cloud processes in order to ensure the well-being of mankind are one of the main tasks of meteorology.
In the practice of active influences on cloud processes, the standard AD-1 pyrotechnic composition is widely used. It is part of
the fuel charges of the main rocket engines, filled with reagent for equipping anti-hail missiles. The AD-1 pyrotechnic
composition contains 8% silver iodide (AgI) and has a crystallizing efficiency threshold of -3 °C and collapses at temperatures
above 554 °C. Currently, silver iodide remains the most effective ice-forming reagent. The specific yield of active nuclei per
unit mass of Agl significantly exceeds the corresponding yields for all other reagents of this type at all activation temperatures.
In this regard, experimental studies of the mechanisms of ice formation on particles of the AD-1 pyrotechnic composition seem
to be an urgent task. The aim of the work is to study the processes of ice formation on particles of the AD-1 pyrotechnic
composition. The main research methods are laboratory modeling of the processes of interaction of the cloud environment with
reagent particles, as well as methods of mathematical statistics for analyzing the results obtained. During the research, the
equipment and methodology for the study of ice formation processes were developed for the first time, ice crystals formed on
particles of the AD-1 pyrotechnic composition were studied for the first time. As a result of the experiments, laboratory
simulations of the formation of ice crystals on particles of the AD-1 pyrotechnic composition were obtained, which showed
that ice crystals of optimal sizes are formed on particles of the AD-1 pyrotechnic composition, which increases the efficiency
of this reagent compared to analogues.

Keywords: weather modification, pyrotechnic composition, reagent, ice-forming particles, temperature, surface area,
growth rate.
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AHHOTa M

AKXTVBHble BO37eiicTBUSI Ha oOOsiauHBle TpOLlecChl C Iieblo  obecrieyeHus O/1aroroMyvYHON JKHU3HeZesTeNbHOCTH
YesI0BeUECTBA SIB/ISIFOTCS OFHOM W3 OCHOBHBIX 33/jad MeTEeOpOJIOTHH. B IpakTHKe aKTHBHBIX BO3ZleMCTBUII Ha oOsauHble
TIPOLIeCChl IIMPOKO HCIIOJB3YeTCs LITAaTHBIA MUpoTeXHW4YecKruit coctaB A/Jl-1. OH BXOAWT B COCTaB TOIUIMBHBIX 3apsifioB
MapIleBbIX paKeTHBbIX JIBUTaTeslel, HAUMHEHHbIX PeareHTOM /s OCHAIlleHWs NPOTHMBOTPaJoBbIX pakeT. ITnpococras A/l-1
copepxut 8% wuopncroro cepebpa (Agl) u mmeer mopor Kpuctanmmsywoouield 3ddekruBHocTH -3°C U pa3pyllaeTcs MpH
Temriepatype Bbillle 554 °C. B Hactosiiiee Bpemsi uomuj cepebpa ocTaeTcsi caMbiM 3(GQEKTUBHBIM JibJ00OPa3yOIUM
peareHTOM. Y/e/IbHbIM BbIXO[, aKTUBHBIX sifiep Ha eIMHULYY Macchl Agl cyllleCTBEHHO NIPEBOCXOAUT COOTBETCTBYHOIL{ME BbIXO/bl
[JI1 BCeX [PyTMX peareHTOB 3TOr0 TWMA MpPU BCeX TeMIlepaTypax aKTHBalUM. B CBsI3M ¢ 3TUM 3KCllepUMeHTa/lbHbIe
HCC/Ie/[OBaHUS] MeXaHW3MOB 00pa30BaHMUs JIbJjd Ha YaCTULAX TIMPOTEXHUUeCcKoro cocraBa AJl-1 mpezCTaBisIOTCS aKTyalbHOU
3aziaueid. Llesbto paboThI SIBIsIETCS CCIIeL0BaHKe TIPOLIECCOB JIbA000pa30BaHysl Ha YacTULAX MUPOTeXHUYeCcKoro cocraBa A/l-
1. OCHOBHBIMHM METOJAMH WCC/IEJOBAHUS SIBJISIIOTCS J1TabOpaTOpHOe MOZETUPOBAHUE TPOLIECCOB B3aMMOZEMCTBUST 06/1auHOM
Cpezibl C YaCTUL[aM{ peareHTa, a Takke METOZbl MaTeMaTHueCKOM CTaTHUCTHKH JJIs aHajau3a IMOMyueHHBIX pe3ysbraros. [Ipu
MPOBEJIEHUH MCC/IeI0BAaHMH BriepBbie pa3paboTaHa amnmaparypa U MeTOJMKA /I UCC/IeA0BaHus TIPOLIECCOB JibA000pa3oBaHusl,
BIIEpPBBIE VICC/Ie/I0BaHbI JIe/isTHbIe KPUCTAUTBI, (POPMUPYIOIMecs Ha YacTHLIaX MAPOTeXHUYecKoro cocraBa A/l-1. B pe3ynbrare
NIPOBeJIeHUsT SKCIIePUMEHTOB I10/Ty4yeHbl J1abOpaTOPHOTO MOZE/NUpPOBaHUS 00pa3oBaHMsl KPHCTANIOB JbJid Ha 4YacTUIlax
MUPOTeXHUYeCKoro cocraBa AJl-1, KOTopble II0Ka3any, YTO Ha YacTuliax nupococraBa AJl-1 oOpasyloTcs KpUCTa/UIbI Jbja
OITUMAa/bHBIX Pa3MepoB, UTO MOBbIIAeT 3¢ PEeKTUBHOCTD JaHHOTO peareHTa 10 CpaBHEHUIO C aHa/IoraMHu.

