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Dear authors and readers!
Dear colleagues!

Traditionally, in the preface we inform the authors and readers about the most important achievements
of the Eurasian Physical Technical Journal as a peer-reviewed open access scientific journal indexed in the
SCOPUS database and included in List 1 of the updated List of scientific publications recommended for
publishing the main results of scientific works in 4 scientific areas.

In 2024, the indexing of the journal in the Scopus database continues. Eurasian Physical Technical
Journal is included in the Q3 quartile in the Engineering direction with a 27 percentile.

As a result of work to optimize online services for editing and preparing articles for publication, the
article format was changed in 2024. The interactive OJS journal website allows you to carry out all stages of
preparing articles for publication online. When uploading an article, authors are asked to indicate desired and
undesirable reviewers, which is a well-known practice of leading journals.

The 2024 was marked by several significant events for our Journal. This year marked 20 years since the
publication of the first issue of the journal. In June, an online meeting of the editorial board of the journal
was held, where participants, recalling the most important facts of its formation, discussed development
prospects and proposals for further promotion of the journal at the international level. Since 2004, 655
articles by authors have been published, of which 37% are articles by foreign authors from more than 30
countries, 33% of the articles were prepared by authors from various universities in Kazakhstan, and 29% of
the articles were prepared by employees of our university.

In 2024, along with the 3rd issue, a Special Issue was published, which contains selected articles from
the participants of the 7th International Conference on Engineering Sciences and Technology ICEST2024
(Luxor, Egypt, https://ifsdl.org/icest2024/). The invited editors took part in the preparation of the Special
Issue: Professor A.L. Kozlovskiy (Institute of Nuclear Physics of the National Nuclear Center of the
Republic of Kazakhstan, Almaty) and Dr. Nouby M. Ghazaly, Secretary General of the Conference (Head of
the International Foundation for Science and Development (IFSDL), Professor of the Higher Institute of
Engineering and Technology EI Minya, Egypt).

The year 2024 is marked by another anniversary event - on October 14, Doctor of Physical and
Mathematical Sciences, Professor N.Kh. Ibrayev turned 70. Professor N.Kh. Ibrayev has been a permanent
member of the editorial board since its foundation, and in the period from 2014 to 2016 he worked as the
editor-in-chief. The main area of scientific activity of Professor N.Kh. Ibrayev is the dynamics of electronic
excitations in condensed molecular media. As a result of the study of plasmonic effects in nanophotonics,
Professor N.Kh. Ibrayev and his colleagues established the patterns of influence of gold and silver
nanoparticles on allowed and spin-forbidden radiative transitions, on laser generation of dyes, etc.

Among more than 600 publications of Professor Ibrayev N.Kh. in domestic and foreign rating
publications, 13 patents, several textbooks and 2 volumes of "Selected Works". The most valuable result of
his multifaceted work is the Institute of Molecular Nanophotonics, the scientific director of which he has
been since its inception. Now the structure of the institute includes 12 laboratories with unique electron
microscopy equipment for fundamental and applied research in the field of nanotechnology, condensed
matter physics, chemical physics. The main scientific areas include: photonics of complex molecular
systems; nanoplasmonics: synthesis of nanostructures, plasmon-enhanced photoprocesses; dynamics of
electron excitations in nanocomposite functional materials; nanostructured materials for solar and hydrogen
energy; functional elements for quantum electronics and optical nanotechnology; synthesis and study of
carbon and graphene quantum dots.

It's impossible to describe all the facets of Professor Ibrayev N.Kh.'s work as a scientist and teacher. But
it is known that everything is done at a high professional level, which is noted by many state awards. He is
winner of the state grant "Best University Teacher" (2006, 2011). Professor Ibrayev N.Kh. holds the title of
author with high publication activity in Nature Springer journals (2017), was nominated as “Best
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Researcher” (2022), “Most Cited Researcher in Engineering and Technologies” (Scopus Award, Elsevier,
2018), etc.

Ibrayev N.Kh. is actively involved in scientific and organizational activities, is a member of the
National Scientific Council "Intellectual Potential of the Country™ in the direction of "Natural Sciences".
Chairman of the dissertation council for the defense of doctoral dissertations, under his supervision 7
candidate dissertations and more than 10 PhD dissertations were defended. His erudition and dedication to
science and such qualities of a research scientist as creative initiative, hard work and desire to understand the
laws of physics of complex phenomena at the micro and nano levels are a shining example for students and
colleagues. Almost every issue contains articles by Professor Ibrayev N.Kh. or his students, which present
new research results.

We wish Ibrayev Niyazbek Khamzinovich good health, creative ideas and great success in work, family
well-being, happiness and inexhaustible enthusiasm!

Now let me move on to a brief description of the contents of this issue. The Materials Science section
presents new original results on the study of the properties of various materials. The article by authors from
Astana presents the results of a study of crystalline graphite powder as a radio-absorbing material in the
ultra-high-frequency range. The review article in this section is devoted to the analysis of the influence of the
parameters of thermal treatment and chemical modification processes, such as temperature conditions and
duration, on the characteristics of synthesized carbon structures used as electrodes for lithium-ion batteries
and supercapacitors. As a result of the research conducted by our university researchers, the effect of the
Spiro-OMeTAD film thickness on the structural, electrical and transport properties of perovskite solar cells
was studied. It was found that with a layer thickness of 260 nm, the efficiency of solar cells reaches its
maximum value, and further increase in the layer thickness reduces their efficiency. In a joint paper by
Tomsk and Kazakhstani authors, the possibility of synthesizing magnesium fluoride, barium fluoride and
magnesium fluoride ceramics activated by tungsten was demonstrated by influencing the charge with an
electron flow of a certain energy and power density. It was shown that in the process of radiation synthesis,
tungsten enters the ceramics crystal lattice.

In articles in the Energy section, the authors discuss possible ways and methods for solving current
problems based on modeling. The first article presents the results of modeling a Stirling engine taking into
account temperature changes in the cooler and heater, under the condition of synchronous movement of the
piston and the displacer. The possibility of increasing the engine power by reducing the hydraulic resistance
in the regenerator is shown. The second article assesses the state of the operating parameters of power
systems using telemetry and synchronized vector measurements. The method proposed by the authors
improves the accuracy of estimating the voltage in the circuit nodes and active power flows in connections in
normal and post-emergency modes.

The Engineering section offers solutions to current automation problems in modern technologies and
control and monitoring systems. The article by Azerbaijani authors (Baku) examines the problem of
controlling a vacuum technological complex, where the algorithm and principles of control are first applied
to analyze the vacuum block of a specific "ELOU-AVT type primary oil refining unit." The proposed
method and control algorithm allow "to promptly perform preliminary local correction of control modes,
which can help ensure the stability of the quality of the target products obtained."

The article by the authors from the Ghalam Scientific Center (Astana) presents the results of designing,
creating and testing a ground station for transmitting and receiving information for low-orbit nanosatellites
for remote sensing of the Earth in the S-band using universal inexpensive SDR hardware platforms based on
field-programmable gate arrays (FPGA) and microcircuit transceivers. The article by Russian authors shows
the results of modeling "technological processes of drawing with wall thinning of hollow axisymmetric parts
for various purposes”, which in practice are carried out in fairly complex conditions with high loads. An
example of "selecting technological conditions of friction and the degree of deformation in the process of
drawing with thinning, ensuring the necessary monotony of the process" is given. The article by our
university authors presents the results of research into “the features of the processes of squeezing liquid
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through throttling holes". The effect of increasing the temperature of the liquid during throttling, which
depends on the cross-sectional area of the annular layer of liquid in the heat-generating block, is established,
which can contribute to improving the thermal characteristics of the system.

The Physics and Astronomy section features a paper by Nigerian authors that applies the exact
quantization rule approach to the analytical solution of the radial Schrédinger equation, specifically by using
the inverse square Yukawa potential class. Using this method, they successfully "predicted the mass spectra
of heavy mesons over a range of quantum states using energy eigenvalues.” "The energy spectrum decreased
as the angular momentum quantum number increased in the case where the principal quantum number
remained fixed" was found.

The paper by researchers from research centers in Almaty, Astana, and Karaganda is devoted to the
problem of increasing the energy conversion efficiency of dye-sensitized solar cells. The authors offer for
discussion the results of "GaN synthesis by plasma-enhanced chemical vapor deposition on sapphire and
silicon substrates" under certain parameters.

The last two articles are devoted to solving problems of electron optics. In a joint study by authors from
Aktobe and Ryazan (Russia), the effect of the width of the interelectrode gap on the focusing quality of
electrostatic mirrors with rotational symmetry was investigated. The electrodes are coaxial cylinders of equal
diameter, separated by gaps of finite width. Based on the calculations, the geometric and electrical
parameters of two- and three-electrode mirrors were determined taking into account the width of the
interelectrode gap, ensuring spatial focusing of beams of charged particles and improving the resolving
power of mass spectrometers and electron microscopes. In the article by the Almaty authors, a "method for
calculating the electrostatic field of multipole systems based on a conducting circular cylinder" was
proposed. For the solution, a "method for solving integral equations with singular and quasi-singular kernels
was used, ensuring high accuracy of field calculations for electron-optical systems with rectilinear
boundaries."”

We hope that the articles presented in this issue will be of interest to scientists, teachers, researchers,
doctoral and master's students.

We would like to express our deep gratitude to our reviewers for their objective and highly qualified
examination of the materials, which helped ensure the quality of the published articles.

We will be glad to see you among our readers and authors of the 2025 issues, in which it is planned to
publish articles by leading scientists on the most relevant and priority areas of modern physics and
technology.

With respect and best wishes for health and well-being to our authors and readers,

Editor-in-Chief, Professor Sakipova S.E.
December 2024



Eurasian Physical Technical Journal, 2024, 21, 4(50) Materials science 7

EURASIAN PHYSICAL TECHNICAL JOURNAL

v BUKETOV Y}

% #-;'. .;iﬁ 2024, Volume 21, No.4 (50)
) ﬂ‘ https://doi.org/10.31489/2024N04/7-13
Received: 25/06/2024 Revised: 26/10/2024 Accepted: 12/12/2024 Published online: 25/12/2024
Original Research Article a Open Access under the CC BY -NC-ND 4.0 license

UDC 538.976

RADIO-ABSORBING MATERIALS BASED ON GRAPHITE PARTICLES IN
EPOXY RESIN

Makhanov K.M.%, Smagulov Zh.K.?, Burambaeva N.A.%, Assilbekova A.M.!, Soldatkhan D.},
Kuttybek A.A.1, Suleimenova A.K.}, Kenes T.K.1, Kenesbekov S.E.}, Serikova A.A.%,
Kenesbek B.Sh.*

'L.N. Gumilyov Eurasian National University, Astana, Kazakhstan
2E.A. Buketov Karaganda University, Karaganda, Kazakhstan
*Corresponding author: makanov@inbox.ru

Abstract. This paper presents the results of a study on radio-absorbing materials in the ultra-high frequency
range of 78-118 GHz. Crystalline graphite powder (particle size 0.1 mm) was considered as the main radio-
absorbing material. Epoxy resin was used as a substrate and a binder. The samples were prepared by dispersing
the graphite powder across the surface of the epoxy resin substrate. The most effective working thickness of epoxy
resin has been established experimentally. The geometric dimensions of the arrangement of the installation
components at which the most effective signal recording is observed are calculated. The results of the studies
showed that a film consisting of graphite particles on the surface of epoxy resin effectively shields radio emissions
in the 3-millimeter range.

Keywords: Radio-absorbing materials, radio frequency range, electromagnetic wave absorption,
graphite, attenuator, radio-frequency generator, calorimeter, horn antenna.

1. Introduction

The development of modern radio-electronic technology, especially in the field of ultra-high
frequencies (microwave), has led to a global problem of electromagnetic pollution, which can have a
negative impact on the operation of radio equipment. The number of different sources of electromagnetic
radiation (EMR) is increasing, and the frequency range used is expanding. All this requires addressing issues
related to protection from EMI across a wide frequency range [1].

Radio-absorbing materials (RAM), capable of absorbing or attenuating radio wave radiation, are one of
the effective means of solving these problems [2]. Such materials include ferrites [2], metal alloys [3],
graphite [4], carbon nanotubes [5] and others. Thus, the material can be manufactured using components
capable of absorbing or reflecting radio waves. This work aims to develop and study radio materials that
effectively absorb EMR in the range of 78 — 118 GHz. The radio materials being developed must satisfy the
ratio of “high protection efficiency — low manufacturing costs.”

The object of study is graphite particles embedded in the matrix of the binder material. The choice of
the object of study is due to the presence of a large number of works devoted to the study of radiophysical
parameters of graphite, the prospects of using graphite particles as fillers in the materials under study. In
particular, the next stage of research will be devoted to the production of polymer films with fillers from
graphite particles of different sizes.
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ED-20 epoxy resin was used as the binder. Epoxy resin easily adheres to surfaces requiring emitted
electromagnetic interference (EMI) protection and is resistant to various pressures applied to the surface [6].
However, the authors do not consider issues related to the thickness of the epoxy resin. Graphite particles
were pre-mixed in a certain proportion in an epoxy resin solution. The film samples under study were
obtained by applying a mixture of various volumes (5 ml, 20 ml, and 15 ml) onto glass substrates (9.5x6 cm),
transparent in the radio range under consideration.

The determination of the film thickness was carried out by transforming the formula for calculating the
volume (V = abc, c = V/ab), where V is the volume, a is the width, b is the length, and ¢ = h is the
thickness of the epoxy resin. The obtained sample thickness values for epoxy resin of various volumes: at
V=5ml, h; = 0.8 mm; at V=10 ml, h, = 1.7 mm; at V=15 ml, h; = 2.6 mm.

2. Material and Methods

The experimental setup consists of a G4-183M signal generator, an AP-20 attenuator, two rectangular
horn antennas, and an M1-25 M/03 calorimetric power meter. At the initial stage, work was carried out to
determine the optimal relationship between the geometric parameters and frequency characteristics of the
experimental setup. When studying the characteristics of radio-absorbing materials, it is necessary to first
create conditions that provide the ability to perform various actions to increase the measuring capabilities of
the device. For example, to ensure a change in the angle of incidence of the EMR, a change in the frequency
of the generator, and the polarization of the electromagnetic wave entering the absorbing layer (material
under study). To do this, the first few stages of measurements must be carried out in “empty space”, without
objects of study.

An experimental setup was assembled in accordance with the aforementioned requirements. To
maintain the stability of the instruments and their position at the same level, the generator and calorimeter
were installed on special metal bases. A Standa rotary platform was used to rotate the test sample. The
structural diagram of the experimental setup is shown in Figure 1.

Horn antenna % - location area of devices
Attenuator [ —l

A place to attach the
object of study

Power
Calorimeter unit

Generator

Power
Calorimeter 3

Angular rotary
installation

Fig.1. Structural diagram of the experimental setup

In the assembled installation, the angle between the transmitting and receiving horn antennas is small.
Therefore, we first determined the radiation pattern of the horn antenna [7, 8]. The studies were carried out at
a frequency of 98 GHz. The attenuation level (attenuator) of the original EMR was set to 5 dB. The rotation
step of the receiving antenna corresponded to 3-5°.

The results of measurements in the E and H planes, obtained by changing the angle of the receiving
antenna, are presented in Table 1.

Table 1. Results of measuring a horn antenna in the E and H planes

Angle Loe ] s 8° 10° 16°
Signal  power, | E 14.47 12.43 9.54 7.53 1 0 0 0
dB H 15.71 1459 | 10.21 9.21 6.98 3.01 1 0

The obtained values made it possible to construct a radiation pattern, as well as a 3D model of the
antenna and diagram (Figure 2). All charts and graphs presented in the work were constructed using the
OriginPro program and the Ansys HFSS environment. Based on the results obtained, the distances
corresponding to the effective placement of equipment components were calculated depending on the size of
the sample under study. The calculation results are presented in Table 2.
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X - the horizontal axis ) asv
Y - the vertical axis
Z - the axis pointing in the direction of the antenna

Hand E. dB

b)
Fig.2. Antenna radiation pattern in E and H planes (a), 3D antenna models and radiation patterns (b)

Table 2. Effective distance depending on the width and height of the object under study

m Height, cm
11.15 13.32

471 6.82 8.99 11.15 13.32 15.48 17.65

. 6 | 646 6.82 8.99 11.15 13.32 15.48 17.65
8.20 8.20 8.99 11.15 13.32 15.48 17.65
9.95 9.95 9.95 11.15 13.32 15.48 17.65

Effective distance, cm

The results presented in Table 2 show the dependence of the distance between the antennas and the
sample on the size of the sample itself. Changing the size of one of the sides of the object under study is
accompanied by a mandatory adjustment of the distance between the sample and the antenna. This is
necessary in order to cover the entire EMR propagation area and eliminate errors in the registration of the
useful signal. Based on these results. a block diagram (Figure 3) of the location of the sample relative to the
antennas was constructed. Subsequently, the installation was assembled according to this diagram.

Horn antenna

A place to attach the
object of study
S=2cm

EMI emitter EMI receiver

h

Angular rotary installation

Fig.3. Structural diagram of the sample arrangement relative to the antennas
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The distance between the horn antennas and the object was set in strict accordance with the calculation
using a caliper. The assembled experimental setup allows for consistent measurements of both transmission
and reflection coefficients. This is achieved by using an automated rotating platform (Standa) and a sample
holder design. If it is necessary to change the nature of the experimental work, the overall design of the setup
is not violated. Accordingly, there is no need for additional work on setting up the devices. The measured
data from the recording part can be automatically transferred to a personal computer. Where, subsequently,
they can be processed and saved in Excel format. Thus, at this stage, the work on constructing and
assembling the experimental installation was completed. The radiation pattern was determined and the
geometric position of the installation components relative to each other was calculated.

3. Experimental results and discussion

To establish a safe operating mode of the equipment, the "empty space” measurements were
preliminarily carried out at different levels of signal attenuation. The level of attenuation of the power of the
initial EMI was set to 25 dB. Then, the attenuator was sequentially opened with a step of 5 dB and the
readings were taken from the display of the calorimetric meter. Registration of absorption coefficients was
carried out at fixed frequencies of 78.5 GHz, 98 GHz and 118 GHz. Based on the measurement results, a
graph of the dependence of the transmitted signal on the frequency and attenuation level of the initial EMI
was constructed. The results were processed and presented in 3D format in Figure 4,a. We observe that the
level of the emitted signal at the extreme frequencies is lower than the level at 98 GHz. This observed
change in signal power is associated with the technical characteristics of the experimental equipment. It was
also determined that an EMI attenuation level of 5 dB is the most optimal, as it allows measurements to be
conducted without compromising the accuracy of results or the equipment's integrity. Subsequent
measurements were conducted at this attenuation level.

Scale = 0.2
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Fig.4. Recording "empty space” (a) and determining the most effective thickness of epoxy resin (b)

The next stage of the study focused on determining the absorption level of pure epoxy resin substrates
of varying thicknesses. The purpose of this stage was to select the maximum thickness and determine its
absorption properties to ensure that the substrate would not affect the research object. The measurements
were carried out for films with a thickness of 0.8 mm, 1.7 mm and 2.6 mm, respectively. Registration was
carried out at three discrete frequencies of 78.5 GHz, 98 GHz and 118 GHz. The results obtained are
presented in Table 3.

Table 3. Measurement results of epoxy resin films of various thicknesses

f, MHz Measurements, dBm

0 mm 0.8 mm 1.7 mm 2.6 mm
78500 -16.58 -16.58 -16.98 -19.59
98000 -13.19 -14.94 -12.37 -13.67
118000 -18.54 -16.98 -17.69 -18.54
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A graphical representation of the dependence obtained after processing the data in Table 3 is shown in
Figure 4b. A review of Figure 4b shows that the epoxy resin thickness of 1.7 mm is the most optimal. At this
thickness, the substrate has a minimal effect on the magnitude of the EMI. Subsequently, when
manufacturing the objects of study, we were guided by these results.
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Fig.5. Comparison of study objects

The RAM was manufactured by blowing 10 mg of powdered graphite (grade GL-1) over the surface of
the epoxy resin. Registration of the transmission coefficients of the EMI that passed through the samples was
carried out at frequencies of 78.5 GHz, 98 GHz and 118 GHz. Figure 5 shows the results of comparing the
data obtained for the case of "empty space” and epoxy resin with a thickness of 1.7 mm. From the figure we
see that the registered signal that passed through the RAM corresponds to the value of -30 dBm. This
indicates complete shielding of the EMI.

4. Conclusion

This study presents the results of measuring the transmission coefficient of graphite particles on the
surface of epoxy resin. Signal registration was conducted at three different frequencies: 78.5 GHz, 98 GHz,
and 118 GHz. It was determined that the most effective epoxy resin thickness is 1.7 mm, as this thickness
has minimal impact on EMI levels across all tested frequencies. The results of experimental measurements of
films of graphite particles on the surface of an epoxy substrate were obtained. The films were produced by
dispersing 10 mg of graphite particles. The results demonstrated that the tested material completely shields
EMI in the millimeter range.
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Abstract. This review article focuses on the study of carbon materials utilized as electrodes in lithium-ion
batteries and supercapacitors. The research examines three primary categories of materials: activated carbon,
carbon aerogels, and nanoporous carbon. The article provides a comprehensive explanation of the operational
principles of many types of capacitor systems, such as double-layer electrochemical capacitors, pseudo
capacitors, and hybrid capacitors. The carbon materials under discussion are thoroughly examined with a focus
on their synthesis processes, structural features, and electrochemical properties. The study investigates the impact
of pore structure, surface area, and the presence of functional groups on electrode performance. The impact of
heat treatment and chemical modification techniques on the properties of synthesized carbon structures has been
investigated, specifically examining parameters such as temperature and duration. The text examines the benefits
and drawbacks of each material type, taking into account their individual capacity, cyclical stability, and
economic efficiency. The study emphasizes the importance of precise adjustment of the synthesis process to
enhance the electrochemical characteristics and showcases the possibility of employing these materials in
sophisticated energy storage devices. This review serves as a crucial resource for experts engaged in developing
cutting-edge materials for lithium-ion batteries and supercapacitors. It also highlights potential topics for future
research in the realm of electrochemical energy storage.

Keywords: lithium-ion battery, supercapacitor, carbon materials, activated carbon, carbon aerogel, nanoporous

carbon.

1. Introduction
In the present era, energy technologies are increasingly becoming essential components of both

everyday living and several industrial sectors. Lithium-ion batteries and supercapacitors are essential for the
storage and utilization of electrical energy, serving as sophisticated electrochemical devices. The efficacy of
energy storage and transmission significantly impacts the advancement of contemporary mobile gadgets,
electric transportation, and renewable energy sources.

The choice of materials for electrodes plays a vital role in determining the effectiveness of these

technologies. This paper offers a comprehensive examination of three primary categories of carbon materials
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- activated carbon, carbon aerogels, and nanoporous carbon - focusing on their electrochemical
characteristics and potential applications in lithium-ion batteries and supercapacitors.

One category of materials is activated carbon. Activated carbon possesses exceptional electrical
conductivity, resistance to corrosion, and affordability as a result of its substantial specific surface area and
porous configuration. This article analyses the methods of synthesizing activated carbon-based electrodes,
their structural properties, and the impact of activation conditions on their efficiency. Carbon aerogels, a
significant category of materials, possess exceptional characteristics in terms of both their lightweight nature
and structural strength. An analysis is conducted on the electronic conductivity of carbon aerogels, as well as
their potential for increased capacity upon activation. Additionally, this article presents surface modification
techniques that are designed to enhance the electrochemical properties of the electrodes.

Nanoporous carbon, which is classified as a third-class material, is formed by carbides. These new
materials should be given attention in the development of effective electrodes for supercapacitors and
lithium-ion batteries since they have a high specific surface area and porosity. A study was conducted to
investigate the impact of temperature, chlorination duration, and synthesis time on the structural features and
electrochemical properties of nanoporous carbon.

2. Condenser systems

The Leiden Jar, founded in 1745, is the fundamental model for contemporary electrolytic capacitors.
Capacitors are ubiquitous in modern electronic devices and have applications across various domains of
electrical engineering. In recent times, a multitude of novel capacitors have been created that function by
diverse electrochemical mechanisms. Supercapacitors, sometimes referred to as electrochemical capacitors
that utilize the charge energy of a double electric layer (DEL), are rapidly advancing in the realm of
contemporary energy storage devices [1]. Electrochemical capacitors, as defined by Brian Evans Conway,
are devices that undergo quasi-reversible electrochemical charge-discharge operations. The galvanostatic
charge-discharge curves of these devices exhibit a nearly linear shape, indicating that their dependencies are
comparable to those of ordinary electrostatic capacitors [2].

Electrochemical supercapacitors function as a bridge between dielectric capacitors, which have the
ability to rapidly release a significant quantity of energy, and batteries, which have the capacity to store a
substantial amount of energy. Supercapacitors (SC) can be used to complement or replace batteries in
situations of high consumption and energy usage. These devices exhibit a greater efficiency in terms of
energy conversion or uptake compared to batteries, while they possess a lower energy density.
Supercapacitors are essential for controlling and balancing the load, as well as for supplementing or
substituting batteries in situations that demand uninterrupted power supply, which is referred to as
compensatory power supply [3].

Based on the manner of energy storage, supercapacitors are categorized into distinct classes, each with
its own operating principles. These classes include capacitors with a double electric layer, pseudo-capacitors,
and hybrid capacitors. Currently, the prevailing devices are capacitors equipped with a dual electric layer.
These devices produce energy by creating an electric charge on highly porous materials in the active section
of the electrodes. These devices do not experience oxidation/reduction events, which are referred to as
Faraday processes. Instead, the charge builds up in pseudo capacitors or redox supercapacitors as a result of
fast and reversible reactions that occur on the surface or near the surface. However, both batteries and pseudo
capacitors frequently lack enough stability during cycling as a result of redox processes.

Hybrid capacitors are a novel integrated circuit (IC) that merges a battery electrode with either a
capacitive or pseudo-capacitive electrode. These capacitors have the characteristics of both a capacitor and a
battery. Capacitors can be categorized as symmetrical or asymmetrical based on the design of the cell [4].

2.1 Double-layer electrochemical capacitors

In 1957, Becker initially described the concept of DEL SC in a patent [5]. N.S. Lidorenko spearheaded
the creation of the domestic DEL SC at the All-Union Scientific Research Institute of Current Sources. The
devices were referred described as "molecular energy storage devices".

The charge builds up in the capacitors of the double electric layer as a result of the reversible adsorption
of electrolyte ions by stable electrochemically active materials with a large specific surface area. During
polarization at the electrode-electrolyte interface, there is no transfer of charge across the boundary between
the electrode and the electrolyte. The charge mechanism involves the surface dissociation of the electrolyte
and the adsorption of ions from the solution into the pores of the electrode. Consequently, there is either an
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abundance or a deficiency of charge on the electrode's surface. Simultaneously, ions of opposite charge
migrate towards the interface between the electrode and the electrolyte to uphold electroneutrality [6].

Helmholtz formulated the initial hypothesis regarding a double electric layer and drew a parallel
between the double electric layer and a planar capacitor. Gui-Chapman, Stern, and Grem provided additional
support for the concept [7].

During the charge-discharge cycle of supercapacitors, Faraday processes are absent. Instead, energy is
solely accumulated by the electrostatic charges present on the opposing surfaces of the double electric layer.
Consequently, these devices have the ability to operate for an extended period without experiencing a
decrease in active mass, a phenomenon commonly seen in chemical power sources [8]. Although the
electrochemical processes in secondary current sources are irreversible, the active mass of the electrodes is
steadily diminishing. Therefore, the number of charge/discharge cycles that a battery can undergo during its
lifespan varies, ranging from several thousand cycles, depending on the specific type of battery. The DEL SC
exhibits excellent reversibility and may undergo a cyclic life of 105-10° cycles without forming new phases
or intercalating [9]. The system exhibits quick charge and discharge capabilities with large currents, as it is
not affected by polarization issues.

Figure 1 illustrates the structure of symmetrical double-layer electrochemical capacitors, which have
two electrodes immersed in an electrolyte and separated by a membrane or separator. Separators are
commonly employed in the utilization of diverse polymers, paper, or fiberglass. The electrodes consist of
metal current collectors, often composed of aluminum or stainless steel, that have an active mass placed onto
them. The active mass comprises a binder and a carbon substance with a highly developed surface. An
electrically conductive additive, sometimes referred to as soot, may be added to the active mass in certain

circumstances.
Current-collecting device separator

>

v T

+ -

+ -

bome

electrode electrolyte double electric layer

Fig.1. Schematic representation of double electric layer supercapacitor

The electrochemical process in DEL SC can be represented as follows:

- The positive electrode Es + A" Es* || A"+ ¢

- Negative electrode Es + K" + ¢” < Es || K™;

- Total reaction Es + Es+ K" + A"« Es || K" + Es + || A"

The surface of the electrode is denoted as Es, and there is a double electric layer, represented by ||,
where charge accumulates on both sides of the electrode. The cations and anions of the electrolyte are
denoted as K* and A, respectively [10]. When the integrated circuit is charged, the electrons are facilitated
by the external environment to travel from the positive electrode to the negative electrode. The ions migrate
towards the electrodes from within the electrolyte. Due to the load during discharge, electrons migrate from
the negative electrode to the positive electrode, while ions reenter the electrolyte's volume and return to the
surface. The electrolyte-impregnated separator prevents a short circuit between the electrodes while the
supercapacitor is charged or discharged, while still allowing the passage of cations and anions. The charge
density and electrolyte concentration fluctuate during the process of charging and discharging. The
capacitance of a capacitor is determined by the surface area of its plates and the separation distance between
them.
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c:%, 1)

where &, is the dielectric constant, ¢ is the relative permittivity, S is the surface area of the lining, d is the
distance between the plates, C is the capacitance of the capacitor.

In the design of a supercapacitor, the distance between the electrodes is equivalent to the thickness of
the double electric layer, which is similar in size to the dimensions of molecules. The magnitude of this value
is roughly a few angstroms, contingent upon the dimensions of the ions and the concentration of the
electrolyte. The capacitance of these capacitors is significantly lower compared to electrolytic capacitors that
utilizes aluminum foil, in which a thin oxide film on the metal surface acts as a dielectric (with a thickness of
approximately 10 nm). Furthermore, the utilization of contemporary carbon materials with a substantial
specific surface area (ranging from 1500 to 2500 m?/g) enables the attainment of the most extensive surface
area for the lining of the capacitor [11].

Figure 1 depicts a SC model comprising two capacitors connected in series. The porous electrodes
facilitate the formation of electrical layers that enable current collection. The reason for this is that the ion
layer created in the liquid at the interface serves as one of the plates of the supercapacitor. However, it is
challenging to get a current collector with such characteristics from the liquid. The formation of the double
electric layer occurs on a non-uniform surface, and not all parts of the electrode are equally accessible for
wetting with electrolyte [12]. Currently, one of the key areas of research is the investigation of the
relationship between the SC capacitance and the features of the electrode surface, including wettability, zero
charge potentials, and the presence or absence of functional groups [13].

2.2 Pseudocapacitors

Pseudo capacitors are distinct from double-layer capacitors in that their capacitance is influenced by
both electrostatic mechanisms and rapid Faraday reactions involving charge transfer. In this scenario, the
active materials' surfaces undergo reversible redox reactions, resulting in "pseudo-intensive" behavior. The
operation basis of capacitors of this sort involves the combination of two energy conservation mechanisms:
electrostatic contact, which is comparable to what happens in capacitors with a double electric layer, and
Faraday reactions, which are similar to what happens in batteries and accumulators [14].

Pseudo capacitor electrodes undergo a variety of Faraday processes, including those that are repeatable.

- For instance, the process of depositing lead or hydrogen onto the surface of titanium or aluminum, as
well as the occurrence of redox processes involving transition metal oxides.

- For instance, compounds such as IrOz, RuO,, and different combinations of oxides [15] can be used.

- Additionally, electrodes made from conductive polymers can undergo repeated electrochemical
doping and dedoping procedures [16].

Ruthenium oxide-based pseudo capacitors exhibit a substantial capacity; nevertheless, their practical
application is constrained by the exorbitant cost of the constituent raw ingredients. Experiments are carried
out utilizing inexpensive substances such as iron, vanadium, nickel, cobalt, and manganese oxides [17].
Interest in carbon materials that utilize a charge accumulation mechanism in a double electric layer is
justified due to their increased pseudo-capacity. However, both batteries and pseudo capacitors are
frequently regarded as unstable during cycling as a result of redox processes [18].

2.3 Hybrid capacitors

Hybrid systems employ a solitary electrode with a "Faraday function" rather than two carbon electrodes
that are identical, in contrast to double-layer electrochemical capacitors. Asymmetric hybrid supercapacitors
possess two primary benefits. One reason is the higher specific energy resulting from the battery electrode,
and another one is the higher specific power resulting from the capacitor type electrode [19]. When
employing a non-polarizable electrode, the voltage of an individual component rises, resulting in an
expansion of the operational voltage range. Removing the second capacitor that is linked in series in an
equivalent circuit enhances the overall electrical capacitance of the capacitor. This combination of
adjustments enhances the specific energy by a factor of two to five when compared to a symmetrical design.
An advantage of an asymmetric system is its low self-discharge rate. This is due to the presence of only one
carbon electrode in the cell, as opposed to two in a symmetrical capacitor. The carbon electrode is primarily
responsible for the self-discharge in the system [20].
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Hybrid capacitors encompass the subsequent systems:
- Examples of metal oxides used with aqueous electrolyte solutions include NiOOH|KOH|C [21] and
PbO,|H2SO4|C systems. Regarding the latter system, the overall reaction can be expressed as follows:

PbO, + 2H2804+(H+)ad/e > PbSO4+2H20+(HSO4-)ad/—e.

The DES (Dual Energy Storage) system undergoes recharging at the negative electrode [22].

Graphite [4], LiMnO;, Li, MnSiOs, LisTisO12, and other related compounds have the ability to
reversibly intercalate lithium ions in non-aqueous electrolytes. These systems closely resemble normal
lithium-ion systems. One instance is the suggestion of a hybrid electrode utilizing nanostructured -Fe OOH
[23]. The development of hybrid systems has resulted in the creation of novel electrode materials for lithium-
ion batteries. As an illustration, the system consists of nanostructured LisTisO1, and a positive electrode
composed of activated carbon [24]. Figure 2 illustrates the operational principle of these systems.

—J OO0 OP
‘MO [Emg Lo}

@)
»A A P 10000
A A A iejele]

Fig.2. Schematic representation of a hybrid integrated circuit [24]

The lithium titanate electrode offers high power output without the formation of a "solid electrolyte"
layer. Furthermore, LisTisO1, exhibits minor changes in volume during the charging/discharging process,
making it highly resistant to cycling [25]. Following the examination of LisTisO12, humerous subsequent
experiments were carried out utilizing different combinations of lithium-containing electrodes in conjunction
with capacitive carbon electrodes. The emergence of nanomaterials and significant advancements in lithium-
ion battery technology are expected to drive the creation of high-performance hybrid supercapacitors. These
supercapacitors will utilize a lithium-containing electrode to enable fast charging and discharging.

3. Materials of DEL SC electrodes

Carbon's distinctive chemical and physical properties make carbon compounds appealing for use as
electrodes. The properties of this material encompass excellent conductivity, resistance to corrosion, stability
under high temperatures, the capacity to regulate the porous structure, affordability, eco-friendliness, and
potential for utilization in composite materials. Double layer charging enables the utilization of electrodes
that possess highly advanced characteristics such as specific surface area, open porosity, electronic
conductivity, and electrochemical stability. This allows for the attainment of a high and reversible
capacitance. Currently, ongoing research involves the utilization of activated carbons, nanoporous carbon
derived from carbides, carbon fabric, nanotubes and nanofibers, spheroidal carbon structures, aerogels, and
other materials [26].

3.1 Activated carbon

Activated carbons (AC) are widely used materials due to their abundant availability, large surface area,
and affordable price. Various affordable and readily available raw materials such as rice husks, coconut
fibre, sunflower cake [27], animal bones, apricot kernels, straw [28], etc., can be utilized for the
manufacturing. The two prerequisites for eliciting a response from an asynchronous machine are carbonation
and activation. Conversely, carbonation refers to the transformation of organic matter into carbon through
the application of heat in an oxygen-free environment. During the carbonization process, hydrolysis occurs,
resulting in the creation of graphite plane pieces. The temperature ranges from 300 to 500 °C. During the
carbonization process, it may be necessary to use elevated temperatures, such as 600-1000 °C. The
temperature at which carbonation occurs has a significant impact on the composition and arrangement of
coal (table 1).
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Table 1. Properties of carbon materials after their processing.

Method Result
Oxidation in the liquid phase (by | An increase in surface area and porosity, a decrease in density, an increase
oxygen-containing acids) in the concentration of surface functional groups.

An increase in surface area and porosity, a decrease in density, an increase
in the concentration of surface functional groups.

Increased surface area and porosity, improved wettability, increased
Plasma treatment concentration of surface functional groups, reduced electrical resistance,
increased electrocatalytic activity for the oxygen reduction process.

Increase in surface area and porosity, increase in density, decrease in the
concentration of surface functional groups, increase in the degree of
graphitization.

Oxidation in the gas phase (O2, H20)

Heat treatment in an inert
environment (argon, nitrogen)

Functional groups have the ability to influence several characteristics of the supercapacitor, such as the
rate at which it discharges on its own, the ability of the electrode to absorb the electrolyte, the resistance at
the contact points, and the angle at which the electrolyte wets the electrode surface. Functional groups
present at the interface of coal, electrolyte, and current collector might induce chemical reactions, resulting
in self-discharge currents and degradation of the electrolyte. Faraday reactions occurring in symmetrical
capacitors of the double electric layer typically result in a reduction in the cyclic lifespan of the system. The
surface of activated carbon materials may contain functional groups that contain oxygen and hydrogen, small
amounts of sulphur, nitrogen, halides, and remnants of organic precursors resulting from incomplete
carbonation.

3.2 Carbon Aerogel

Carbon aerogel-based supercapacitors have gained significant popularity. This material possesses
exceptional characteristics of both lightness and strength, making it highly distinctive. Additionally, it
exhibits an extraordinarily porous surface with a surface area ranging from 400 to 2000 square meters per
gramme (m?/g). Aerogels can be produced through the pyrolysis of formaldehyde polycondensation
products. The porosity structure of aerogels is determined by modifications in the parameters of the
polycondensation process. Aerogels are solid, film-like structures composed of interconnected polymer
chains. After pyrolysis, the polymer chains undergo a transformation and are converted into carbon, while
maintaining the same structure. Aerogel exhibits a considerably greater level of electronic conductivity
compared to activated carbon. Upon activation of the aerogel, there is a significant increase in surface area,
resulting in a corresponding rise in capacity. Nevertheless, the holes generated during the activation phase
can be excessively narrow for the electrolyte to reach. The literature also presents information regarding the
potential for altering the surface of activated aerogel. This modification enhances the ability of the material's
pores to be wetted by electrolyte, resulting in improved electrochemical properties of the supercapacitor [29].

3.3 Nanoporous carbon

Nanoporous carbon, also known as NPC or CDC-carbide generated carbon, is a novel carbon material
characterized by its exceptionally large specific surface area and porosity. These properties make it highly
appropriate for utilization in the electrodes of double-layer supercapacitors and hybrid SC systems. NPC is
produced through the process of chlorinating carbides of elements like Al, Ti, B, Si, Mo. This involves
exposing the carbides to a continuous flow of chlorine while heating them to a temperature range of 600-
1200 °C. In this reaction, the metal is separated from the carbide as a result of the creation of chlorides that
have a low boiling point. The carbon rearranges itself into structures that are predominantly amorphous,
disordered, and composed mostly of sp? bonds.

For example, for titanium carbide: TiC + 2Cl, — C + TiCls7.

For aluminum carbide: Al,Cs + 6Cl, — 3C + 4AICIs1.

The pore size is determined by the composition of the original carbide and can be modified through
technological means such as adjusting temperature or chlorination duration. The surface area of these
materials, as determined by the BET technique, ranges from 1000 to 2000 m?/g. Micropores, with a size
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ranging from 0.7 to 1 nm, mostly develop at a temperature of 800 °C. Mesopores, with a size ranging from 2
nm, are also generated under the same temperatures. As an illustration, the NPC derived from TiC had a pore
size ranging from 0.7 to 1.1 nm, and a specific surface area (Sger) of 1000-1600 m?/g. Simultaneously, the
specific surface area exhibited an increase as the average pore size decreased.

The scientists from the University of Tartu conducted research where they acquired and examined the
characteristics of NPC that were synthesized from various carbides, including TiC, AlsCs, B4C, a-SiC,
MO,C, VC, WC, TaC, NbC, HfC and ZrC. The nanoporous materials derived from vanadium, niobium,
tantalum, hafnium, and zirconium carbides exhibit optimal characteristics for use in DES supercapacitors,
owing to the favorable ratio between nanopore dimensions and surface area. Simultaneously, the surface area
of tantalum carbide NPC (2275 m?/g) ranks among the greatest among nanoporous carbons [30].

Considering the high cost and limited availability of these materials, as well as the combination of
surface area and pore size, the most appropriate mass electrical material is NPC derived from titanium
carbide at temperatures ranging from 700 to 900 °C.

It is important to mention that, similar to the materials mentioned earlier, not all holes of nanoporous
carbon are suitable for usage with solvents. As a consequence of the electrolyte's inability to moisten some
pores, a portion of the surface may stay inactive. Therefore, the computed capacity of the double layer on a
highly porous carbon material does not align with the real value. Deviation in the incomplete wetting of
pores can typically be attributed to the presence of numerous flaws, closed pores, a disordered structure, and
surface heterogeneity. To enhance the electrochemical characteristics of the completed supercapacitor, it is
imperative to select carbon materials that possess an appropriate porosity configuration for the specific
electrolyte. In order to achieve complete infiltration of ions into the electrode's pores and the creation of a
deep eutectic solvent, it is necessary for the minimum radius of the pores to align with the significant
dimensions of the electrolyte ions. In order to generate a concentrated and spread out section of the double
electric layer, it is imperative to augment the size and surface area of the active pores. The presence of larger
mesopores also plays a role in the formation of DEL.