KnroueBble  cj10Ba:  akTUBHbIe  BO3ZEHCTBYs, IMPOTEXHWUECKMH  COCTaB,  peareHT,  JibooOpasyroiye
YaCTHL{bI, TEMIIEPATyPa, M0 b IOBEPXHOCTH, CKOPOCTb POCTA.
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Introduction

Currently, much attention is paid to the development of methods and tools for managing cloud processes. Carrying out
work on active effects requires solving a number of methodological issues, in particular, how, where, when and with what
reagents active effects should be carried out in order to achieve optimal success.

When developing methods for managing cloud processes, a special place belongs to laboratory modeling of the key
moments of active impacts. One of such key moments of active influences on cloud processes is the processes of ice crystal
growth on reagent particles.

Modern concepts of active influences are based on changing the microphysical structure of clouds through reagents with
specified physicochemical properties [7], [9]. The reagents used are mainly substances with ice-forming and condensation
properties [18].

The issue under study is in the field of cloud microphysics and precipitation. Since the first half of the 20th century,
scientific work has been carried out in Russia and abroad to find effective reagents to combat hail, drought and to artificially
cause precipitation. In these works, the effectiveness of reagents was investigated, weather modification tools were developed
[1], [8], [17], [20]. But none of the studies touched upon the characteristics of ice crystals formed on reagent particles. The
research is based on the specific yield of ice-forming nuclei. The specific yield of ice-forming nuclei and the temperature
threshold of crystal formation are currently used as a measure of the effectiveness of reagents. The specific yield is the number
of ice crystals formed in a cloud or fog at a given temperature per unit mass of the introduced substance or from one means of
exposure [6].

At the same time, the characteristics of its surface play an important role in the efficiency of water crystallization on a
reagent particle [19]. However, the area of the crystals formed plays an important role. In this paper, the crystal area and
specific yield are considered as an indicator of the effectiveness of reagents.

Research methods and principles

The aim of the work is to study the processes of ice formation on particles of the AD-1 pyrotechnic composition.

Achieving this goal required solving the following tasks:

1. Development of a complex of equipment for obtaining particles of AD-1 pyrotechnic composition in a cloud
environment.

2. Development of a methodology for studying the ice-forming properties of the AD-1 pyrotechnic composition.

3. Investigation of ice crystals formed on particles of the AD-1 pyrotechnic composition using a mathematical apparatus.

The main research methods are laboratory modeling of the processes of interaction of the cloud environment with reagent
particles, as well as methods of mathematical statistics for analyzing the results obtained. During the research, the equipment
and methodology for the study of ice formation processes were developed for the first time, ice crystals formed on particles of
the pyrotechnic composition AD-1 were studied for the first time.