4. Conclusions

Ultimately, the authors stress the necessity for additional investigation to optimize the efficiency of
carbon material synthesis for the purpose of attaining superior electrochemical characteristics. The article
discusses the potential of carbon materials in lithium-ion batteries and supercapacitors, emphasizing the need
for a careful balance between specific surface area, porosity, and structural stability in order to develop
efficient electrodes. This review article not only provides information for present researchers, but also
highlights essential issues for future research focused on creating novel materials for sophisticated
electrochemical devices like lithium-ion batteries and supercapacitors.
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Abstract. This work investigates the effect of the hole transport layer (HTL) thickness of Spiro-OMeTAD on
the electrical transport properties in perovskite solar cells (PSCs). Spiro-OMeTAD films were obtained by the
spin-coating method at centrifuge rotation speeds from 2000 to 7000 rpm. The thickness and morphology of the
Spiro-OMeTAD films were studied by atomic force microscopy (AFM). From the obtained AFM image data, an
increase in the surface root mean square (rms) value is observed with decreasing film thickness. A decrease in
film thickness leads to an increase in Energy gap (Eg from 2.97 eV to 3.01 eV. We observe that at a layer
thickness of 260 nm, the efficiency of the cells reaches its maximum value; further increasing the layer thickness
reduces the efficiency. Analysis of the impedance spectra of PSCs showed that the optimal layer thickness reduces
the HTL resistance and increases the recombination resistance at the perovskite/HTL interface, which increases
the effective lifetime of charge carriers. Images of the surface and current distribution of Spiro-OMeTAD on the
surface of the perovskite layer were studied. A non-uniform current distribution on the surface of the samples was
revealed, the observed spots with high conductivity are interpreted as perovskite quantum dots, which have better
photovoltaic characteristics.

Keywords: Perovskite solar cells, hole transport layer, Spiro-OMeTAD, conductive-AFM, current-voltage
characteristics, impedance measurements.

1. Introduction

In recent years, organic-inorganic perovskite solar cells have attracted much attention from the global
scientific community. The unprecedented development of PSCs is driven by their high optical absorption
coefficient, tunable bandgap, low cost, ease of fabrication, and great potential to achieve higher efficiency
compared to c-Si solar cells [1-3]. To increase the efficiency and stability of PSCs, work is being done to
search and optimize the composition of all parts of the solar cell, not only the perovskite itself, but also the
so-called transport layers. The hole-conducting transport layer plays an important role in the efficiency of
charge transfer and extraction of photoexcited perovskite, HTL is important for power conversion efficiency
(PCE) and stability in PSCs. Transport layers typically consist of small organic molecules, polymers, or
inorganic materials such as oxides. The energy level of the HTL material must coincide with the maximum
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of the perovskite valence band. The difference between these two energy levels allows for hole transport,
but too large a difference in energy levels can lead to energy loss [4-6]. Thus, when using a hole transport
material in PSCs, various basic requirements must be met, such as solubility, suitable energy level, and
high hole mobility [7]. The organic molecule Spiro-OMeTAD (2,20,7,70-tetrakis (N, N-di-p-
methoxyphenylamine)-9,90-spirobifluorene) is the most abundant HTL material in PSCs. This is due to its
suitable glass transition temperature, high transparency in the visible spectrum and almost perfect energy
band matching with MAPbDI; [8, 9]. The Spiro-OMeTAD layer above the photoactive layer is used as an
HTL to block electrons and pass holes to the bottom electrode. In addition to transporting holes into PSCs,
Spiro-OMeTAD avoids direct contact between the photoactive layer and the bottom electrode. Currently, the
efficiency of converting light energy into electrical energy in PSCs exceeds 25%. These indicators were
obtained as before using HTL based on Spiro-OMeTAD [10,11].

Studies have shown that charge transport properties at the perovskite/HTL interface are the main
factor limiting the efficiency and stability of high-performance PSCs [12,13]. It was shown in [14] that
recombination between holes in HTL and electrons in perovskite is the main mechanism of recombination
losses in PSCs. The amount of interfacial recombination can be influenced by the electronic coupling
between the HTL and the perovskite, the number of trap states in the HTL, and the conductivity of the
HTL [15-17]. Fast charge transfer through HTL is also important for the efficiency of PSCs; the
conductivity of hybrid perovskites is orders of magnitude higher than that of used HTLs, which can cause
the accumulation of high hole densities at the interface [18]. Therefore, the reduction in the transit time of
charges through the HTL can be increased due to the optimal thickness of the HTL, or by increasing its
conductivity by doping with various materials, which will significantly improve both the fill factor (FF)
and V. of the device by improving charge extraction and reducing the probability of passage
recombination in HTL [19]. Various thicknesses of perovskite and HTM layers have been reported, and an
optimal value is required for each layer. A thick perovskite layer greater than 1000 nm results in decreased
hole collection efficiency due to increased resistance and recombination within the perovskite layer. Thin
perovskite layers less than 100 nm cause low photocurrent due to lower photo-absorption. The likelihood
of recombination is reduced because the holes travel a shorter distance to reach the electrode. Device
performance improves when using a thinner HTM. The probability of hole accumulation depends on the
thickness of the HTL. Therefore, an ideal HTL thickness is required for a high-performance device. In
addition, since the perovskite surface contains crystallites, which can protrude through the HTM and
contact the electrode if a very thin HTL is used [20, 21]. In addition to this, concomitant light absorption
by HTL can also reduce the efficiency of PSCs by negatively affecting the short-circuit current density
(Jsc) [22]. Therefore, ideal HTL thickness is required for high-performance PSCs.

Thus, the use of Spiro-OMeTAD as HTL is extremely popular for perovskite solar cells, making the
study of charge transfer and recombination dynamics at the perovskite/HTL interface a highly relevant task.
Optimizing the thickness of the hole transport layer is an important procedure for the fabrication of high-
performance PSCs. Despite the fact that work has already been carried out around the world to optimize the
thickness of HTL, studies that include various characterization methods that provide a complete
understanding of the processes of hole transport in PSCs remain relevant. In this work, we fabricated Spiro-
OMeTAD-based solar cells and studied the effect of HTL thickness on the electrical transport performance
in PSCs.

2. Experimental part. Materials and Methods
2.1. Sample preparation and deposition process

Solar Cell Fabrication. Perovskite solar cells were constructed on glass substrates coated with a thin
conductive layer of FTO (15 Ohm/cm?), which acted as an external electrode (cathode). A TiO; film (Ti-
Nanoxide BL/SC-Solaronix) was applied to the surface of the FTO substrate using the spin-coating method
from a solution at a rotation speed of 5000 rpm, followed by annealing at a temperature of 500°C for 60
minutes. Next, a perovskite layer and a Spiro-MeOTAD hole-transport layer were sequentially deposited on
the TiO, surface. Spiro-OMeTAD films were obtained at different centrifuge speeds of 2000, 3000, 4000,
5000, 6000 and 7000 rpm. Finally, an Ag electrode was deposited onto the surface of the films in a vacuum
atmosphere at a pressure of 10 Pa.

Perovskite Materials. PbCl, (Sigma Aldrich) and Methylammonium iodide (MAI, Sigma Aldrich) were
used to prepare perovskite. Solutions were prepared by dissolving weighed portions of PbCl, (230 mg) and
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MAI (394 mg) powder in 1 ml of N, N-Dimethylformamide (Sigma Aldrich). The resulting solution was
stirred on a magnetic stirrer at a temperature of 60°C for 2 hours. To ensure complete crystallization, after
deposition, the perovskite films were annealed for 2 hours at 100 °C. The crystallization process is
accompanied by a change in the color of the film from yellow to dark brown.

Composition of HTM. The hole transport layer was made from 1 ml chlorobenzene (Sigma Aldrich) and
75 mg Spiro-OMeTAD. The resulting solution was stirred on a magnetic stirrer at a temperature of 30°C for
1 hour. To reduce the oxidation process, all operations were carried out in a sealed glove box with an inert
atmosphere. Structural formulas (a) and a scheme for producing perovskite solar cells (b) are shown in Fig.1.

Spiro-OMeTAD CH3sNH3l PbCl2
OCH, OCH, [ |
Q. _© N, cl cl
Hico{_-N Q‘@ N - ocH; Hy,C=N=H N pb""f
I
u,co@é @5@ OCH, H
OCHy DCHy ) i
a)
T= 500 °C
é i pdddd ¢

TiO2 ) TiO2

b)
Fig.1. Structural formula (2) and preparation scheme perovskite solar cells (b)

2.2. Analysis methods

The surface topography and thickness of the samples were studied using a JSPM-5400 atomic force
microscope (AFM, JEOL). To process the AFM images, a modular program for analyzing scanning probe
microscopy data (Win SPMII Data-Processing Software) was used. A SolverP47 (NT-MDT) AFM was used
to measure the local current distribution. When measuring current, a voltage was applied to the sample, while
a conductive probe coated with a gold film was grounded. To measure surface topography and determine
rms, a semi-contact scanning mode was used (NSC14 probe, Micromash); current measurements were
carried out in contact mode (CSC37/Au probe, Micromash). The thickness of the deposited layers and the
distribution of PSCs elements were measured using a scanning electron microscope (SEM, MIRA 3 LMU,
Tescan). The absorption spectra of Spiro-OMeTAD thin films were investigated on an AvaSpec-
ULS2048CL-EVO spectrometer (Avantes). A combined deuterium-halogen light source Avalight-DHc
(Avantes) with a working range of 200-2500 nm was used as probing radiation.

Thermal deposition of films was carried out using a vacuum deposition machine CY-1700x-spc-2
(Zhengzhou CY Scientific Instruments Co., Ltd). The preparation and assembly processes of PSCs were
carried out in a glove box with an inert atmosphere. Impedance spectra were measured using a P45X
potentiostat-galvanostat in impedance mode. The current-voltage characteristics of photosensitive cells were
determined using a Sol3A Class AAA Solar Simulators (Newport) with PVIV-1A I-V Test Station device.
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3. Results and Discussion

3.1. Structural analysis of the prepared films

Figure 2 shows AFM images of the surface of the HTL layer of Spiro-OMeTAD, obtained at different
centrifuge rotation speeds. As can be seen from Figure 2a, the surface morphology of the HTL layer obtained
at the lowest rotation speed is uniform and smooth. The rare pores observed are apparently associated with
the evaporation of the solvent when the film dries. As the rotation speed increases, a structure with
characteristic sizes of regions of several hundred nanometers appears on the surface of the film (Figures 2b-
2f). The appearance of such a structure can be explained by the influence of the FTO substrate surface.
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Fig.2. Surface morphology of Spiro-OMeTAD films, obtained at different substrate rotation speeds:
a) 2000 rpm.; b) 3000 rpm.; c) 4000 rpm.; d) 5000 rpm.; e) 6000 rpm.; f) 7000 rpm.

Figure 3a shows the dependence of the thickness of Spiro-OMeTAD films on the centrifuge rotation
speed. The thickness was determined from the step height obtained by scratching the surface of the film by
measuring the height difference using statistical analysis. The solid line in the figure shows the well-known
dependence of thickness on centrifugation speed t~1/Nw, fitted to the data obtained using the least squares

method.
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Fig.3. Thickness (a) and standard deviation (b) of the surface of the spin-coated Spiro-OMeTAD film as a
function of rotation speed: a) blue symbols — experimental data, red line — dependence t ~ 1/w®5; in the inset - the same
data in coordinates t (1/w°5%); b) data 1 — for FTO film, data 2 — for film on glass; the lines show the average value for 2
and the rms~w®® dependence for 1.
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It can be seen that the obtained thicknesses are in good agreement with the theoretical dependence and
decrease monotonically with increasing rotation speed. Apparently, as the rotation speed increases, the film
thickness decreases and the structure of the substrate appears in the AFM image.

Figure 3b shows surface root mean square deviation (rms) versus spin speed for Spiro-OMeTAD films
deposited on FTO and glass. For a film on FTO, a sharp increase in surface rms is observed when the
rotation speed increases to 4000 rpm, then the dependence saturates. The stabilization of rms can be
explained by the stabilization of thickness at high speeds: the structure of the substrate appears
approximately the same for samples obtained at speeds from 4000 rpm. The rms dependence for FTO films
is well approximated by the rms~w?® dependence. Thus, dependences of thickness and rms on rotation speed
are inverse for FTO substrate. For Spiro-OMeTAD films deposited on glass, no dependence of rms on
rotation speed is observed; the average rms value of films on glass is close to the rms value of the thickest
film on FTO. The SEM image of the cross-cleavage and the element distribution of PSCs are shown in
Figure 4. From the figure 4, it can be seen that the thickness of the FTO film is 360 nm, the thickness of the
TiO: film is 65 nm, the perovskite layer is 340 nm, the Spiro-OMeTAD layer is 260 nm, the Ag electrode
layer is 70 nm.
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Fig.4. SEM images of transverse cleavage a) and distribution of PSCs elements b)

3.2. Optical properties

Figure 5a shows the absorption spectra of Spiro-OMeTAD films. The absorption spectrum of Spiro-
OMeTAD has three maxima, the most intense is at a wavelength of A=228 nm, and the other two maxima are
less intense and are located at A=308 nm and A=373 nm.
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Fig.5. Absorption spectra (a) and band gap (b) Spiro-OMeTAD films with different thicknesses
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As the film thickness decreases, a shift in the absorption edge of Spiro-OMeTAD is observed. This shift
to short wavelengths is associated with a change in the surface structure of Spiro-OMeTAD films. In
addition, decreasing the film thickness leads to a decrease in the optical density of Spiro-OMeTAD.

From the absorption spectra of the films, the energy gap (Eg) of Spiro-OMeTAD was determined using
the TaucPlot method (Figure 5 b). Analysis of the data shows that with a decrease in film thickness, an
increase in the band gap is observed, respectively, from E; = 2.97 eV to Eg = 3.01 eV. The optical
characteristics of Spiro-OMeTAD films are presented in Table 1.

Table 1. Optical characteristics of the Spiro-OMeTAD transport layer at different thicknesses

Film thickness, nm D1, A.U. D2, A.U. Ds, A.U. Bandgap, eV
(A=228 nm) (A=308 nm) (A=373 nm)
440 3.49 1.68 2.39 2.977
360 3.39 1.41 2.13 2.982
300 3.03 1.23 1.72 2.987
260 2.95 1.14 1.54 2.991
230 2.79 0.96 1.35 2.995
200 2.57 0.73 1.14 3.012

3.3. Electrophysical characterizations

To study the current-voltage characteristics,  perovskite  solar cells with  the
FTO/TiO2/CH3NH;lsPbCIx/Spiro-OMeTAD/Ag structure with different HTL layer thicknesses were
constructed. To study the effect of Spiro-OMeTAD thickness on photovoltaic properties, solar cell layers
were prepared under the same conditions except for the Spiro-OMeTAD layer. The current-voltage
characteristics of PSCs and the energy diagram of the components are presented in Figure 6. From Figure 6
and Table 2 it can be seen that with a decrease in the thickness of the Spiro-OMeTAD film from 200 to 230
nm, an increase in the transmission coefficient of up to 8.6% is observed. The solar cell with Spiro-
OMeTAD, obtained with an HTL layer thickness of 260 nm, showed the highest energy conversion
efficiency characteristics, reaching 9%. Further increase in the thickness of the Spiro-OMeTAD layer to 440
nm. results in lower photovoltaic performance values of PCSs compared to cells with thin layers of Spiro-
OMeTAD.
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Fig.6. Current-voltage characteristics (a) and energy diagram (b) of perovskite solar cells

The current-voltage characteristics show that the current density increases with increasing Spiro-
OMEeTAD thickness; the highest current density value Jsc = 24.94 mA/cm? is found in PSCs with a Spiro-
OMEeTAD film with a thickness of 260 nm. A further decrease in the thickness of the HTL films leads to a
decrease in the current density to the value J = 23.41 mA/cm?. The findings indicate that the optimal
thickness of Spiro-OMeTAD, obtained at a thickness of 260 nm, increases the charge transfer efficiency and
reduces the recombination of charge carriers in the transport layer of PSCs.
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The change in fill factor (FF) with Spiro-OMeTAD thickness is an indication of a change in series
resistance. As the Spiro-OMeTAD thickness decreases to 260 nm, cell efficiency increases from 6.0% to
9.0% due to an increase in fill factor from 0.43 to 0.47 (Table 2). Further reduction in thickness from 230 to
200 nm. Reduces the fill factor to 0.46 and efficiency to 8.3%, respectively.

Table 2. Photovoltaic characteristics of perovskite solar cells

Film thickness, Voe(V) Joo(mA/cm?) Vinax (V) JImax(mA/cm?) FF PCE %

nm

440 0.74 19 0.50 126 0.43 6.0
360 0.76 20.1 0.51 135 0.44 6.8
300 0.80 223 0.53 148 0.45 78
260 0.83 24.9 0.55 165 0.47 9.0
230 0.82 24.1 0.54 16.1 0.46 8.6
200 0.81 23.4 0.54 155 0.46 8.3

To understand the influence of the thickness of the HTL layer of Spiro-OMeTAD on the charge carrier
transport mechanisms, measurements of the impedance spectra of PSCs were carried out (Figure 7a). The
impedance spectra were analyzed using standard equivalent electrical circuitry, where Rs is the high-
frequency resistance, Ry is the low-frequency bulk recombination resistance, and CPE is the phase constant
between layers (Figure 7a - insert).
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Fig.7. Impedance hodographs in Nyquist coordinates (a) for PSCs with different Spiro-OMeTAD thicknesses,
equivalent electrical circuit in the inset; (b) enlarged image of the initial values of the impedance hodographs

The value of the effective charge carrier recombination rate kess was determined from the maximum arc
of the hodograph using the formula:

eft =Keff (1)
o=1/rc,
where is angular frequency, rc is a time characteristic of a simple electrical circuit in which the charge of
capacitor C changes due to its discharge through resistance R.
The effective lifetime of charge carriers in films is calculated using the formula:

Teff = 1/keff (2)

The effective free path of charge carriers was calculated using the formula:
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Deri= Rs/Rrec'keff'Lz ) (3)

where L is the film thickness.

As a result of the analysis of impedance spectra, the following electrical transport characteristics were
determined: Rs — a parameter characterizing the series resistance of all functional layers of the cell; Ry is the
resistance characterizing the recombination channels of charge carriers; Tt iS the effective lifetime of charge
carriers, Table 3 shows the parameters listed. P - parameter of constant phase element (CPE), preexponential
factor, n is the number of points in the impedance spectrum. Figure 7 b shows an enlarged image of the
initial values of the hodographs characterizing the values of the parameter Rs.

Table 3. Parameters of charge injection and transport in perovskite solar cells

Film thickness, Rs, Ohm Rk, Ohm Ri/Rs n P Ketf, S Teff, MS

nm

440 121.9 1537.6 12.6 0.86 1.18*10°® 501.1 1.9
360 96.1 2016.1 20.9 0.98 3.25*10° 251.1 3.9
300 67.5 1777.8 26.3 0.81 1.67*108 645.6 15
260 26.7 2405.4 90.1 0.84 2.38*108 158.5 6.3
230 39.6 1901.6 48.1 0.80 3,33*108 301.9 3.3
200 51.9 2206.1 42.5 0.95 5.80*%107° 234.4 4.3

As can be seen from Table 3, the Rs value is the lowest for a cell with a Spiro-OMeTAD HTL layer
with a thickness of 260 nm. Further increase in layer thickness leads to an increase in the value of Rs. Since
all functional cell layers were obtained under the same conditions, the decrease in Rs is due to the
improvement in the efficiency of injection and hole transport. As can be seen from the energy diagram in
Figure 6 (b), the positions of the CH3NH;lsPbCly cost center are more negative compared to the Spiro-
OMeTAD cost center, which generates a stronger built-in electric field for efficient extraction of holes into
the anode.

Resistance R is also an important parameter characterizing the recombination of charge carriers. From
the fitting data it follows that Rk has a low value for cells with a Spiro-OMeTAD HTL layer with a thickness
of 440 nm. As the HTL thickness decreases, R« for cells with an HTL layer of Spiro-OMeTAD at a thickness
of 360 nm. and 300 nm increased by 30% and 15%, respectively. At an HTL thickness of 260 nm, Rk
reached a maximum value of 2405.4 Ohm, which led to an increase in the resistance efficiency in the charge
carrier recombination channels. With further reduction in thickness to 200 nm. there is a decrease in the
value of Rk, which in turn leads to a deterioration in the performance of the solar cell. Thus, the Spiro-
OMeTAD film, with a thickness of 260 nm, contributes to efficient electron blocking.

A significant increase in the effective lifetime of charge carriers (ter) is three orders of magnitude
higher for films with a thickness of 260 nm. The significant increase in Tet Can be explained by a decrease in
the recombination of charge carriers due to the blocking effect and partly by an improvement in hole
transport. When comparing the photovoltaic and electrical transport parameters of cells with an HTL layer of
Spiro-OMeTAD, with a thickness of 200 nm up to 440 nm, the following features are observed: a cell with
an HTL layer with a thickness of 260 nm. showed an efficiency of 40% more compared to a cell with an
HTL layer with a thickness of 440 nm, which is largely due to an increase in photovoltage and fill factor. In
cells of the ITO/TiO/CH3sNH;slsPbCl/Spiro-OMeTAD/Ag structure, the photovoltage is caused by the
difference between the Fermi level of electrons in TiO; and the Fermi level of Spiro-OMeTAD holes.The
lower position of the quasi-Fermi level of the Spiro-OMeTAD holes gives an increase in the observed
photovoltage. The higher fill factor is largely due to the lower Rs. According to the impedance spectra, the
lifetime of charge carriers in a cell with a Spiro-OMeTAD HTL layer with a thickness of 260 nm is almost 3
times greater than teff in a cell with a Spiro-OMeTAD HTL layer with a thickness of 430 nm. As described
earlier, the optical band gap width of a hole-transport layer film with a thickness of 260 nm is almost 0.02 eV
greater than that of a film with a thickness of 440 nm, which is due to the lower position of the valence band
maximum. This generates a stronger built-in electric field to effectively extract holes into the anode, thereby
reducing the likelihood of charge carrier recombination.
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Figure 8 shows images of the surface and current distribution of Spiro-OMeTAD on the surface of the
peroskite layer. The use of conductive-AFM (CAFM) made it possible to identify a significantly
inhomogeneous current distribution on the surface of the samples. In addition to inhomogeneities associated
with the perovskite structure, current images of some samples show spots with increased conductivity, which
stand out sharply against the general background and are located along the boundaries of crystallites. It was
shown in [23] that when this type of AFM is used, the probe-sample contact area is illuminated by the
microscope laser. The instrument used to measure the current distributions shown in Figure 8 uses a laser
with a wavelength of 650 nm, which falls within the absorption spectrum of the perovskite used in the work.

Thus, the contrast in Figures 8b and 8d contains both dark current and potentially photocurrent. The
observed spots of increased conductivity can presumably be interpreted as perovskite quantum dots, which
have better photovoltaic characteristics compared to the bulk material. For this reason, research into
perovskite quantum dots is currently being actively carried out [24, 25]. We do not know the results of direct
observation of the electrical properties of perovskite quantum dots; therefore, our results may be the first
visualization of the current distribution on quantum dots.
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Fig.8. Images of the surface (a, ¢) and current distribution (b, d). Samples obtained at different centrifuge rotation
speeds: a, b) — 2000 rpm, c, d) —5000 rpm. Images of the surface (a, ¢) and current distribution at a voltage across the
sample of +5 V (b, d)

From the data obtained, we can make an assumption about the possible influence of the number of
guantum dots on the efficiency of the resulting cells: the largest number of them was observed in sample 4,
which shows an efficiency close to the maximum (see Table 2). At the same time, the small size of the
scanning area of the AFM used in the work does not allow us to estimate the statistics of the distribution of
guantum dots over the samples. Currently, the authors are conducting a more detailed study of perovskite
guantum dots using electrical AFM methods.
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4. Conclusions

In these studies, perovskite solar cells with FTO/TiO2/CHsNHz3l3PbCl,/Spiro-OMeTAD/Ag architecture
were fabricated. The effect of the Spiro-OMeTAD layer density on the photovoltaic characteristics of PSCs
was investigated.

The Spiro-OMeTAD hole-transport layer was obtained by the Spin-coating method. The thickness of
the Spiro-OMeTAD layer was controlled by changing the centrifugation rotation speed. It was revealed that
a monotonic decrease in the thickness of the Spiro-OMeTAD film leads to a sharp increase in the rms of the
surface when the rotation speed increases to 4000 rpm, then the dependence saturates.

The dependences of thickness and rms on rotation speed for films on FTO are inversed: ~1/w®® and
~w%®, correspondingly. As the film thickness decreases, a decrease in the optical absorption density in the
spectrum and an increase in the optical band gap of Spiro-OMeTAD films are observed. Electrical
impedance spectra were measured for PSCs with different Spiro-OMeTAD thicknesses. It is shown that the
series resistance of the functional layers of the cell depends on the thickness of the Spiro-OMeTAD layer.
With thin layers, a decrease in resistance is observed; the lowest value is observed in a cell with an HTL
layer of Spiro-OMeTAD with a thickness of 260 nm. A further increase in the thickness of the layer leads to
an increase in resistance.

The use of conductive-AFM (CAFM) made it possible to identify a significantly inhomogeneous
current distribution on the surface of the samples. In addition to inhomogeneities associated with the
perovskite structure, current images of some samples show spots with increased conductivity, which stand
out sharply against the general background and are located along the boundaries of crystallites. The observed
spots of increased conductivity can presumably be interpreted as perovskite quantum dots, which have better
photovoltaic characteristics compared to the bulk material.
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Abstract. In the work on the example of barium magnesium fluoride activated by tungsten system the
existence of possibility of introduction of activators, modifiers into the formed ceramics are shown. Using unique
properties of radiation synthesis of high synthesis rate is happened. The possibility of synthesis of magnesium
fluoride activated by tungsten, barium fluoride activated by tungsten and barium magnesium fluoride activated by
tungsten ceramics by impact on the charge of a stream of electrons with energy 1.4 MeV with power density 15
kW/cm? is shown. The X-ray diffraction, photoexcitation and luminescence spectra, integral spectra of pulsed
cathodoluminescence and its decay kinetics have shown that during radiation synthesis tungsten centers the
crystal lattice of ceramics. The formed volatile compounds of hexafluoride tungsten do not have time to leave the
reaction zone during the synthesis. The efficiency of synthesis reaches 99%. Addition of tungsten oxide to the
charge in the amount of up to 2% of the total weight does not affect the formation of ceramics

Keywords: ceramics; luminescence; radiation-assisted synthesis, X-ray diffraction spectra, optical properties of
ceramics.

1. Introduction

Prospective scintillators are materials based on alkaline earth and alkali metal fluorides activated by
polyvalent ions [1]. Introducing activators into the crystal lattice of these materials is a complex task. Metal
fluoride crystals like LiF, MgF», and BaF. exhibit a high degree of structural perfection. Activators, being
polyvalent ions, have difficulty incorporating into the lattice due to differences in charge and size [2].
Therefore, additional elements are introduced to compensate for this difference in order to incorporate the
activator ions into the lattice. Facilitating the introduction of activators into crystals can be achieved by
creating conditions that distort the lattice and promote the formation of a complex lattice structure. Examples
of such crystals include LiYF. [3, 4], NaYF. with activators [5, 6], and NaGdF. [7]. A complex structure is
obtained in the synthesis from LiF (NaF) and YF3 (GdFa4) with cubic and rhombohedral symmetries and
similar systems [8]. Another possible matrix for obtaining activated material is BaMgFa, which is derived
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from BaF2 with a fluorite lattice and MgF, with a rutile lattice [9]. Effective activators (modifier) in metal
fluoride-based materials include W, U, and Ti ions. However, their introduction into the crystalline lattice is
challenging. At high temperatures of a thermal synthesis, fluoride compounds are formed with low melting
points: 2.3, 64, 426°C, and boiling points: 17, 56, 285°C for W, U, Ti fluorides, respectively. Activators W,
U, Ti are extracted from the melt. Therefore, the synthesis of activated materials based on them is carried out
in an oxidative atmosphere, and LiOH is added to the mixture to facilitate the process. The introduction of
substances that aid in synthesis into the initial charge affects the properties of the resulting materials.

A promising method for producing ceramics based on refractory materials is radiation synthesis.
Radiation synthesis is carried out solely using a radiation energy, from charge materials of stoichiometric
composition without additives, and without the use of any materials that facilitate synthesis, within a time
frame of less than 1 second, in an air environment [10]. It can be expected that during radiation synthesis,
tungsten ions will not have the opportunity to leave the area where ceramic formation occurs and will be
incorporated into the lattice. The possibility of using radiation for the synthesis of MgF.: W ceramics was
demonstrated in a study [11]. The results presented in [12] indicate the possibility of obtaining tungsten-
activated ceramics based on alkali earth and alkali metal fluorides.

2. Materials and methods

Ceramic synthesis was achieved by direct electron beam irradiation of the initial mixture of a
specified composition using the UNU Stand ELV6 accelerator at the Budker Institute of Nuclear
Physics, Siberian Branch of the Russian Academy of Sciences. High-energy electron beams with
energy of 1.4 MeV were utilized for synthesis. The beam, extracted through a differential pumping
system, had a Gaussian cross-sectional shape with an area on the target surface of 1 cm?. The synthesis
occurs when the threshold power density of the energy flux is exceeded. At the electron energy of 1.4
MeV, electron beams with a power density on the target surface of 15-23 kW/cm? were used for the
synthesis of alkaline earth metal fluoride-based ceramics.

A charge of fluorine powders was prepared for synthesizing ceramics of the desired composition.
Tungsten oxide powders were added in an amount of 2.0% of the total charge mass for activate the
sensitized ceramics. The charge was poured into a massive copper crucible with a surface area of 10x5
cm? and a depth of 7 or 10 mm. The crucible's depth for synthesis was chosen to ensure the complete
absorption of the electron beam energy flux by the charge. The crucible was placed on a massive metal
table under the accelerator's output orifice. During radiation synthesis, the electron beam was scanned at
a frequency of 50 Hz in the transverse direction of the crucible, and the crucible was moved relative to
the scanning beam at a speed of 1 cm/s. The total exposure time of the electron beam on the target
surface of the charge in the crucible always amounted to 10 seconds, which was due to the design
features of the accelerator and the subject table. Since the beam had a size in the target plane of 1 cm?,
the crucible was moved relative to the scanning beam. Each elementary area of the charge surface was
exposed to the action of a 1-second pulse with a rising and falling Gaussian-shaped envelope, lasting 2
ms with a 10 ms period under these conditions.

The samples were synthesized from powders supplied by «Chemreactiv» shops and Hebei Suoyi
New Material Technology Co., Ltd. Note that the efficiency of radiation synthesis of alkaline earth
metal fluoride ceramics depends on the background of the starting materials. It was shown in [13] that
the efficiency of synthesis strongly depends on the size and aspect ratio of the powder particles used for
synthesis. Studies on the dispersion of the initial powders used for synthesis to obtain ceramic samples
were conducted using laser diffraction with the Shimadzu SALD-7101 laser particle size analyzer.
Figure 1 (a, b) provides information on the dispersion composition of the initial materials used for
synthesis.

Ceramic synthesis was achieved solely through the energy of radiation flux, using only raw
materials without the addition of other facilitating substances. The synthesis resulted in obtaining
samples in the form of plates with dimensions similar to the crucible: 10x5 cm?. The typical appearance
of inactivated and activated W ceramic samples of BaF,, MgF,, BaMgF., synthesized under the
influence of an electron beam with E=1.4 MeV, P=15 kW/cm?, is shown in Figure 2. Tungsten oxide
powder (WO3) was used as an activator. The particle size is given in [14].
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Fig.1. Dispersion composition of MgF; (a) and BaF; (b) used for powder synthesis.

All samples are solid, glassy and white with shades. The thickness of the samples varies across the
area and ranges from 2-4 mm. When struck, the samples shatter like glass. In contrast to solid ceramic
materials based on yttrium aluminum garnet, there are no characteristic large voids in the fracture of the
described samples, typical of ceramics made of YAG and spinel. The density of the samples of the
obtained MgF2, BaF, ceramics is 3.0+£0.3 g/cm® and 4.8+0.5 g/cm?, which is close to the density of the
corresponding single crystals (3.15 g/cm® for MgF, and 4.89 g/cm?® for BaF.). The surface of the
fracture plane is rough, solid. It is worth noting that voids were observed by us earlier during the
synthesis of ceramics of alkali-earth metal fluorides from charge materials of different histories. It was
assumed that the presence of a significant volume of air in the charge, which does not have time to
escape from the reaction zone during the short synthesis time. It is the cause of the void formation
inside the synthesized samples. Table 1 provides information on the change in material density during
synthesis: the density of the charge used for synthesis pm, the density of the obtained ceramics per g/cm?,
Here, the density of crystals per [15] in g/cm? is also provided accordingly. The densities of the ceramics
obtained by the radiation method were determined with an accuracy of 10%. The sample number in
Table 1 represents the experiment number in the system adopted by the authors for record-keeping.

b) c)

e) f)
Fig.2. Photos of ceramics samples MgF,, BaF2, BaMgF: (a, b, ¢), and activated MgF2:W, BaF2:W, BaMgF4+:W (d,
e, f) synthesized under the influence of an electron beam with E=1.4 MeV, P=15 kW/cm?.

Table 1. Densities of mixture obtained by radiation method of ceramics, crystal in g/cm?,

No Sample Composition Pm Dee Der
516 MgF; 0.85 2.97 3.15
517 MgF2:WO0; 0.85 2.97 3.15
519 BaF, 1.56 4.9 4.89
520 BaF2:WO3 1.56 4.8 4.89
521 BaMgF, 1.63 4.5 4,53
522 BaMgF4:WO3 1.55 4.65 4,53
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As can be seen from the results presented in Table 1, the density of the obtained ceramics is equal to the
density of the corresponding crystal. The air volume in the BaF, and BaMgFs mixtures is 50% and 70% in
MgF.. However, empty voids are not formed in the ceramics. The same air volumes are present in the
mixtures for making ceramics based on YAG, alumina-magnesium spinel, in which voids make up half of
the volume.

Table 2 provides information on the synthesis efficiency of the described ceramics when processed with
electron beams at an energy of 1.4 MeV and a power density of 15 kW/cm?. Here, the synthesis efficiency is
defined as the ratio of the mass of the synthesized sample to the mass of the charge placed in the crucible.

Table 2. Synthesis efficiency of the studied ceramics.

No Sample Sample, description Weight sample, g Mass loss AM, % Synthesis efficiency
516 MgF» 42.21 0.40 99.6
517 MgF2:WO3 39.26 0.97 99.0
519 BaF 66.97 0.75 99.3
520 BaF2:WO; 75.9 0.53 99.5
521 BaMgF. 75.71 0.53 99.5
522 BaMgF4:WO; 75.53 0.56 99.4

As indicated by the presented results, the efficiency of radiation synthesis of ceramics from the used
raw materials is very high. The ceramic samples have a weight of up to 75 grams. There are the results of
particle distribution based on volume only in figure 1, the relationship between the total volume of particles
and their sizes. In MgF», the primary range of particle volumes is between 0.2 and 5 micrometers. In BaF,
the range of particle volumes is much broader, ranging from 0.03 to 30 micrometers. However, the synthesis
efficiencies of MgF, and BaF, ceramics are similar. The quantity of small particles, nano- and sub-micron-
sized, in the examined powders is much greater than for micron-sized particles. Nevertheless, their
proportion in the overall powder volume is small. Since the synthesis efficiency is 99%, it can be confidently
assumed that the ceramics were primarily formed from micron-sized particles. The conclusion is also
interesting that ceramics of BaMgF4 are also produced with high efficiency (see Table 2).

3. Results and discussions
3.1. Structure of ceramics

X-ray diffraction patterns were collected using a Bruker D8 ADVANCE (AXS, Berlin, Germany)
diffractometer equipped with a scintillation detector. The measurements were performed in step-scan mode
over a diffraction angle range (26) of 10 to 90° 20, employing a CuKa radiation source. The experiments
were conducted at room temperature with a flat sample in Bragg-Brentano geometry. The experimental
conditions were as follows: 40 kV, 40 mA, exposure time - 2 seconds, step size - 0.02° 26. Data processing
was conducted using the DIFFRAC plus software package. Sample identification was performed using the
Powder Diffraction File (PDF-2) database (ICDD, 2007) and indexing was carried out using the EVA
software (Bruker, 2007). The TOPAS 4.2 software package (Bruker, 2008) was used for Rietveld profile
fitting, degree of crystallinity, crystallite size and unit cell parameters calculation. Rietveld refinements
provided agreement factors, Rwp, in the range from 4.9 to 8.4%. The diffraction patterns of the samples
(Figures 3-5) have small peaks, indicating the possibility of the presence of certain impurity phases in small
guantities.

Figures 3-5 X-ray diffraction pattern of MgF: (a) and MgF.:W (b), BaF. (a) and BaF.:W (b), BaMgF.
(@) and BaMgFsW (b) samples. The hkl indices of the reflexes of BaMgFs are marked. Reflections
belonging to BaMgF. and BasMgrF2s are marked with ¢ and o, respectively.

The results of the study are presented in Table 3 (Appendix). The following data from the PDF-2
database (ICDD, 2007) were used for qualitative phase analysis and indexing of the diffraction patterns:

PDF 01-070-0212 «Magnesium fluoride (MgF2)», symmetry is tetragonal lattice, space group is
P42/mnm (#136), a=4.6213 A, ¢ =3.0519 A.

PDF 00-004-0452 «Barium fluoride (BaF2)», symmetry is face-centered cubic lattice, space group is
Fm-3m (#225), a=6.2001 A.
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Fig.4. X-ray diffraction pattern of BaF (a) and BaF2:W (b) samples. The hkl indices
of the reflexes of BaF, are marked.

PDF 01-087-0201 «Barium magnesium fluoride (BaMgF4)», symmetry — base-centered orthorhombic

lattice, space group is Cmc21 (#36), a=4.126 A, b =14.518 A, c =5.821 A.

PDF 01-087-0192

«Barium magnesium fluoride (BasMg7Fas)»,

symmetry is

orthorhombic lattice, space group — Immm (#71), a=5.8535 A, b=12.1495 A, c=15.1109 A.

The diffraction patterns of the samples (Figures 3-5) have small peaks, indicating the possibility of the
presence of certain impurity phases in small quantities. In all synthesized samples, the dominant phase is
the crystalline phase of the corresponding composition, regardless of the presence of tungsten oxide in

the charge.
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In addition, the precursor phase is detected in all samples. The WO3 phase is found in MgF2, BaF;
is retained along with the BaMgF4 phase. The MgO phase is found in some samples. The appearance of
this phase can be explained by oxidation because the synthesis is carried out in an open atmosphere.
However, the results of XRD studies show that during radiation treatment, the indicated crystalline
phases, including solid solutions, are formed in ceramics.
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Fig.5. X-ray diffraction pattern of BaMgF4 (a) and BaMgF.:W (b) samples.

Thus, at radiation treatment by powerful flows of high-energy electrons of the charge based on
alkaline-earth metal fluorides with tungsten oxide for activation, ceramics with the presence of
crystalline phase is formed. Note that the synthesis results depend on the prehistory of the starting
substances. The surface microstructure of alkaline earth metal fluorides was studied using a MIRA 3
LMU scanning electron microscope (SEM) (TESCAN). The elemental composition of the samples was
obtained using an INCA PentaFET-x3 analyzer (Oxford Instruments, England). To study the surface, a
small amount of sample was applied on a conductive carbon tape. A nanometer-thin layer of carbon
was applied to the surface of the samples from above by thermal deposition.

The results of composition analysis of synthesized samples of MgF;, BaF;, MgFx:W, BaFx:W,
BaMgF4 and BaMgF4:W fluorides are shown in Fig. 6. In samples MgF», BaF, the main elements of
composition are dominant: Mg, Ba and F. In addition, some amount of oxygen is found in the
composition of the ceramic samples. Its presence is explained by the fact that the synthesis is carried
out in an open atmosphere, oxygen can enter the pores of the sample. In samples MgF.:W, BaF2:W
tungsten is detected. We emphasise that tungsten oxide was added to the charge in an amount of 2% of
the total mass. The detection of tungsten in ceramics indicates that a significant part of it does not have
time to leave the synthesis zone for less than 1 s. and remains in the sample.

Fig. 7 presents SEM images of samples MgF2:W, BaF,:W with presentation of the map of
distribution of elements by volume. From the presented results it can be seen that part of tungsten is
included in the crystallites, but a significant part is concentrated in the intercrystalline space.

As follows from the presented results, the injected activator is distributed very unevenly over the
volume of ceramics. The inhomogeneous distribution of the activator is also evident in the measured
distribution maps. The main significant conclusion for the method is that after radiation synthesis a part
of tungsten was retained in the formed ceramics.
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3.2. Luminescence of ceramics

A study cycle of the luminescent properties of tungsten-activated samples of BaF,, MgF. and
BaMgFs synthesized ceramics was carried out, including the spectra of photoexcitation and
photoluminescence (PL) under stationary conditions using a SOLAR SM2203 spectrometer. In a
summarized form, the spectra are presented in Figure 8.
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The figures depict series of luminescence spectra taken from various sections of synthesized ceramic
samples. The spectra of all fragments from each sample are similar. Measurements were conducted under
identical conditions. Therefore, the presented results can provide an idea of the variation in their intensities
over the sample area. We emphasize that the shapes of the bands do not change. In the samples of ceramics
synthesized from the charge containing tungsten oxide and without it, the luminescence bands are usually
slightly different in position. The luminescence bands in the activated samples are slightly shifted to the
long-wave region of the spectrum. The luminescence excitation spectra differ significantly. In non-activated
samples luminescence is excited by ultraviolet (UV) radiation in the range from 200 to 260 nm. With the
introduction of the activator the excitation band becomes wider. The luminescence is excited by UV
radiation in the region up to 300 nm. Changes in the excitation spectra of luminescence and the positions of
the bands indicate that with the introduction of tungsten in the crystalline phase of ceramics there is a
transformation of the structure of the luminescence centers or, more likely, the local structure in their
surroundings. Consequently, tungsten enters the ceramics during synthesis.
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Fig.8. Excitation (top row) and luminescence (bottom row) spectra of BaMgF4 samples (a) when excited at 220
nm, and BaMgF:W (b), BaF.:W (c), MgF2:W3 (d) when excited in the 260 hm range.

Impulse cathodoluminescence (ICL) studies of synthesized ceramic samples have been conducted. An
electron accelerator, generating single pulses with the following characteristics, was used as the excitation
source for cathodoluminescence: electron energy = 0.25 MeV, pulse duration at half-height = 10 ns, current
density at the maximum up to 100 A/cm?, and the excitation energy density could vary in the range from 1 to
50 mJ/cm?. Luminescence registration was performed using a photomultiplier tube PMT-97 with the use of a
monochromator MDR-23 (spectral range 200-2000 nm, linear dispersion 1.3 nm/mm) and a digital
oscilloscope Tektronix DPO3034 (300 MHz). Registration of integrated emission spectra of the ICL was
carried out using an optical fiber spectrometer AvaSpec-2048 (200 - 1100 nm). The emission spectrum was
corrected for the spectral sensitivity of the optical path.