The scheme of the equipment complex is shown in Figure 1. The equipment complex includes: a large cloud chamber, a
reagent sublimation device, an ultrasonic steam generator, scales, an optical microscope and a computer (Figure 1).

Large cloud chamber

Reagent Ultrasonic steam

sublimation device generator

Scales

Computer

Microscope

Figure 1 - A set of equipment for studying the ice-forming properties of AD-1 pyrocomposition
DOI: https://doi.org/10.23670/IRJ.2023.137.135.1

The large cloud chamber is a refrigerated cabinet with a working volume of 6.16 m?. Inside the chamber there are fans for
mixing water vapor and reagents. The inside of the chamber is lined with a metal sheet of galvanized iron and is cooled by a
refrigeration unit. An electronic thermometer and a fan for mixing water vapor and reagent are placed inside the chamber. The
chamber is equipped with a temperature control system with a screen on which the thermometer readings are displayed. The
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temperature in the chamber can be maintained from 0° to -20 °C. On the front wall there is an observation window and an
opening for changing substrates with crystals.

The ultrasonic steam generator is placed inside a plastic container with a volume of 100 liters. The container is connected
to a large chamber by a rubber pipe, a fan is installed on the lid of the container to create a steam flow into the chamber.

The device for sublimation of the reagent is a graphite substrate sandwiched between electrodes. An electric current of
about 180-200 A is supplied to the electrodes, the substrate is heated to temperatures of the order of 1000 °C and the reagent
sublimes.

Thermostatic substrates for collecting crystals are small metal discs with diameter d = 4 cm, covered with clean glasses.
The glasses are covered with lids that were opened at the moment of the appearance of crystals. Crystals settling at the bottom
of the cloud chamber fall on the glass. Ice crystals are counted using an automated system.

Substrates are studied using an automated system, which consists of an optical microscope, a personal computer and
specialized software. The calculation of the sizes and areas of ice crystals in different temperature ranges is carried out.

Main results

A series of experiments were carried out to study the ice-forming properties of particles of the AD-1 pyrotechnic
composition. The experiments were carried out in the temperature range from -3 to -14 °C.

Table 1 and Figure 2 present data on the area of ice crystals that formed on particles of the AD-1 pyrotechnic composition
in different temperature ranges. The ratios of crystals for different size ranges, n./n, % are given.

Table 1 - Dependence of the size of ice crystals formed on the particles of the pyrotechnic composition of AD-1 on the
temperature

DOI: https://doi.org/10.23670/IRJ.2023.137.135.2

S, um’ Crystal ratio at different temperature values, n./n, %
-12...-14°C -9...-11°C -6...-8 °C -3...-5°C
0-2000 26,7 40,0 78,2 29,5
2000-4000 26,7 25,0 21,8 39,3
4000-6000 23,3 16,7 0,0 24,6
6000-8000 6,7 6,7 0,0 3,3
8000-10000 6,7 1,7 0,0 1,6
10000-12000 33 1,7 0,0 0,0
12000-14000 1,7 3,3 0,0 0,0
14000-16000 0,0 1,7 0,0 1,6
16000-18000 1,7 3,3 0,0 0,0
18000-20000 1,7 0,0 0,0 0,0
20000-22000 1,7 0,0 0,0 0,0
Specific yield, r* 4,8:10" 3,5-10" 3,0-10" 7,0-10"
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Figure 2 - The area of ice crystals that formed on particles of the AD-1 pyrotechnic composition in different temperature ranges
DOI: https://doi.org/10.23670/IRJ.2023.137.135.3

Table 2 and Figure 3 present data on the accumulated frequency ratios of crystals that formed on particles of the AD-1
pyrotechnic composition in different temperature ranges, na/n, %.