The results of measurements of integrated emission spectra of ICL samples of synthesized ceramics are
presented in Fig. 9. The spectra were not normalized for intensity and are presented in a form convenient for
comparison. Cathodoluminescence of ceramic samples synthesized from raw materials containing tungsten
differs significantly from the luminescence of ceramic samples from raw materials that do not contain
tungsten oxide. The cathodoluminescence spectrum of MgF,: W shows a wide and complex band with a
maximum around 570 nm. In ICL spectrum of MgF, ceramics, a band with a maximum around 400 nm is
observed. In the spectra of ICL of BaF, and BaF»: W ceramics, a band around 390 nm is observed. There is
an additional wide band in the range of 520-620 nm in the BaF,: W spectrum. In the ICL spectrum of
BaMgF4 ceramics, a wide band in the range of 400-500 nm is observed, and in BaMgFs: W, the band
significantly broadens in the 500-650 nm range. Thus, luminescence in the 520-620 nm range is observed in
all ceramic samples synthesized from raw materials containing tungsten oxide.
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Some difference of luminescence spectra under photo- and cathode excitation may be due to the
following. At optical excitation in PL measurements, the energy is transferred directly to the luminescence
center or absorption center with subsequent transfer to the luminescence center. At excitation by high-energy
electrons not less than 99% of all absorbed energy of the flux is spent on the creation of electron-hole
excitations in the matrix, the created electron-hole excitations transfer energy to the luminescence centers.
The influence of the method of excitation energy transfer to the luminescence center can be explained by the
complex structure of the luminescence centers, the presence of their own lattice defects in their structure.

The nature of luminescence in tungsten-activated crystals and ceramics of alkaline and alkaline-earth
metal fluorides is unknown. However, a significant increase of luminescence intensity by introducing metal
ions of tungsten, uranium, titanium into the lattice of metal fluorides is supposed to be promising for
obtaining effective scintillators. It should be noted that for introduction of tungsten at thermal synthesis in
the charge additionally oxides and hydrides of metals are added. Their introduction contributes to the
preservation of tungsten in the reaction zone. Probably, the formation of luminescence centers in the
ceramics synthesized by us is promoted by oxygen introduced with tungsten.
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Fig.9. Integral spectra of impulse cathodoluminescence of ceramic samples.

It is possible that oxygen from the environment is involved in the synthesis: the synthesis is carried out
in an open atmosphere. Obviously, the active element of the structure of the luminescence centers are anionic
vacancies [16], which are always present in metal oxides or as part of anions in the lattice of crystals.
Anionic vacancies with trapped electrons in LiF (M centers) are one of the most effective luminescence
centers. The assumption that oxygen-vacancy complexes in the crystal lattice can be effective luminescence
centers was suggested in [17]. Luminescence of oxygen-vacancy complexes is also observed in other
materials, for example, in quartz [18] existing in different phase states [19], in topaz [20, 21], corundum [22],
magnesium oxide [23]. Kinetic decay curves after excitation by electron pulses with an energy of 250 keV
and a duration of 10 ns were measured. The results of luminescence decay kinetics for BaF; and BaF2:WQO3;
are presented in Figure 10.
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Fig.10. Kinetic decay curves of cathodoluminescence for BaF; (a) and BaF, (b):W
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The luminescence spectra are complex and different for all studied ceramic samples. Measurements of
kinetic decay curves provide some insight into the change in spectra over time in different spectral regions.
The inserts in the figures show sample numbers and the wavelengths of the luminescence spectra at which
the measurements were performed. In the time range up to 4 us, the decay of luminescence in BaF,: W
ceramic samples can be described as a linear function in logarithmic coordinates, while the decay of
luminescence in BaF, ceramic samples is nonlinear. Differences in kinetic curves over time are also observed
for longer times. In the time range of 5-15 ps, the decrease in luminescence intensities is nearly linear in
semi-logarithmic coordinates. The rate of luminescence decay in activated ceramic samples is higher than in
non-activated ones across the entire measured spectral range (Figure 11).
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Fig.11. Kinetic decay curves of cathodoluminescence for BaMgF4, BaMgF4:W (a), BaMgF4 (b), BaMgF4:W (c),
BaMgF4:W (d) in the nanosecond range.

The decrease in luminescence continues throughout the entire measured spectrum range and within the
time range of several microseconds. In the time range of 50 to 500 nanoseconds, a significant difference in
the intensity decay of BaMgF., and BaMgF.:W luminescence is observed in different parts of the spectra,
which persist up to 10 microseconds. Thus, the kinetic characteristics of cathodoluminescence in the
investigated samples of solid solutions of alkaline earth metal fluorides in activated and non-activated
synthesized ceramics are different.

4. Conclusion

Radiation synthesis method for ceramics made from dielectric refractory materials is characterized by
high speed, high efficiency, and the absence of the need for additional substances to form new phase
structures. The development and establishment of this method are currently in the process of exploring its
potential for expanding the range of ceramics that can be synthesized through radiation methods, studying
the dependence of synthesis efficiency on radiation processing parameters, the properties of the starting
materials for synthesis, and the nature of the processes that facilitate ceramic formation in the presence of
intense radiation flux. In this study, using the example of the BaxMg-xF4:W system, it is demonstrated that
it is possible to introduce activators and modifiers into the forming ceramics, leveraging the unique qualities
of radiation synthesis.

The possibility of synthesizing MgF, and BaF ceramics by directly exposing the material to an electron
beam with an energy of 1.4 MeV and a power density of 15 kW/cm? has also been shown. Samples with



Eurasian Physical Technical Journal, 2024, 21, 4(50) Materials science 45

dimensions of up to 10x5x0.4 cm?® and weights of up to 40 g (MgF>) and 70 g (BaF.) have been obtained.
The density of the synthesized ceramic samples is 3.0+0.3 g/cm® and 4.8+0.5 g/cm?, which is equivalent to
the density of the corresponding single crystals. In cross-section, the samples are solid and do not contain
voids, as observed in YAG ceramics [10]. The efficiency of synthesis, defined as the ratio of the mass of the
ceramic sample to the mass of the row charge, depends on the characteristics of the starting materials used,
primarily their particle size distribution [14]. When using powders of MgF. and BaF, for synthesis with
particle sizes of 0.2-4 pm and a peak distribution at ~0.8 um and 0.04-25 um with a peak distribution at ~10
um, the synthesis efficiency reaches 99%. Adding tungsten oxide (WO3) to the charge in an amount of up to
2% of the total weight does not affect the formation of MgF.:W and BaF2:W ceramics.

Ceramics with complex compositions, such as BaMgFs and BaMgF4:W, are also efficiently formed in
the presence of intense radiation flux, with densities comparable to those of crystals. It appears that the
particle size distribution functions of the used powders are sufficient to avoid the creation of local non-
stoichiometry during the formation of the crystalline phase. The X-ray diffraction patterns of BaMgF4+W
ceramics, attributed to BaMgF. phase lines with local hon-stoichiometry BasMgzF2s, have very low intensity.

Ceramic materials are highly defective. Their luminescence upon excitation is mainly due to the
presence of defects in the crystal lattice and impurities. Synthesizing ceramics with activators leads to
changes in their luminescent properties. Research has shown that adding tungsten oxide (WQO3) to the charge
for ceramic synthesis in amounts up to 2% does not affect synthesis efficiency but results in changes in
luminescent properties. The excitation and emission spectra are altered, with shifts towards longer
wavelengths. When excited by nanosecond electron beam pulses with an energy of - 0.25 MeV, the ceramic
samples exhibit luminescence with specific properties. In the integrated spectra of samples synthesized from
charges with WQsg, shifts or new bands in the long-wavelength region are observed. In MgF2:W, BaF2:W,
and BaMgF4:W ceramics, luminescence in the 450-700 nm range appears.

The luminescence decay kinetics after excitation by nanosecond electron beam pulses also vary. Up to 4
us, the luminescence decay of BaF2:W ceramics follows a linear function in logarithmic coordinates,
whereas the decay of BaF, luminescence is nonlinear. Differences in the kinetic curves are observed even at
longer times. In activated samples, the linear decay range in the 5-25 ns range in semi-logarithmic
coordinates is wider than in BaMgF4, and the intensity decay is greater. In the 50-500 ns range, significant
differences in the intensity decay magnitude between BaMgF4 and BaMgF4:W are observed in various parts
of the spectra, which persist up to 10 us.

The combination of the results of the studies on ceramics synthesized from alkali-earth metal fluorides
allows the conclusion that it is possible to introduce tungsten into the ceramic lattice during synthesis in the
presence of intense radiation flux. Tungsten does not have time to leave the synthesis zone during the short
synthesis time and remains in the lattice.
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Appendix

Table 3. The results of the phase composition investigation.

. Degree of Crystallite Cell parameters from Refined cell
Sample Main Phase o .
crystallinity size database parameters
MgF; MgF, 99.9 (5)% | 413 (+25)nm | PDF 01-070-0212(MgF>), P42/mnm,
P42/mnm (#136), a=4.620(5) A,
a=4.6213 A, € =3.050(6) A,
c=3.0519 A. V=65.1(1) A3
MgF2: WO3 MgF, 99.6 (£5) % | 296 (+35)nm | PDF 01-070-0212(MgF,), P42/mnm,

P42/mnm (#136), a=4.619(6) A,
a=4.6213 A, ¢ =3.050(6) A,
c=3.0519 A. V=65.1(1) A3

BaF, BaF, 99.9 (£5)% | 221 (+22)nm | PDF 00-004-0452 (BaFy), Fm—3m,
Fm-3m (#225), a = a=6.23005) A,
6.2001 A. V =241.8(1) A3

BaF,:WOs3 BaF, 99.9 (+5)% | 123 (+10)nm | PDF 00-004-0452 (BaF), Fm—3m,
Fm-3m (#225), a = a=06.228(4) A,
6.2001 A. V =241.6(1) A3

BaMgF, BaMgF, 99.9 (£5)% | 92 (+15)nm PDF 01-087-0201 Cmc21,
(BaMgF4), Cmc21 (#36), a=4.136(7) A,
a=14.126 A, b = 14.490(5) A,
b=14.518 A, c=5.830(7) A,
c=5.821A. V =1349.4(1) A3

BaMgF.:WO; BaMgF, 89.2(x5)% | 87 (x11)nm PDF 01-087-0201 Cmc21,
(BaMgF4), Cmc21 (#36), a=4.134(6) A,
a=4.126 A, b =14.490(3) A,
b=14.518 A, c=5.827(7) A,
c=5.821A. V =349.0(2) A3

BasMg:F2s 352 (+44) nm PDF 01-087-0192 Immm,
(BasMg7F26), Immm a=>5.825(6) A,

(#71),
a=5.85354,
b=12.1495 A,

c=15.1109 A.

b=12.159(10) A,
c=15.147(13) A,
V =1072.8(9) A3
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SIMULATION OF CONDITIONS FOR ACHIEVING HIGH
ELECTRICAL POWER AND EFFICIENCY IN A STIRLING ENGINE
WITH A FREE WORKING PISTON
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Abstract. A simulation of the Stirling engine was carried out, where the temperature variability in the cooler
and heater is taken into account, and the engine itself generates electric current. The study was carried out in the
temperature range when the piston and displacer move synchronously. The possibility of increasing engine power
by reducing hydraulic resistance in the regenerator is shown. It was also discovered that as the electrical load on
the generator increases, the work produced by the engine can also increase. This indicates that there is a maximum
of electrical energy production depending on the load. The increased rigidity of the displacer spring contributes to
an increase in engine power and its efficiency.

Keywords: free-piston Stirling engine, regenerator, displacer, efficiency.

1. Introduction

Due to the limited reserves of oil, gas and high-quality coal on the planet, the problem of energy shortages
will arise in the near future. Therefore, new thermodynamic cycles and the possibility of creating heat engines
based on them are being sought [1-4]. In this context, the Stirling engine deserves attention; it unites a large
family of devices whose operation is based approximately on the thermodynamic Stirling cycle [5, 6]. It
belongs to a wide class of low-power motors for producing mechanical work and/or electrical energy from
low-potential heat sources [7—11]. Based on the Stirling engine, it is possible to create an energy system with
distributed generation [12, 13]. This is important for Kazakhstan, which has a low population density and rich
solar energy resources. Mathematical modeling of the Stirling engine makes it relatively easy to find the most
important conditions and parameters necessary to create devices with the highest efficiency.

Widely used isothermal models [1-3, 6, 13—15] have low accuracy and are not convenient for designing
real Stirling engines, although they allow us to understand their basic properties. Therefore, a model is needed
that takes into account the temperature change in all parts of the engine, since the temperature changes greatly
and this factor can have a significant impact on the physical characteristics of the designed devices.

In addition, there is another important question about the role of spring 4 (Fig. 1) in the engine operation.
The fact is that the Stirling engine can operate without this spring, and no separate studies devoted to its
influence on such important characteristics as power and efficiency can be found.

The proposed work analyzes the operation of a Stirling engine with a free working piston; in contrast to
earlier works, the temperature variability in the heater and cooler is taken into account. This is very important,
since widespread isothermal models [1-3, 7, 14, 15] are not convenient for designing real engines, although
they allow one to understand their basic properties.
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An attempt to take into account the temperature variability in work [14] does not solve the problem, since
it uses approximate equations that are valid only for the steady-state heat exchange mode. The same is done in
[1-3, 6]. It is not possible to find other studies that describe in detail the temperature change over time in a
Stirling engine. In addition, the proposed study, unlike [1-3, 6, 14], is based on a simpler and at the same time
more advanced model [13]; in it, the engine is considered to consist of three parts (instead of five) —a heater,
cooler and regenerator. There is another difference: a non-stationary equation of conservation of momentum
is used for the regenerator. This equation more accurately takes into account the momentum transfer in the
regenerator and, for a steady gas flow, goes over to the Darcy-Weisbach equation from works [1-3, 6, 14].

2. Engine design diagram and model equations

In Fig. 1 shows a diagram of the design of a Stirling machine with a free piston [14, 15]. Compression
volume 6 is a cooler and is designated V., expansion volume 7 is a heater with volume Ve. This means that the
volumes V¢ and V. are essentially a cooler and a heater, they are cylindrical in shape with a diameter d,.
Accordingly, their temperatures are T. and T.. Volumes V¢ and V. are in contact with “external environments”
with minimum Tmin and maximum Tmax temperatures. The gas masses in each of the indicated volumes are
equal to m¢ and me.

Fig. 1. Simplified diagram of the structure of a Stirling engine with a free piston and the direction of the x coordinate:
1 — working piston; 2 — displacer; 3 — displacer rod; 4 — displacer spring; 5 — regenerator; 6 — cooling area; 7 — heating
area

The origin of coordinates x coincides with the initial position of the working piston when it is in the
equilibrium position x, = 0. This state corresponds to the initial position of the displacer x4 = X4,0. Regenerator
5 is a narrow and long channel in the space between two coaxial cylinders with diameters d; and d; = d; + 2d..
In it, gas moves in the direction of coordinate x with a cross-sectional average speed u and density pr. The
buffer space includes volume Vy, pressure py in it, according to the results of [15], it does not play a big role.

The displacer and the working piston have the shape of a disk of equal diameter di. The working piston
1 moves freely along the rod 3 of the displacer 2, the last two are rigidly connected to each other, and one of
the ends of the rod is attached to the spring 4 with a stiffness coefficient ky. The displacer can move freely
inside the cylinder, surrounded by a cylindrical regenerator with length L, and working space thickness d.
When the piston moves, an electric current is generated, the linear generator in Fig. 1 is not shown, but its
reverse effect on the operation of the machine is taken into account by the damping coefficient D, [14].

A new isothermal model of the engine is presented in [15], it includes the equations of motion of the
displacer, piston and gas in the regenerator, and takes into account the relaxation property of the regenerator
of a hydrodynamic nature. The coordinate of the displacer xqg with mass mq is measured from the equilibrium
position Xq,, the initial state of the piston coordinate x, and mass m, coincides with the x coordinate. The gas
in the buffer volume compresses and expands under adiabatic conditions with index y. External and initial
pressure po. The equations of motion of the displacer and piston have the form

d2x,
dt?

md +kd (Xd _Xd,O): pbArod + pcAp - peAd J (1)
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d?x, dx,
+D :(pb_pc)Ap' (2)

m
P dt? P odt

They are supplemented by formulas for determining pressures:

Vio ) RyT. RyTe
=py| =21, - , = . 3
pb po( Vb j pc Vc mc pe Ve me ( )

The volumes contained here are found by the equations

Ve =Veo+ A (Xg =Xg0—=Xp) Ve =Veo—Ag(Xg —Xg0)s 4
nd/ nd
° 4
Here Xe, is the distance from the right wall of the heater to the equilibrium position of the displacer; Aroq is the
cross-sectional area of rod of the displacer; Aq is the cross-sectional area of the displacer, and A, = nd? /4.

In equations (1) and (2) there are no reaction forces from the walls that arise when the piston and displacer
reach the extreme positions on the left Xg,min, Xp,min @Nd 0N the right Xg,max, Xp,max. 1N this study, only such operating
modes are considered when such values of the coordinates of the piston and displacer are not achieved. The
gas masses in the displacer m¢ and heater me are determined by solving the equations (further, the top stroke
means the derivative with respect to time)

dmc ' dme '

&M e ™ ©

Let mco and meo are the initial values of the gas masses in the cooler and heater, then from the sum of
equations (5) and after integration the equality follows

M, —Mgo = _(me - me,o) : (6)

The pressure pr and temperature T, in the regenerator are taken to be the average values in the heater
and cooler:

7

2 2 ")

Equalities (7) mean accepting a linear dependence on the x coordinate of changes in pressure and

temperature in the regenerator. Then the average gas density in the regenerator p, is determined from the
equation of state

Voo = Xeo +L

Vo =Vio + Ag (X4 = Xg0) + ApX,.

_ Pet P 8
Pr (T, +T.)R, ®)
For the gas mass flow rate in the regenerator m’.(t) = u(t)prAr, the equation is used [15]

! K m!
dﬂ:iAp_lﬂm;’ (9)

dt L, 2 m,
L

Ky =K #2200 mo=p LA =pV,. V, =LA, (10)

;

According to the diagram in Fig. 1, the positive direction of gas movement corresponds to the positive
sign of the pressure drop Ap, therefore Ap = pc — pe.

Writing the energy equation comes down to finding an equation for the temperature of the heater T. and
cooler T¢; these parts of the machine are surrounded by media with temperatures Tmax and Tmin. In real devices,
Tmax is the temperature of the liquid or gaseous medium that serves as a heat supplier for the machine; Trmin is
the ambient temperature.

Heat exchange with the external environment occurs according to Newton's law with heat transfer
coefficients a. and o, through the wall surfaces with the contact area Se and S¢. Using Newton's law does not
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accurately model heat transfer through the wall during fast transient processes, but is acceptable as a first
approximation.

The heat capacity of a gas at a constant volume c,, = const, the mass of the gas m, the internal energy of
the gas U = ¢,mT, when a small heat dQ is supplied, its volume changes by the value dV, then the law of
conservation of energy is written as the equality

du __ dv_dQ
gt~ "dtat

The rate of heat supply/removal Q’ is determined by the sum of the following factors:
- convective transfer across the boundaries of the volume under consideration Q'c (or, Q"),

o - c,mT,, if m >0; o - c,mT,, if m >0;
° le,mT,, if m <0; * " le,mT,, if m <0;

r-ro

- exchange of heat with the external environment Q' (or, Q’ou).
Qi,n =0 S, (Tmax _Te)1 Qéut =05, (Tc ~ Trin )i

here is the surface area of the heater

2
S, = nd; mid, .
- thermal equivalent of the operation of an electric generator Q’gen,
dx,,
Qgen =D [ dt J ; (11)
- thermal equivalent of the work of pushing gas through the regenerator Q'rc (or, Q've),
Pc = Pe. m, if m! >0; 0, if m >0;
Qe=y Pr Qre =1Pe=Pe 1 it o <0, (12)
0, if m <Q; P,

Thermal powers Q'+ and Q'+ always have a positive sign; if the gas flows from left to right, then the
pushing work is performed by the coolant gas; if the gas flows in the opposite direction, then it is the heater
gas. The rates of change in the volumes of the cooler and heater are equal

dt

Ve _ , [ dx _dx, dv,
dt dt

Then, from the law of conservation of energy, the rates of temperature changes T and T, are determined,

dT, dm dx, dx D ,
c, M, dtc = —CUTC d_tc - IOCA [d—td _FJ Qout Qc - Qgen - Qr,c'
dT, dm ,
C,Me d_te = _CuTe L eAd 4+ an + Qe Qr,e .

Using equalities (4) allows the temperature equations to be written in a convenient form:
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ch _ T_cmr _ pCAp [dxd _ dxpj_ Q(,)ut +Qéen +Q|t,c +Q(,:
r

dt. m c,m,\ dt  dt Cc, M,

dTe — Te m’ — peAd dXd i Qi'n +Qé _Q;‘e

c
o
dt m, c,m, dt C,M,

Here, the first terms on the right sides of the equalities have the same structure, so they can be combined
with convective heat sources. After simple transformations, the final forms of the equations for temperatures
are obtained:

A dx Lt  Quen +QF ~
dTC __ Pc p dXd _ P Qout Qgen Qr,c +Qé, (13)
dt c,m, | dt  dt c,m,
dTe __ PeAy d% Qi —Qre +QL,
dt c,m, dt c,m,
H ! > . _
- TO,T if m >0; - T, Tem;,if m >0
T _ = m
Q% T, if m <0, Qe ¢ _
¢ 0, if m; <O.

The inclusion of thermal powers (11) and (12) explicitly in the temperature equations (13) makes it
possible to more accurately determine the temperature in the cooler and heater.

3. Modeling tools, construction of computational grid and verification of model accuracy
and adequacy

The solution of equations (1), (2), (5), (9) and the system of equations (13) was carried out using the
numerical Runge-Kutta method with second order accuracy [19]. The computational grid is taken from the
same book. The program code for implementing the computational algorithm was written by one of the authors
in C++ using the DevCpp 5.11 package.

The integration step is At = 107 s; such a small value allows one to obtain reliable results with wide
variations in engine parameters. The accuracy of the model was verified by decreasing the integration step At;
the invariance of the results at different steps indicates the accuracy of the calculations [19]. The adequacy of
the model was verified by checking the coincidence of the results with the results from work [15], obtained in
the isothermal approximation.

4. Stirling machine simulation results

The analysis of its operation was carried out with the following set of input parameters:

— displacer mass mg = 0.1 kg;

— heater length L. = 0.17 m;

— spring stiffness kg = 500 N/m;

— cross-sectional area of the displacer rod Arq = 0.01 m?;

— diameter d; = 0.24 m and displacer cross-sectional area Aq = 0.045 m?;

— piston area A, = Ag — Arog = 0.035 m?;

— piston mass m, = 0.2 kg;

— damping coefficient (characterizes the reverse effect of an electric generator on a machine) D, = 8.0
N-s/m;

— initial pressure po = 10° Pa;

— working gas: adiabatic index (air) y = 1.4, gas constant Rq = 287 J/(kg-K), heat capacity at constant
volume ¢, = 710 J/(kg-K);

— heat transfer coefficients a. = ae = 250 Br/(M*K);
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— heat exchange surface area of the cooler S = 0.65 m?;

— heater heat exchange surface area S = 0.19 m?;

— heat source temperature Tmax = 593 K (320 °C);

— cooler (ambient) temperature Tmin = 293 K (20 °C);

— distance Xe0=0.26 Mm;

— initial volumes Veo = 1.46-:102 m®, Vo = 2.5-10° m®, V0 ="5.7-10°m3;

— neutral position of the displacer x40 = 0.15 m;

— geometric parameters of the regenerator L, =0.18 m, dr=0.01m, A, =7.85-10°m?; V,=1.4-10"m?,

— hydraulic parameters of the regenerator K; = 0.5, £ =0.06.

The volume of the buffer space is taken to be very large, Voo = 2.5-10° m?; in fact, it is excluded from
consideration. High values of the heat transfer coefficients o and o suggest a rough account of the convective
movement of the gas. But such movement is not considered in detail here, so as not to complicate the analysis
of engine operation. The accepted value { corresponds to the weak porous structure of the regenerator; ¢ =
0.03 is realized in the free space of a channel with smooth walls [18].

The following was discovered during the simulation:

— the time it takes to reach a steady state of engine operation depends on the initial conditions for the
differential equations;

— oscillations with very different frequencies occur in the system, so numerical integration of the
equations must be carried out with a small-time step;

— under certain initial conditions, oscillations with very large amplitudes may occur in the first 0.01...0.1
S,

— with low spring stiffness kg, the displacement of the displacer x4 may not correspond to the design of
the engine and then the displacer rod may rest against the right or left wall. Sometimes this appears as a
negative volume value V.

Results in Fig. 2—4 were obtained with initial conditions

t=0: xp=0; dxp/dt = 0; Xq = Xq,0; dXa/dt =1 m/s; m', = 0.

In addition to them, at the initial pressure po and temperatures Te(t = 0) = Tmax, Te(t = 0) = Trmin, the gas
masses in the cooler and displacer are equal

— pOVCO m _ pOVeO

m , =
"0 R,T, “7 R,T,

4.1. Methodology for calculating the generated power of electricity

Since the reverse influence of the electric current generator on the operation of the Stirling engine lies in
the Dpx’, complex, it characterizes the production of electrical energy. The coefficient D, depends on the
properties of the generator [14]. The Dpx', complex is the resistance force resulting from self-induction in the
generator windings. Then the instantaneous electrical power is equal to

P =Qgen = Dp(X’p)z'

To assess the efficiency of the engine, the amplitude, or the average value over several periods of
oscillation <P> in a steady state, is of interest. The positions of the displacer and piston (Fig. 2) are gradually
established to a periodic oscillation mode with constant amplitudes. Clock frequency of oscillations in steady
state v = 12.3 Hz. The piston and the displacer perform synchronous oscillations; the presence of a noticeable
phase shift between xq and X, is not detected. Such a small phase shift exists in the model [14], but not between
pressure fluctuations in the heater and cooler.

Within one period of oscillation, the maximum speed of the piston is greater when moving to the right
than in the opposite direction. Since the piston stroke is the same in both directions, the travel time is different.
Due to the indicated difference in velocity amplitudes, the power graph (Fig. 3) in steady-state mode shows
two maximum points Pmax,1 = 427 W and Pmax2 = 598 W. Thus, the greatest engine power is developed when
cold gas expands.
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Fig. 3. Dependence of electrical power P on time t

The gas temperature in the heater Te at certain moments of time exceeds Tmax (Fig. 4). This occurs as a
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Fig. 4. Dependence of the temperature of the refrigerator T. and the heater T on time t

result of adiabatic compression of the gas under the influence of the inertia force of the displacer mass. But
the average value <Te> is always less than Tmax. The gas temperature in the cooler T, can increase both due to
the incoming mass from the heater and as a result of adiabatic compression. In addition, T. oscillations have a
weakly expressed relaxation character, when the temperature increases faster than the decrease. Temperature
data <T.> allows an approximate estimate of the electrical efficiency of the engine n. The temperature
difference between the heater and the external temperature Tmax iS AT = Tmax — <Te> = 84 K. Then the heat
entering the engine is Q'in = aeSeAT = 4012 W. The net power produced is approximately <P> = 254 W, and
then the efficiency is n = 0.063, or 6.3%.
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It should be noted that the use of values with a temperature difference Q’in (or Q’ou) is inconvenient, since
the value AT is much smaller than the temperatures themselves, so they must be calculated with high accuracy.
Various thermodynamic cycles are realized in the heater and cooler; in the p-V coordinates one close to the
Stirling cycle is observed, and in the cooler its almost mirror image is observed relative to the vertical axis
(Fig. 5). A special feature of them is the presence of a small loop in the upper part of the figure; in addition,
line 1 is not a Stirling cycle, since a decrease in pressure corresponds to an increase in volume. An increase in
the hydraulic resistance coefficient K, leads to a decrease in engine efficiency n (Fig. 6) and average power
<P> (Fig. 7), the opposite phenomenon is observed depending on Dy.
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The power of heat supplied to the engine Q'in decreases at low K, and the observed increase in <P>means
a more efficient conversion of heat into mechanical work. However, at low values of K, excessively large
displacements of the displacer may be observed due to low spring stiffness kq or small volume V., which do
not correspond to the engine design. As the damping coefficient D, increases, the pressure in the heater and
cooler, as well as the difference between them, increases. This is explained by an increase in resistance to the
movement of the piston, which leads to more mechanical work and the production of electrical power P.

In this regard, it would seem that the coefficient of hydraulic resistance K should have the same effect,
but here the opposite phenomenon is observed (Fig. 7) the power <P> drops. The reason for this is a reduction
in the exchange of heat and mass between the heater and cooler, which is fundamentally necessary in the
Stirling cycle. An increase in engine power and efficiency can also be achieved by increasing the rigidity of
the displacer spring, and at the same time this leads to an increase in the oscillation frequency (Fig. 8). Over
the range of kq changes indicated here, the power <P> increases from 64 to 251 W.
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=
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Fig. 8. Changes in frequency, efficiency and power when spring stiffness changes; K = 0.5, D, = 8.0 N-s/m

The above results indicate the existence of an optimal operating mode for the Stirling engine depending
on the spring stiffness, the hydraulic resistance of the regenerator, the connected electrical load and the
geometric characteristics of the heater. The optimization procedure necessary in this case was not carried out;
this is a separate and complex task due to the presence of a large number of parameters.

Here, the increase in efficiency n and power P depending on the load parameter kq deserves special
attention. Obviously, an unlimited increase in kg will ultimately lead to the engine stopping. This means that
the functions n(kq) and P(kq) must have a maximum point.

5. Comparison with the isothermal model [15]
Now temperatures Tc = Tmin, Te = Tmax, €quations (1.13) are not considered. In the isothermal

approximation, the efficiency calculation is performed based on the value of the total engine power Pm (or the
rate of production of mechanical work), it is equal to

dxg

‘(pe po)ddlte‘ = |(Pc —Pe)4p (7 dxp)| |(Pe Po)Ad% .

SR

The necessity of the module sign is explained by the fact that useful work is performed both during
expansion and compression of gas in volumes. The engine efficiency n was determined by the average values

of power < > and <Pm>:
<

_(P)

Po)

The initial physical parameters remain the same as those used to construct Figures 6 and 7. Changing the
resistance coefficient K, from 0.1 to 0.9 does not change the efficiency, but the power is constantly reduced.
And this result does not depend on the generator electrical load characteristic D,. The obtained data are placed
in Table 1.
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Table 1. Dependence of average electrical power on the resistance coefficient K;

D, =8 N-s/m
Kr 01 [ 02 | 03 | 04 [ o5 | o6 | 07 | 08 [ 09
n 17 % (for all Ky)
<P> W 28 21 16 13 10 9 7 6 5
Dp =10 N-s/m
n 19 % (for all K)
<P> W 53 40 31 24 20 17 14 12 10

It is also worth paying attention to the decrease <P> when switching to an isothermal model (power in

Table 1 is measured in watts), but at the same time the efficiency increases. The constancy of the efficiency n
found here is another distinctive feature of the isothermal model. It is generally accepted that friction always
reduces the efficiency of the engine, but this is not observed in Table 1. Apparently, this is a shortcoming of
the isothermal approximation.

6. Conclusion

Simulation of the Stirling engine showed a strong dependence of the results (temperatures in the heater
and cooler, power and frequency) on the geometric and physical properties of the regenerator and the amount
of work generated by the electric generator. In this case, the engine power increases with a decrease in the
coefficient of hydraulic resistance in the regenerator and an increase in the load of the electric generator. An
increase in power is also observed with an increase in the spring stiffness of the displacer, leading to an increase
in the oscillation frequency. It was also found that the greatest power is observed in the absence of a phase
shift between the oscillations of the displacer and the piston. The motor cannot run when the phase shift gets
close to m. Increasing the stiffness of the displacer spring also leads to an increase in oscillation frequency,
power and efficiency. Thermodynamic processes according to the Stirling cycle occur in the heater; in the
cooler, a cycle is implemented that is close to mirror reflection relative to the pressure axis in p-V coordinates.

Comparison with an earlier isothermal model showed the following:

1) taking into account the change in temperature (in contrast to the isothermal model) in the engine leads
to an increase in its power (for example, approximately 8.9 times with a spring stiffness of kq = 500 N/m and
Dp = 8 N-s/m);

2) but at the same time the efficiency of the engine increases for example, approximately 2.74 times with
a spring stiffness of ky = 500 N/m and D, = 8 N-s/m);

3) in the isothermal approximation, the efficiency can remain constant with an increase in the hydraulic
resistance of the regenerator K, from 0.1 to 0.9, and this result does not depend on the damping coefficient Dy.

The obtained data are the result of calculations (simulation) under the specified simulation conditions and
will be further analyzed for compliance with experimental data under similar operating conditions of the
Stirling engine.

Notation

Aq — the cross-sectional area of the displace, m?;

Ap — the cross-sectional area of the working piston, mz;

Arod — the cross-sectional area of the rod (displacer), m?;

A, Lr— cross-sectional area and length of the regenerator, m2 and m;
D, — the coefficient characterizing the electric generator, N-s/m;

dr— the height of the working section of the regenerator, m;

dr — the diameter of the piston and displacer, m;

d2 — diameter of the heater and cooler, m;

ks — spring stiffness coefficient, N/m;

mc — the mass of gas in the cooler, kg;

me — the mass of gas in the heater, kg;

mr, m'r— mass and mass flow rate of gas in the regenerator, kg and kg/s;
P — electric power of the generator, W;
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pb, Vb — pressure and volume of buffer space, Pa and m3;

po — initial and external pressure, Pa;

Q'inand Q'out — heat input and output power in the engine, W;

Q'rc and Q're — thermal equivalents of the work of pushing gas through the regenerator, W;

Q'c and Qe — thermal capacities of convective transfer across the boundaries of the cooler and heater, W;

Ry — gas constant, J/(kg-K);

Tiin, Tmax — mMinimum and maximum temperature, K;

t—time, s;

Ve, pc and Tc — volume, m3, pressure, Pa, and gas temperature, K, in the cooler;

Ve, pe and Te — volume, m3, pressure, Pa, and gas temperature, K, in the heater;

Vi, prand T, — volume, m3, pressure, Pa, and gas temperature, K, in the regenerator;

Xd, Xo — the coordinates of the displacer and piston, m;

u — gas velocity in the regenerator, m/s;

o, oe — heat transfer coefficients in the cooler and heater, W/(m2-K);

v — adiabatic index;

n — electrical efficiency;

pr— gas density in the regenerator, kg/m3;

v — the oscillation frequency of the piston and the displacer, s,

¢, Kr— hydraulic resistance coefficients.

Subscripts: ¢ — compression; e — expansion; b — buffer; d — displacer; gen — generator; in — inlet; out — output; p — piston; r —
regenerator; g — gas.
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Abstract. Real time hardware and software systems are operated at centers of a power system operation. The
key unit of these systems is the state estimation block since, based on the results of mode parameters derived from
this block, parameters that are more comprehensive can be calculated. These parameters are considered for system
stability and reliability. Currently, not only telemetry but also synchronized phasor measurements can be used for
a state estimation. Therefore, the development of state estimation methods is the relevant task. The proposed method
allows improving the estimation accuracy and the quality of decisions, related to system stability and reliability.
The method is based on mathematical frameworks of the Gauss-Newton method and extended Kalman filter, when
telemetry and synchronized phasor measurements arrays are used simultaneously. It is confirmed, that the given
method increases an accuracy of the voltage and active power flow estimation at steady state and post-accident
modes, in contrast to the standard state estimation method. The developed algorithm enables the implementation of
this method into the state estimation block of real time hardware and software systems. The upcoming trends for
the development of state estimation methods in the event of dynamic processes in power system areas are also
formed.

Keywords: state estimation, Gauss-Newton method, extended Kalman filter, telemetry, synchronized phasor
measurements.

1. Introduction

Automated dispatch management systems, for instance, Centralized Emergency Control Systems
(CECSs), System Integrity Protection Schemes control modes operate in high voltage power systems based on
state estimation (SE) results [1-4]. To obtain SE results, telemetry of mode parameters is often used. It has
major sample spacing, and the parameters are asynchronous in time. Moreover, telemetry does not involve
such parameters as voltage and current vectors. These factors reduce the accuracy of solutions to technological
tasks, particularly, when calculating power flows before electrical switching operations, identifying maximum
and emergency allowed power flows, and making an expert analysis of emergency states, which requires a
proximity control of a current mode.

Wide-Area Measurement Systems (WAMSs) are embedded at power system facilities [5, 6].
Synchronized phasor measurements (SPMs) of mode parameters, received from WAMSs, are timed by Global
Positioning System (GPS), updated before 50 cycles per second. SPMs include measurements of direct voltage
and current vectors. The high update rate ensures control of sudden changes in a power system structure and
its mode; records of voltage and current vectors improve the Jacobian and computing process stability; high
accuracy of SPMs increases SE results veracity [7-9]. Figure 1 illustrates telemetry and SPMs acquisition and
transition.
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Fig.1. Scheme of telemetry and SPMs acquisition and transition

In the telemetry system, a primary detector (PD) does not guarantee that telemetry is bound to
Coordinated Universal Time. As a result, telemetry is asynchronously transferred to a telemetry device (TD),
then to a telemetry device of a control center (TDCC) and an Operative information complex (OIC). Time
irregularity of the parameters recording falsifies SE results.

WAMSs involve two types of facilities: phasor measurement systems (PMUs) and phasor data
concentrators (PDCs). PMUs record mode parameters, received from voltage (VT) and current (CT)
transformers, and provide label binding to SPMs by GPS. PDCs receive SPMs from PMUs, save them and
process SPMs consistency. After that, SPMs are transmitted to the Information Processing Center (IPC) via
the communication network. Subsequently, telemetry and SPMs arrive at the OIC and they are transmitted to
the Information and Communication Complex (ICC). According to figure 1, ICC software includes some
blocks, where the SE block is the primary unit, as an accidental situation simulation and checking stability
margin are performed on the basis of the mode, estimated in the SE block.

Significantly, WAMSs are installed only at 220 kV and above power system facilities. Therefore, SPMs
and telemetry can be consistently used for obtaining more precise SE results. Combining SPMs and telemetry
enables to develop SE methods [10-12].

Currently, in the modern automated dispatch management systems the SE is achieved by the standard
static method, when telemetry is only used as the data, for the reason that this method is not adapted for SPMs
[13].

It is reported in [14-21], that dynamic SE methods demonstrate greater accuracy at steady state conditions
than the standard static SE method. However, authors stated, that the accuracy of dynamic SE methods is
spiraled downward, when sudden changes in a power system are occurred, but no solutions have been proposed
[15, 20].

Allin all, despite the development of SE methods, the issue of the adequate combining static and dynamic
SE methods for the improvement of the SE quality has not yet been come to a decision.

In this paper, the SE method combining sophisticated static and dynamic SE methods in line with the
Gauss-Newton mathematical method and extended Kalman filter (EKF) is proposed and tested. This method
provides high-quality SE results at various power structures and modes. This is crucial for identifying
technological tasks in real-time.
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2. Theory of the Method

The SE method is based on the following principles:

1. SE operates in polar coordinates to consider voltage and current angles;

2. Itis offered to calculate SPMs weight factors with the formula, which gives a reliable repeatability of
an iterative process.

Generally, the static SE method is formalized by the Newton or the Gauss-Newton methods [12, 13]. The
Gauss-Newton method is used to solve nonlinear systems of equations and it differs from the Newton method
in that the Jacobian is used for approximation instead of the Hessian matrix. Hence, the iterative process time
is decreased for the calculation of large-scale systems of equations, such as power system mode equations. For
that reason, the Gauss-Newton method is the most relevant for SE. This fact is especially important for
automated dispatch management systems. It should be noted that, the Gauss-Newton method is already
implemented in the algorithm of the State Estimation Block (fig.1). For that reason, it remains only to modify
these method and algorithm for the simultaneous using telemetry and SPMs with economically justifiable
expenses.

Dynamic SE methods rest on Kalman filters: EKF, Unscented Kalman Filter (UKF) and others [12,
15-20]. UKF ensures higher accuracy than EKF, if a mathematical model is non-linear. This is due to the
fact that at UKF nonlinear predictive functions are plotted by sigma-points, while a model can be linearized in
each iteration by the Jacobian at EKF.

However, it is required to define additional model parameters for UKF. Indeed, it is impossible to
predetermine additional model parameters in advance for all schemes and modes, therefore, EKF is preferred.

If a scheme and a mode are rapidly changed, then in the proposed method a state estimation is provided
by the static SE method during the specified time At to configure an amplification matrix. Further, the matrix
is applied as initial data for SE by the dynamic SE method.

2.1 Transition to the polar coordinate system and development of the mathematical
framework for SPMs

The mathematical statement of SE task comes down to identification of the state vector u, with 2N-1
dimension, where N is the number of nodes. In the current SE blocks the state vector components are
longitudinal and transversal components of the node voltages: E1, V1; E2, Va;..., Ena, V1) En, V.

Every measured mode parameter r; =1...M, where M is the number of measurements, is an explicit
function from voltage ri(U), and the analytical form of this function corresponds to Ohm’s law and Kirchhoff’s
law. The calculation results of the mode parameters ri(U) and r; are inconsistent with each other, due to
measurement errors, resulting from imperfection of measuring equipment and irregularity of mode parameters
measurements. The proximity measure of calculated and measured parameters can be identified by means of
the formula (1):

r=r(U)+ f(U), (1)

where r = {U;, Pi, Qi, P, Qij} is a mode parameters vector; r'(U) = {U;, Pi(U), Qi(V), P;;(U), Q;i(U)} is a vector-
function, defining mode parameters with node voltages; f'(U) = [ri(U) — ri; r2(U) — rz; ... rm(U) — r] is a
vector of measurement errors; Pj;, Qj; are active and reactive power flows from node i to node j; T is an attribute
of the conjugation.

Absolute magnitudes and angles of node voltages U1,81; U2,82;. ..,Un-1,0n-1; Un, On are implemented to the
state vector u for SPMs accounting purposes. This approach significantly enhances the Jacobian condition,
accelerates a convergence of a computation process and reduces SE time.