Table 2 - Cumulative frequencies of crystal ratios formed on particles of AD-1 pyrotechnic composition

DOI: https://doi.org/10.23670/IRJ.2023.137.135.4

S, um? Crystal ratio at different temperature values, n./n, %
-12...-14°C -9...-11°C -6...-8 °C -3...-5°C

0-2000 26,7 40,0 78,2 29,5
2000-4000 53,4 65,0 100,0 68,8
4000-6000 76,7 81,7 100,0 93,4
6000-8000 83,4 88,4 100,0 96,7
8000-10000 90,1 90,1 100,0 98,3
10000-12000 93,4 91,8 100,0 98,3
12000-14000 95,1 95,1 100,0 98,3
14000-16000 95,1 96,8 100,0 100,0
16000-18000 96,8 100,0 100,0 100,0
18000-20000 98,5 100,0 100,0 100,0
20000-22000 100,0 100,0 100,0 100,0
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Figure 3 - Cumulative frequencies of crystal ratios formed on particles of AD-1 pyrotechnic composition

As can be seen from the above data, up to 90% of ice crystals formed on particles of the AD-1 pyrocomposition have a
surface area of up to 10* pm? at temperatures from -9 to -14°C. At temperatures of the order of -3...-5 °C, the proportion of ice
crystals with a surface area of up to 8-10% um? reaches 95%. At temperatures of the order of -6...-8 °C, the smallest crystals are
formed, having a surface area not exceeding 4-10° pm?.
When sublimating the AD-1 pyrotechnic composition, particles are formed with a diameter from 20 nm to 400 nm with a
modal value of 70 nm. In this case, almost 100% activity of silver iodide is observed in the presence of particles with a
diameter of 50 nm [21].
Table 3 and Figure 4 the total area of crystals that formed on particles of the AD-1 pyrotechnic composition in different
temperature ranges.
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Table 3 - The total area of crystals formed on the particles of the AD-1 pyrotechnic composition in different temperature ranges

Crystal area, -10* pm?

S, pm?
-12...-14°C 9...-11°C -6..-8 °C 3...-5°C
0-2000 12,74 14,00 23,46 2,07
2000-4000 38,21 26,25 19,62 8,25
4000-6000 55,57 29,23 0,0 8,61
6000-8000 22,37 16,42 0,0 1,62
8000-10000 28,76 5,36 0,0 1,01
10000-12000 17,32 6,55 0,0 0,0
12000-14000 10,54 15,02 0,0 0,0
14000-16000 0,0 8,93 0,0 1,68
16000-18000 13,79 19,64 0,0 0,0
18000-20000 15,41 0,0 0,0 0,0
20000-22000 17,03 0,0 0,0 0,0
Total area, -10% pm?
i 2,317 1,414 0,431 0,232
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Figure 4 - Distribution of the total area of crystals formed on particles of the AD-1 pyrotechnic composition by temperature
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Previously, the authors conducted studies of the ice-forming properties of the pyrotechnic composition of AD-1, as a result
of which the influence of the thermodynamic and electrical characteristics of the cloud on the ice-forming efficiency of the
reagent was studied [10], [12], [16], [22]. The study of ice crystals formed on the particles of the pyrolysis of AD-1 is being
carried out for the first time. There are no studies of these characteristics of the ice-forming reagent in the scientific articles of
Russian and foreign authors.

Conclusion

In the course of laboratory experiments, a method for studying the ice-forming properties of the AD-1 pyrotechnic
composition has been developed.

When the AD-1 pyrotechnic composition is sublimated, particles with a diameter from 20 nm to 400 nm with a modal
value of 70 nm are formed. Almost 100% activity of silver iodide is observed in the presence of particles with a diameter of 50
nm.

Up to 90% of the ice crystals formed on the particles of the AD-1 pyrocomposition have a surface area of up to 10* pm? at
temperatures from -9 to -14°C. At temperatures of the order of -3...-5°C, the proportion of ice crystals with a surface area of up
to 8-10° pm? reaches 95%. At temperatures of the order of -6...-8°C, the smallest crystals are formed, having a surface area not
exceeding 4-10° pm?.

Most methods of hail prevention, artificial precipitation increase and fog dispersion are based on the following physical
concepts:

- complete crystallization of the supercooled part of the cloud;

- competition theory;

- enlargement of droplets with their subsequent freezing;

- dynamic impact in order to suppress the upward flow;

- lowering the trajectory of hailstones;

- acceleration of sedimentation in the formation zone of hail generation conditions.

The impact of particles of the AD-1 pyrotechnic composition on the supercooled cloud environment leads to the formation
of ice crystals having dimensions sufficient for the combined implementation of the above concepts. Therefore, the use of this
reagent in weather modification is effective and widespread.
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