At nodes, where SPMs are measured, voltage and angle measurements are given as U; = U™ and &; =
&M, and, at nodes, where telemetry is measured, as Ui = U{®®™ and §;=0 respectively. If a voltage
measurement is not available at a node, it is necessary to assume that Uj= Uj"ominal vltage 54 §,=0. The vector
and the vector-function of mode parameters are expanded for SPMs accounting purposes (2), (3):

r:{Ui’Si’Pi’Qi’Iij’cij’PijaQij}' ()

rU)={U,,5,,RU).QU),P;(U).Q;WV).1;U).0;W)}, (3)



64 Eurasian Physical Technical Journal, 2024, Vol.21, No.4(50) ISSN 1811-1165; e-ISSN 2413 - 2179

where U;, & are the voltage absolute magnitude and angle at the node i; |. = (C;+D§) and

ij
o :arctg(Dij +Cij) are the current absolute magnitude and angle in the ij connection; B, =C; -\/§-Ui and
N
Q; =Dy '\/§'Ui are the active and reactive power flows in the ij connection; P :\/§-Ui -ZC” and
jeN
N
Q =+/3-U, Z D, are injections of active and reactive powers at the node i, if
jeN
C; =U,-(g; +9;)—U,(g; -cosd; —by; -sind;) and D, =U, - (b, +b;)—U,(g; -sind; +b; -cos,), Where
gii, bii are active and reactive self-conductivity of the node i; g, bij are active and reactive conductivities of the
ij connection; 6;=0; - & is the voltage reciprocal phase shift between nodes i and j; &i, 5; are the voltage angle
at nodes i and j. The Jacobian is also expanded for:
current absolute magnitude and angle (4):

el el e/ Ml M/ s/ I/ Rt (4)
oU, "oU; 05, 85, 'au, ouU, a5, 05,

active and reactive power flows (5):

oP; oP, oR; oR; 0Q; 0Q; 8Q,J aQ,J ©)
au, 8UJ 66, 681 " ou, 6UJ 09, 86J

injections of active and reactive powers (6):

R R R R QXN ®

oU,'du, " 85," 35, 2, au, 3, ' Bs,

Accordingly, the transition from the rectangular coordinate system to the polar coordinate system with
SPMs is provided.

2.2 Calculation of SPMs weight factor

In the SE block the weight factor matrix recognizes the importance and quality of a measured mode
parameter in reference to the other mode parameters. It is complicated by user’s configurations resulting in
frequent failure of an iterative process. Therefore, the formula (7) is suggested

1
Cij = v ’ (7)

2

where jjj is the Jacobian component.
This approach guarantees a monotonous reduction of the weighted sum of the voltage square imbalance.

2.3 Algorithm of the method

The algorithm flow-chart of the proposed SE method is presented in figure 2, where Kmax is the limit
number of iterations; ¢ is the reasonable error of the voltage vector estimation, calculated as the difference of
estimated voltage values at power system nodes on k and k+1 iterations, representative of an iteration
convergence; t is the time interval, when a measurement array is formed; t; is the calculation time; to is the
time, when the last hard change of a topology and a mode is recorded. Diagonal entries of the covariance
matrix of the process noise Q equal the measurement variance 6% 6=0.02 for telemetry and 6=0.005 for SPMs
[20].
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A root-mean-square deviation (RMSD) of mode parameters from a reference parameter is calculated by
formula (8):

(8)

where r; is a mode parameter value; I is the mean mode parameter value in a data selection; n is the number
of values in a data selection.

3. Practical approbation and results

Figure 3 shows the part of the equivalent topology of 500 kV Siberian united electrical grid. This model
is implemented to the automated dispatch management system. The following legends are assumed: a State
Regional Power Plant (SRPP), a Hydro Power Plant (HPP), and a Power Substation (PS). The telemetry and
SPMs are collected from OIC.

PMUSs are located on connections: SRPP-1 — PS-4, SRPP-2 — HPP-2, PS-14 — HPP-2, PS-14 — PS-15,
HPP-3 — PS-19, PS-20 — PS-19, PS-20 — PS-21, PS-18 — PS-20, PS-21 — PS-18, PS-21 — PS-20, PS-21 — HPP-
4, PS-21 — HPP-5, PS-21 — PS-22. They are marked with a grey circle.

HPP-3 PS-19 PS-20

ps.13 SRPP2  HPP2 PS.14 PS5 PS-16

@
Transit I sl

| | PSs-11 HPP-1 | Ps-12

PS-10
o—@e Nl
@ O
Fig.3. Equivalent topology of 500 kV united power system electrical grid.

Steady state and post-accident modes are studied. The post-accident mode is aligned with the shutdown
of 500 kV power line PS-19 — PS-17 by a relay protection. SE is completed by the standard static SE method
by telemetry and the suggested method by telemetry and SPMs. According to the nodes of Transit |, figures
4 — 7 demonstrate the RMSD sharing for an active power and voltage measured and estimated values from
control values, obtained in the steady state and post-accident modes.

The active power RMSD mean value equals 1.62 MW for measured values, for estimated values by the
standard static SE method by telemetry is 1.51 MW and for estimated values by the suggested method by
telemetry and SPMs equals 0.86 MW. The voltage RMSD mean value equals 1.91 kV for measured values,
for estimated values by standard static SE method by telemetry is 1.32 kV and 1.15 kV for estimated values
by suggested method by telemetry and SPMs.

The active power RMSD mean value equals 3.68 MW for measured values, for estimated values by
standard static SE method by telemetry is 3.15 MW and 2.11 MW for estimated values by suggested method
by telemetry and SPMs. The voltage RMSD mean value equals 3.65 kV for measured values, for estimated
values by standard static SE method by telemetry is 2.12 kV and 2.07 kV for estimated values by suggested
method by telemetry and SPMs. In the mode, when PS-19 — PS-17 power line is shutdown, active power flows
are rerouted between PS-20 — PS-19, PS-18 — PS-20, PS-17 — PS-18 power lines. In this case, the SE accuracy
is notably higher for the nearby nodes, where the structure of a power system and the mode are changed.
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Fig.6. The active power RMSD sharing in the post-accident mode
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Fig.7. The voltage RMSD sharing in the post-accident mode

The high efficiency of the proposed method for nodes with SPMs is associated with the correct prediction
of mode parameters based on measurements in previous time. Meanwhile, the predictive accuracy is lower for
nodes with telemetry due to low data rate.

4. Conclusion

1. The SE method is formulated and tested by the high voltage power system. This method is based on
the sophisticated Gauss-Newton method and the extended Kalman filter, when telemetry and synchronized
phasor measurements are used in combination. The suggested method allows evaluating mode parameters with
greater accuracy than a standard static SE method. It is to be noted that:

— SE operates in polar coordinates considering voltage and current angles (formulas 2 — 6), therefore,
the Jacobian condition and calculation process convergence are improved.

— Even though the unscented Kalman filter has a desirable accuracy, it requires identifying additional
parameters, which are initially indeterminable for all complexes of the system structures and modes. For that
reason, the extended Kalman filter has been chosen for dynamic SE.

— Formula (7), which ensures convergence of the iterative process, is offered for calculating weight
coefficients of a measured parameter relative to other parameters.

2. It should be noted that the suggested method improves the accuracy of active power flow estimation
by 1.76 times for the steady state mode and by 1.5 times for the post-accident mode, while, voltage estimation
accuracy shows a 1.2 increase for the steady state mode. These results enable the solution of technological
tasks in power engineering with greater accuracy.

3. To implement this method in real-time software packages of the ICC state estimation block, an
algorithm (fig.2) is developed. This algorithm includes the command option to receive data from OIC and
WAMS.

4. The authors emphasize the importance of codify the theory of continuous and discrete linear Kalman
filters, quasilinear filters, generalized nonlinear Kalman filters and continuous and discrete suboptimal
nonlinear Pugachev filters to improve the dynamic component of the SE method [22].

5. The additional researches represented that the proposed method permits to calculate maximum allowed
active power flows and control action volumes at controlled sections with greater accuracy. The mode
parameters, estimated by the suggested method, is applied for calculations of maximum allowed active power
flows and control action volumes at controlled sections of 14-bus IEEE electrical grid and 220 kV real power
system. The obtained results show that in the steady stay mode, maximum allowed active power flows
outnumber by 12 MW against the previously defined number and in the post-emergency mode it is more by
40 MW. It indicates that the total capacity of controlled sections is not used to the end. Whereas, control action
volumes in the steady stay mode is more by 2 MW and 13 MW in the post-emergency mode. The use of
underestimated control action volumes can not support the stability and reliability in a power system.



Eurasian Physical Technical Journal, 2024, 21, 4(50) Energy 69

Conflict of interest statement
The authors declare that they have no conflict of interest in relation to this research, whether financial, personal,
authorship or otherwise, that could affect the research and its results presented in this paper.

CRediT author statement
Batseva, N.L.: Conceptualization, Writing - Review & Editing; Foos, J.A.: Validation, Investigation, Software.
The final manuscript was read and approved by all authors.

References

1 Hoseinzadeh B., Bak C.L. (2018) Centralized coordination of emergency control and protection system using
on-line outage sensivity index. Electric Power Systems Research, 163, 413 — 422. DOI:10.1016/j.epsr.2018.07.016.

2 Panteli M., Crossley P.A., Fitch J. (2015) Design of dependable and secure system integrity protection scheme.
Electrical Power and Energy Systems, 68, 15 — 25. DOI:10.1016/j.ijepes.2014.12.047.

3 Ballal M.S., Kulkarni A.R., Suryawanshi H.M. (2021) Methodology for the improvements in synchrophasor
based System Integrity Protection Schemes under stressed conditions. Sustainable Energy, Grids and Networks, 26, 1 —
19. DOI:10.1016/j.segan.2021.100465.

4 Rao AK., Kundu P. (2023) System integrity protection scheme for minimizing curtailment considering
transmission line thermal limits. Sustainable Energy, Grids and Networks, 33, 1 —13. DOI:10.1016/j.segan.2022.100970.

5 Kotha S.K., Rajpathak B., Mallareddy M., Bhuvanagiri R. (2023) Wide area measurement systems based
Power System State Estimation using a Robust Linear-Weighted Least Square method. Energy Reports, 9, 23 — 32.
DOI:10.1016/j.egyr.2023.05.046.

6  Khalid H.M., Flitti F., Mahmoud M.S., Hamdan M.M., Muyeen S.M., Dong Z.Y. (2023) Wide area monitoring
system operations in modern power grids: A median regression function-based state estimation approach towards cyber
attacks. Sustainable Energy, Grids and Networks, 34, 1 — 15. DOI:10.1016/j.segan.2023.101009.

7 Phadke G., Thorp J. S. (2008) Synchronized Phasor Measurements and Their Applications. New York:
Springer, 247. Available at: https://ieeexplore.ieee.org/document/5447627.

8  Martin K.E. (2015) Synchrophasor measurements under the IEEE Standard C37. 118.1-2011 with amendment
C37.118.1a. IEEE  Transactions on  Power  Delivery, 30, 3, 1 - 14, Available at:
https://ieeexplore.ieee.org/abstract/document/7052413.

9 Espejo E.B., Sevilla F.R.S., Korba P. (2023) Monitoring and Control of Electrical Power Systems Using
Machine  Learning Techniques. Elsevier, 339. Available at: https://www.sciencedirect.com/book/
9780323999045/monitoring-and-control-of-electrical-power-systems-using-machine-learning-techniques.

10 Karvelis G.1., Korres G.N., Darmis O.A. (2022) State estimation using SCADA and PMU measurements for
networks containing classic HVDC links. Electric Power Systems Research, 212, 2-7. DOI:10.1016/j.epsr.2022.108544.

11 Zhenjie W., Lin Y., Pei L., Chengda L., Zhengyang Z., Suirong L., Sun J.F. (2021) State estimation of
distribution network based on hybrid measurement combined with multi-source asynchronous data. Energy Reports, 8,
1778-1783. DOI:10.1016/j.egyr.2022.03.195.

12 Liu Y., Lin Y., Yue K. (2021) Modern power system state estimation methods. Elsevier, 277. Available at:
https://nyuscholars.nyu.edu/en/publications/modern-power-system-state-estimation-methods.

13 Li K, Han X. (2022) A distributed Gauss—Newton method for distribution system state estimation.
International Journal of Electrical Power and Energy Systems, 136, 1 — 14. DOI:10.1016/j.ijepes.2021.107694.

14 Ahmad F., Rashid M.A K., Rasool A., Ozsoy E.E., Sabanovic A., Elitas M. (2017) Performance Comparison
of Static and Dynamic State Estimators for Electric Distribution Systems. International Journal of Emerging Electric
Power Systems, 18, 3, 1 — 14. DOI:10.1515/ijeeps-2016-0299.

15 Zhao J., Gomez-Exposito A., Netto M., Mili L., Abur A., Terzija V., Kamwa I., Pal B., Singh A.K,, Qi J.,
Huang Z., Meliopoulos A.S. (2019) Power System Dynamic State Estimation: Motivations, Definitions, Methodologies,
and Future Work. IEEE Transactions on Power Systems, 34, 4, 3188 — 3198. DOI:10.1109/TPWRS.2019.2894769.

16 YuY. LiQ., ChenC., Zheng X., Tan Y. (2022) Improved dynamic state estimation of power system using
unscented Kalman filter with more accurate prediction model. Energy Reports, 8, 364 - 376.
DOI:10.1016/j.egyr.2022.10.112.

17 Hong-de D., Shao-wu D., Yuan-cai C., Guang-bin W. (2012) Performance comparison of EKF/UKF/CKF for
the tracking of ballistic target. TELKOMNIKA Indonesian Journal of Electrical Engineering, 10, 7, 1692 — 1699. DOI:
10.11591/telkomnika.v10i7.1564.

18 Mokhtari S., Yen K.K. (2023) Dynamic state estimation with additive noise for load frequency control using
bilateral fuzzy adaptive unscented Kalman filter. Electric Power Systems Research, 220, 1 - 10. DOI:
10.1016/j.epsr.2023.109363.


https://doi.org/10.1016/j.epsr.2018.07.016
https://doi.org/10.1016/j.ijepes.2014.12.047
https://doi.org/10.1016/j.segan.2021.100465
https://doi.org/10.1016/j.segan.2022.100970
https://doi.org/10.1016/j.segan.2023.101009
https://www.sciencedirect.com/book/
https://doi.org/10.1016/j.epsr.2022.108544
http://dx.doi.org/10.1109/TPWRS.2019.2894769
http://dx.doi.org/10.11591/telkomnika.v10i7.1564

70 Eurasian Physical Technical Journal, 2024, Vol.21, No.4(50) ISSN 1811-1165; e-ISSN 2413 - 2179

19 Lorenz-Meyer N., Suchantke R., Schiffer J. (2023) Dynamic state and parameter estimation in multi-machine
power systems. Experimental demonstration using real-world PMU-measurements. Control Engineering Practice, 135,
1 - 10. DOI: 10.1016/j.conengprac.2023.105491.

20 Batseva N.L., Foos Y.A. (2023) Effectiveness of the dynamic state estimation method application for mode
parameters of a power system. Bulletin of the Ivanovo State Power Engineering University, 3, 5 - 15.
DOI:10.17588/2072-2672.2023.3.005-015. [in Russian]

21 Veerakumar N., Cetenovic D., Kongurai K., Popov M., Jongepier A., Terzija V. (2023) PMU-based real-time
distribution system state estimation considering anomaly detection, discrimination and identification. International Jornal
of Electrical Power and Energy Systems, 148, 1 — 15. DOI: 10.1016/j.ijepes.2022.108916.

22 Pugachev V.S, Sinitsin I.N. (2004) A theory of stochastic systems. Moscow, Logos Publ., 999. Available at:
https://search.rsl.ru/ru/record/01002457901. [in Russian]

AUTHORS’ INFORMATION

Batseva, Natalia L. — Cand. Sc., Associate Professor, National Research Tomsk Polytechnic University, Tomsk, Russia;
Scopus Author iD: 56486150000; https://orcid.org/0000-0003-1808-4700; batsevan@tpu.ru

Foos, Julia A. — PhD student, National Research Tomsk Polytechnic University, Tomsk, Russia; https://orcid.org/0000-
0003-1216-0653; JuliaAlekseevna6797 @gmail.com



mailto:batsevan@tpu.ru
mailto:JuliaAlekseevna6797@gmail.com

Eurasian Physical Technical Journal, 2024, 21, 4(50) Engineering 71

2
\._PF‘A =2 &

o) BIKETDY 7Y EURASIAN PHYSICAL TECHNICAL JOURNAL EuRAsiAN

PHYSICAL
TECHNICAL
JOURNAL

2024, Volume 21, No. 4 (50)

https://doi.org/10.31489/2024No4/71-78 - ’
Received: 09/04/2024 Revised: 02/09/2024 Accepted: 11/12/2024 Published online: 25/12/2024
Original Research Article 2] Open Access under the CC BY -NC-ND 4.0 license

0,

UDC 53.06.011.56
CONTROL PROBLEM FOR A VACUUM TECHNOLOGICAL COMPLEX

Melikov E.A.*, Magerramova T.M., Safarova A.A.

Electronics and Automation Department, Azerbaijan State Qil and Industry University, Baku, Azerbaijan
*Corresponding author: elchin03@mail.ru

Abstract. Based on a comprehensive study of technological processes occurring in the vacuum block for an
installation of the ELOU-AVT type, the features for the complex technological complex under consideration as a
control object were analyzed. In this regard, a physically based mathematical formulation for the optimal control
problem of the block under study has been developed, taking into account restrictive conditions on control and
input parameters. Taking into account the compiled mathematical models for the quantitative and qualitative
characteristics of the process under consideration and the algorithm for their gradient adaptation, to numerically
solve the problem of optimizing the functioning for this block, the classical Lagrange method multipliers is used,
which allows the transition from the problem of a conditional extremum to the problem of finding the
unconditional extremum for the constructed Lagrange function. This method, as well as the proposed algorithm
and control principles, were applied for the first time to the vacuum block of the primary oil refining installation
of the ELOU-AVT type under study. In wide range conditions of changes in input disturbing factors in quantity
and quality, as well as insufficient operational quality information on the selected petroleum products, the
proposed method and principles of development algorithm for controlling the process under study allows for
prompt preliminary local regulation modes correction and the selection of new optimal modes for adaptive
control as a whole. This circumstance leads to an increase in the economic production efficiency and the
achievement of the greatest stability in the quality for the resulting target products.

Keywords: Model, Control problem, Vacuum block, Technological process, Qil fraction.

1. Introduction

Technological complexes for primary oil refining are, in terms of importance, the most important and
integral part of the entire oil industry [1-3]. In this regard, in the practice of developing and implementing
optimal control systems for complex continuous technological complexes, one of the most important
research stages is a comprehensive study of the processes occurring in these technological installations [4-8].
Crude oil coming from various fields, successively passing through distillation columns, is subjected in these
technological complexes to the primary distillation process, dividing the crude oil into fractions of different
boiling point ranges. At the same time, as control objects, the above-mentioned technological complexes are
characterized by the complexity of their constituent devices, a large number of controlled and uncontrolled
technological parameters, the need to make decisions on the control of technological apparatus and processes
as a whole in conditions of incomplete information about the processes occurring in them and the objects
state, high production capacity, a large number of different aggregates types with complex technological
connections between them, etc. [9-12].

In the presented article, a vacuum technological complex (block) for primary oil refining of the ELOU-
AVT type is considered as an object of research and development an automatic control system. It is known
that in vacuum blocks residual fuel oil is processed into various oil fractions used in the lubricants
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production in mechanical engineering, as well as for internal combustion engines and various technological
equipment.

As noted above, from a cybernetic view point, the vacuum block of the primary oil refining installation
is a complex control object with a multidimensional matrix of interconnected control and controlled
coordinates for the technological process under study. In this regard, solving the actual problem improving
the quality of vacuum blocks automatic control in oil refining and, as a consequence, increasing the
economic efficiency of petroleum products production is a great scientific and practical value.

A comprehensive analysis and study of modern automation systems for primary oil refining
installations shows their primary focus on solving local control functions [13-15]. However, in this case,
local automation is no longer able to satisfy the growing competitive modern market demands, which
requires multifactor automatic control systems for both quantitative and qualitative characteristics of raw
materials and the resulting target petroleum products.

The presented article examines the cybernetic foundations of the controlling problem the vacuum
technological complex of a primary oil refining installation and proposes principles for development an
algorithm for an automatic control system that allows increasing the economic efficiency and productivity of
the production in question as a whole.

At the first stage, operational parametric control of the main technological aggregates for the vacuum
block is carried out. This control is based on the synthesis of deterministic mathematical models in
conjunction with algorithms for optimizing the control coordinates of the process.

At the second stage, the solution to the problem of technological regimes invariant stabilization in
conditions of insufficient information about the state of the control object under study is provided. Here, a
combined system is proposed using self-adjusting controllers that make it possible to stabilize the quality of
the resulting target oil products. Let's consider a generalized automation functional scheme of the vacuum
block for a primary oil refining ELOU-AVT type presented in Figure 1.

H-201

Fig.1. Automation functional scheme of the vacuum block for a primary oil refining ELOU-AVT type installation.

The conducted studies showed that the main and most significant for the effective control of
technological apparatuses of the vacuum block are a tubular furnace that provides fuel oil heating, a vacuum
column for fuel oil rectification and additional stripping columns.

Being a residual product of the atmospheric block, fuel oil is heated in the H-201 furnace to a
temperature of 405+415 °C and then enters the bottom of the K-4 vacuum column. From the top of the K-4
column, a light oil fraction is removed at a temperature of 155185 °C, part of which is used here as
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irrigation, and the main flow through the K-5A stripper column is fed to product section of the installation.
The heavy oil fraction obtained from the middle part of the K-4 column with a temperature of 290-310 °C is
also used as irrigation, and the main flow of the fraction itself flows through the bottom of the K-5B
stripping column also in the product section. And finally, heavy vacuum gas oil is removed from the bottom
of the K-4 column, and residual tar with a temperature of 340+345 °C is pumped out from the bottom. Table
1 shows the regulatory indicators of the vacuum block mode parameters. Note that the fuel oil vacuum
distillation column K-4 has the greatest influence on the quality of the resulting target products. In this case,
the main controlled coordinates of the technological process under consideration here are the matrices of
temperature conditions and residual pressures. The disturbing factors of this process are variations in the
quantitative and qualitative characteristics of the fuel oil coming from the atmospheric block.

Table 1. Regulatory indicators of the vacuum block mode parameters.

Technological parameters Unit of Range of variations
measurement lower limit | upper limit

Quality of raw materials (fuel oil) - Not measured
Consumption of raw materials kg®/h 60 100
Temperature at the outlet flow from the furnace H-201 °C 390 400
Temperature of the vacuum column bottom K-4 °C 385 395
Temperature of the vacuum column top K-4 °C 72 88
Level in vacuum column K-4 % 40 60
Residual pressure in vacuum column K-4 mmHg 60 80
Temperature of the plate from which the light oil fraction °C 155 185
is taken
Temperature of the plate from which the heavy oil fraction °C 290 310
is taken
Light oil consumption m3/h 10 -
Heavy oil consumption m3/h 15 -
Light vacuum gas oil m3/h 45 -
Vacuum residue — tar m3/h 10 -

2. Statement of the problem

Depending on the amount of a priori information on the controlled and control coordinates, as well as
on the disturbing factors of the process under study, the vacuum block as a control object is classified by a
deterministic and partially uncertain system.

In addition, significant difficulties in synthesizing a set of mathematical models that most fully describe
the specifics for the ongoing processes in a vacuum block are associated with the efficiency and error of
measuring technological parameters.

The practice of operating vacuum blocks in real conditions shows that for these technological
installations type the main indicator is maximizing the yield and quality of the resulting oil fractions (specific
gravity of the resulting product, flash temperature, kinematic viscosity, etc.) contained in the processed fuel
oil with minimal energy consumption. The solution to this problem lies in consistently optimal control of the
technological process under consideration.

Thus, taking into account the above, a generalized physically based mathematical formulation of the
optimal control problem for a vacuum block, taking into account regulatory indicators, will be written in the
following form:

Yl.O.f = fl (Ff.OJ Tbl Tt: P, TK—3A) - max, (1)
lOf fZ(FfOlprTtpP T[( 3A)>0877 (2)
leovf = f3 (Ff.OI Tb, Ttl Pl TI(—3A) S 85 ) (3)

lOf f4-(Ff01Tbth;P TK 3A) = 135 (4)
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Yhor = fs(Fr.0, Tp, P, Tg_35) = max , (5)
Gpa s = fo(Fro Ty, P, Tg—35) < 0.907 (6)
Gf}f.'g.f = f7(Ff.0, Ty, P, Tk—3) < 6.5, (7)
GIP e = fo(Ff.0. Ty, P, Tg—35) = 205 . (8)

Restrictions imposed on the control and input parameters of the vacuum block:

60 < Fr, < 1007, 9)
72°C < T, <88°C, (10)
385°C < T, < 395°C, (11)
60 mmHg < P <80 mmHg , 12)
155 °C < Ty_34 < 185°C, (13)
270°C < Tx_35 < 285°C. (14)

Here and respectively are the yields of light and heavy oil fractions: G.7,, G&5s, G/JFr, Gud ., G
and G,{ﬁf accordingly, the specific gravity, kinematic viscosity and flash point of light and heavy oil
fractions; Fr,, is consumption of fuel oil supplied to the vacuum block for processing; P is residual pressure
in vacuum column K-4; Ty, Ty, Tx_34 and Ty _3p are temperature conditions at control K-4 vacuum column
points.

Based on the scientific and theoretical research and analysis, as well as practical experience in operating

the K-4 vacuum column, we will accept generalized mathematical models for the output coordinates of the
technological process occurring in the vacuum block in the following linear form:

y =bo + X1 b x; (15)
and in nonlinear form:

y =bo + Xl by x; + Xy Xy bijxix; + Xiq by x7, (16)

where y is output coordinate of the technological process under consideration, b, is free coefficient of
regression equation, b;, b;; (i,j = 1,n,i # j) linear and nonlinear coefficients, respectively, b; (i = 1,n)
are quadratic coefficients, x;(i = 1,n) are input coordinates of the technological process, n is the input
matrix dimension.

3. Modelling and development algorithm of control problem

As a result of the process under study analysis, it was established that when mathematically formalizing
the vacuum block of a technological installation for the oil primary processing it is more appropriate to build
mathematical models characterizing the quantitative indicators of the light and heavy oil fractions target
products in a nonlinear form, and mathematical models describing the qualitative indicators of the above-
mentioned products - in a linear form. This circumstance makes it possible to achieve the necessary
adequacy of the developed mathematical models complex to the real process occurring in the vacuum
technological complex. In addition, the proposed control system uses a gradient adaptation algorithm, which
makes it possible to maintain the adequacy of the obtained mathematical models to the real process in an
iterative mode.

In general, here it is proposed to use a well-known postulate, under which the system can be considered
adaptive if the deviation of the output parameter real value for the technological process from its
mathematical expectation is minimized by an arbitrarily small value &:

Mlymod - yreall 2 €,
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where, v,,,,4 1S the output coordinate obtained on the basis of a linear or nonlinear mathematical model
(9) or (10), yreq: is current value of the output coordinate obtained at the control object output under study,
€ is a value characterizing technological accuracy in the mathematical models development. Typically the
value of ¢ is a very small value and is expressed as a percentage.

Here, to adapt mathematical models of the vacuum technological komplex to current situations, it seems
more appropriate to use an adaptation algorithm based on the gradient method, since in this proposed
adaptation algorithm, unlike other algorithms, gradients of input technological parameters are used to adapt
mathematical models. The advantage of this adaptation algorithm compared to other algorithms is that each
of the mathematical model’s coefficients is adjusted depending on the direction of their gradients and the
corresponding model error. This, in turn, makes it possible, based on a smaller operations number, to
construct the most adequate mathematical models that have the required quality indicators.

Adaptation of mathematical models to current situations based on this algorithm is carried out in the
following way:

- for linear models:
oy,
Bim+1 =B™+a™ [Yreal — (BO + Z§=1 B{)nxpreal)]. (axr:l) 7

Xi=Xireal

- for nonlinear models:

Oym
Bim-'-1 = B{n + a™[Yrear — (Bo + Zp Bmxpreal + Zt Zp Btpxtrealxpreal)] (aj;l) (18)

Xi=Xireal

a J’m>
0x;0x; Xi=Xireal X j=Xjreal

Bm+1 Bm + a" [Vyear — (B + Zp Bmxpreal + Zt Zp Btpxtrealxpreal)] ( (19)
i=12,..kj=12,..,kj>i

Here V,eq1 » Xireqs (i = 1, k) are accordingly, the current values of the output and input parameters of

0%ym . . .
, (—6xl-6xj are partial derivatives calculated values

dym
the object under study; ( 63;1-)

Xi=Xireal Xi=Xireal,Xj=Xjreal

according to the corresponding input parameters of the model at points {X1,eq1, X2reats -+ » Xkrear } ON the m-
th tact, a™ is a positive number that satisfies certain conditions; y,, is calculated value of the output
technological parameters based on model expressions (15) or (16) at the m-th cycle, m are tacts.

It should be noted that the optimization speed of the adaptation algorithm, performed on the
expression’s basis (17)-(19), depends on several factors, the most important of which is the sequence a™
choice. When developing adaptive mathematical models, it is desirable to choose such a™ coefficients that
the deviation of the model coefficients current values from their desired values at each stage is minimal.

In accordance with the above, mathematical models have been obtained that have been adapted to the
current situation relative to the output coordinates in the vacuum block upper part and have the following
form:

Yio s = —4501.1558 + 5.7527F; , + 8.8673T), + 45.9481T, + 3.0525P + 8.76462Ty_3, +

+ 0.0432F?, — 0.0044F; ,T, — 0.164F; ,T; — 0.0079F; ,P + 0.0018F; ,Te_3, — 0.127T% —
—0.127T2 — 0.085T,T; + 0.055T,P — 0.06T, Tx_34 + 0.106T2 — 0.036T; P — —0.0856T, Ty_34 —

0.0024P% + 0.0019P T_3, — 0.00292T2_, , (20)
G.Y, = 09236 — 0.00012F; , — 0.00117T, — 0.00517T, — 0.0001064P — 0.00000177Ty_3, (21)
GI<Ys = 0.0213 — 0.04616F;, + 0.02752T;, — 0.1339T; — 0.003585P + 0.05854Ty_3 (22)
GLP: = 31,3126 — 023486F;, + 0.1164T, — 0.3665T, — 0.000773P + 0.259Ty_3, (23)

Ynos = —3397.998 + 8.8025F; , + 2.3294T), + 11.961P + 15.7958Tx_35 + 0.00798F%, —
— 0.008F; , T, — 0.0599F; ,P + 0.00189F; 4Ty _35 — 0.0112TZ + 0.00247T, P — (24)
— 0.03949T, Tx_35 + 0.0024P2 — 0.03193PTx_35 — 0.004949T2_,



76 Eurasian Physical Technical Journal, 2024, Vol.21, No.4(50) ISSN 1811-1165; e-ISSN 2413 - 2179

Gyd - = 0.885 + 0.000455F;,, + 0.00002T, — 0.000022P — 0.000041Ty_35 (25)
GIY ;= 03416 + 0.002496F; , — 0.00175T, + 0.0385P + 0.0010854T_s5 (26)
GIP e =120.25 — 0.26975F;,, — 0.02962T; — 0.046579P + 0.433051Ty_35 27)

As can be seen from the above, the mathematical formulation of the optimizing problem the
functioning for the vacuum technological complex (1)-(14), built on the mathematical models basis (20)-(27)
is by its nature a nonlinear programming problem. Based on the scientific publications analysis, it has been
established that to numerically solve the above optimization problem, it is more rational and efficient to use
the classical Lagrange multipliers method, since to solve this large-dimensional optimization problem, this
method makes it possible to reduce it into a relatively simple subtasks complex that make it up.

As is known, the Lagrange multiplier method allows you to find the maximum or minimum of a
function under equality-constraints. Based on finding the objective function partial derivatives, solving the
optimization problem using the Lagrange method is reduced to finding the coordinates of the Lagrange
function saddle point. Then, for the problem under consideration, the Lagrange function will be written in the
following form:

L= fl(Ff.orTbJTtJPJ TK—3A) + fS(Ff.o'TbJPJ TK—3B) + Al[fZ(Ff.o'Tb'Tt'P' TK—3A) - 0-877] +
+22(8.5 = f3(Fr.0, To, Ter P Tk—34) | + 3| fa(Ff.00 Tos Ter P, Tk—34) — 135] + 2,[0.907 —

—f6(Fr.0: Ty, P, Tk—3p)] + A5[6.5 — f7(Ff.0, Tp, P, Tk—38)] + A6 [fS(Ff.o'Tb'P' TK—3B) —25]+ (28)
+ A,[T, — 385] + A5[395 — Tp)] + Ao[T; — 72] + A;0[88 — T,] + 11 [P — 60] + A,,[80 — P] +
+213[Tk-34 — 155] + +214[185 — Tx_34] + A45[Tk—35 — 270] + A16[285 — Tx_35],

where A; (i = 1,16) are the Lagrange multipliers.

The proposed algorithm for solving the nonlinear problem of optimizing the functioning for the vacuum
block in this case consists of the following steps:

1) the Lagrange function (28) is compiled:;

2) the unconditional extremum of the constructed Lagrange function is found based on the controlled
coordinates of the process under consideration;

3) according to the Kuhn-Tucker theorem, necessary and sufficient conditions for the extremum point
are fixed;

4) using the artificial basis method, the coordinates of the extremum point are found,;

5) the optimal form of the original problem is found and the objective function values are calculated.

Below, the solving results the optimization problem under consideration (1)—(14), obtained for the
vacuum block of ELOU-AVT type technological installation at an oil refinery, are summarized in tabular
form (Table 2). As noted above, the use of traditional automation systems in oil refining under conditions of
a wide range of changes in the quantitative and qualitative characteristics of the raw materials supplied to the
installation and the insufficiency of available operational qualitative information on the selected fractions no
longer meets modern market requirements and is unprofitable in terms of energy costs. In this regard, there is
an urgent need to develop fundamentally new automatic control systems based on energy-saving and
disturbance-invariant strategies, and also capable of functioning effectively in information deficiency
conditions.

Considering various rectification processes from these concepts, it should be noted that in conditions of
the existence of a changes wide range in disturbing influences at the vacuum block inlet under consideration,
stabilization of the various fractions quality obtained in distillation columns to one degree or another depends
from adequate and, most importantly, proactive regulation of the irrigation degree and temperature
conditions at the distillation products selection points for the block under study. During transient operating
modes of technological installations, in conditions of the significant variations existence in the input
guantitative and qualitative incoming raw materials characteristics, only local and traditional parameters
stabilization on the stripping plates of the column it is not always possible to achieve the desired result.
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Table 2. Results of solving the optimization problem obtained for the vacuum block of ELOU-AVT type
technological installation

Parameters Real value | Optimal value

Raw material consumption (fuel oil), m%h 71.66 71.66
Column bottom temperature K-4, °C 388.49 385.00
Column top temperature K-4, °C 72.83 82.00
Residual pressure in column K-4, mmHg 64.18 62.00
Temperature at the light oil fraction selection plate of column K-4 (line K-3A), °C 175.88 177.00
Temperature at the heavy oil fraction selection plate of column K-4 (line K-3B), °C 276.13 285.00
Consumption of light oil fraction, m%h 14.98 17.04
Specific gravity of light oil fraction, g/m? 0.8771 0.8772
Kinematic viscosity of light oil fraction 7.72 6.47

Flash point of light oil fraction, °C 132.00 135.24
Consumption of heavy oil fraction, m%h 32.00 38.12
Specific gravity of heavy oil fraction, g/m3 0.9061 0.9073
Flash point of heavy oil fraction, °C 206 212

4. Conclusion

This problem is also aggravated by the certain errors presence in the operational control of the process
controlled coordinates under consideration, leading to a lack of adequate parametric information from the
control object as a whole. The solution to this problem can be the synthesis of the proposed combined
automatic control system with self-adjusting regulators that produce adequate compensation effects in
response to existing input disturbances. At the same time, the main idea of developing the proposed
combined automatic control system for the vacuum block is the possibility of preliminary correction for the
mode parameters of the local control the column stripping trays, depending on the input disturbing factors
regarding the quality and quantity of fuel oil entering the unit in question. Thus, by providing a preliminary
correction signal, depending on variations in the quality and quantity of fuel oil at the inlet and changes in
the irrigation degree, as well as the temperature gradient on the stripping plates, it becomes possible to adapt
the settings for local regulators.

As a result, the greatest stability in the quality of the resulting fractions and invariance to input
disturbances of the entire system as a whole is achieved.

The main advantage of the approach described in this article to the proposed automatic control system
development compared to existing traditional systems is the ability to maintain stability of the quality
characteristics for the resulting fractions with sufficiently large changes in the quality and quantity of
incoming fuel oil. The proposed principle of development algorithm for a two-level control system of the
process under study provides for the corrective influences implementation at both levels. At the same time,
existing small disturbances can be corrected during self-tuning of installed local controllers, and large
changes at the process input are corrected by choosing new optimal mode parameters for adaptive control of
the technological process under consideration. The above also determines the economic feasibility of the
proposed control principle, which allows, under conditions of a wide changes range in input disturbances, to
achieve the greatest stability in the quality of the resulting commercial product with the lowest energy costs.
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Abstract. This paper presents results for design, production and implementation of a ground station for
transmitting and receiving information in the S-band for low-orbital nanosatellites for remote sensing of the
Earth. A distinctive feature of the solution is that it uses universal low-cost Software Defined Radio hardware
platforms based on programmable logic arrays and transceivers, such as the AD9361. Computational resources
are saved by usage of a FIR filter with real coefficients and a carrier signal with a symmetrical impulse response,
as well as a frequency converter using the CORDIC algorithm, which provides an efficient solution in terms of
field programmable gate arrays resources. This work computes total and useful data transfer rates, as well as the
required ratio of the energy of one message bit to the value of the power spectral density of the equivalent noise
when used for encoding and modulation of a standard DVB-S2 MODCOD signal. Evaluation of the parameters of
the Software Defined Radio field programmable gate arrays transceiver showed that it can be used in both the S
and X frequency bands without significant changes in hardware, which can significantly reduce the cost of the
ground station.

Keywords: ground station, software defined radio, nanosatellite, satellite antenna, field programmable gate arrays,
coding, modulation, line communication.

1. Introduction

Conventional radio systems predominantly utilize hardware-centric approaches, which offer limited
adaptability in software. These solutions are distinguished by the elevated cost, intricating development
process, and labor-intensive adjustment, lacking the capability for flexible system reconfiguration. Software
Defined Radio (SDR) offers a programmable implementation of numerous functions compared to traditional
architecture-based systems. SDR technology can be utilized for both transceivers on satellites and ground
stations. The application of SDR for ground stations, in particular, in the field of remote sensing, was
demonstrated in the paper [1], where X-band radio station tracking NOAA-20, Suomi-NPP, Terra, Aqua, and
other low-orbit satellites was considered. The ground station architecture used by the European Space
Agency was upgraded through the integration of software-defined radio technology. Based on this system,
the sampling functions were implemented, reaching a rate of 8 Gsym/s, and digital conversion of the radio
signal was realized in S- and X-bands [2].

Extensive investigation into the functionalities of SDR for satellite communications was initiated by the
National Aeronautics and Space Administration (NASA) [3]. The research was focused on the realization of
following operations onboard the spacecraft that are traditionally executed at ground stations. For example,
scheduling of communication sessions and calculation of spacecraft antenna angles were discussed.
Moreover, the possibility of obtaining adaptative data rate, modulation, and error-correcting coding in
response to fluctuations in communication conditions was explored [4]. The flexibility of SDR-based
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solutions allows systems to be reconfigured accounting for different effects such as variations in noise
temperature, phase offset, and Doppler shift [5].

SDR technologies can offer advantages for low-orbit spacecraft due to due to their ability to
compensate for the Doppler effect, which has a significant impact on low-orbit missions [6]. In such
scenarios, SDR and specialized software such as GNURadio offer opportunities that surpass the traditional
radio hardware architecture, facilitating simplified Doppler compensation for telemetry taking into account
the position of the ground station [7]. SDR finds its most common applications among small satellites and
ground stations which are often referred to as university projects [8-14]. The peculiarity of solutions for
small satellites lies in the utilization of universal inexpensive SDR hardware platforms based on Field
Programmable Gate Arrays (FPGA) and chip-based transceivers, such as AD9361.

Software-defined radio finds application in high data rate communication particularly for
meteorological satellite systems, which are characterized by high-speed transmission of satellite images. This
objective can be achieved even utilizing on universal SDR hardware platforms and open-source code [15-
17].

2. Design SDR technology

SDR has the potential to revolutionize approaches in the field of scientific research on satellite
communications and Earth sensing. One of the important functionalities provided by SDR is the ability to
remove data anomalies from the payload or communication system. Additionally, this technology reduces
development costs by designing adaptive, versatile space platforms that enable meeting specific mission
requirements. Owing to the use of FPGA, signal processing across multiple frequency bands, filtering
procedure, adaptive modulation, and encoding schemes can be executed without significant hardware
alterations. Moreover, it becomes possible to transmit and receive signals across various radio protocols and
update software of on-board systems during their mission in orbit.

The radio system based on SDR for the ground station was developed. The hardware platform is
manufactured by Luowave. This system provides various functions, including modulation, demodulation,
and decoding of digital signals. The following modulation schemes are selected for communication links:
QPSK for service telemetry, CPFSK for telecommands, and 8PSK for payload data. Communication can be
conducted in S and X bands, supporting different polarizations.

Figure 1 depicts a block diagram of the developed software, which is responsible for signal processing.
A debugging setup intended for the development process of digital signal processing algorithms consists of
the Ettus N321 SDR and the Xilinx Zyng UltraScale+ MPSoC XCZU9EG FPGA debugging board from
Alinx. The integrated development environment is "Vivado" from Xilinx, with Verilog as the hardware
description language. The operation system is built for the ARM Cortex-A53 processor using the PetalLinux
distributive. This tool facilitates step-by-step debugging of the FPGA and allows real-time monitoring of the
correct operation of the circuits and automatic testing of each individual functional block.

Testbench consisted of software part based on GNU radio and the debug board as hardware part. The
testing scheme represents two signal paths from a common source. In the first case the signal is processed
by GNU radio tool and is demonstrated as a reference on a spectrum analyzer. In the second case the signal
goes through FPGA on the debag board and is received by second port of the spectrum analyzer.

Next, one of the important components of a satellite communication system is a Doppler compensation
block, which is especially critical for the LEO satellites, is described. The motion of a spacecraft relative to a
ground station leads to the signal carrier frequency shift in the frequency spectrum due to the Doppler effect.
For example, for a signal operating at frequency of 8.2 GHz, the frequency variation lies in the range of 191
kHz to -191 kHz during the time the spacecraft in sight of the ground station passing from horizon to zenith.

The traditional method of Doppler frequency shift compensation consists of mixing the incoming signal
with the signal from the local oscillator (LO). The frequency of the LO is dependent on the range rate and
satellite trajectory and is calculated from the spacecraft flight program. After the mixer the resulting
frequency is corrected compensating Doppler effect.

The Doppler-corrector mixer with a controlled master oscillator was implemented according to the
CORDIC algorithm, which allows to reduce the calculation of complex functions to a cycle of addition and
shift operations [18]. The Doppler corrector block receives this value via the PS-PL interface and shifts the
spectrum of the received signal. Absence of direct synchronization of a transmitter and a receiver leads to a
frequency error. Moreover, there is an inaccuracy in prediction of Doppler compensation frequency and
additional frequency offset due to atmosphere effect. To compensate this frequency errors and enhance the
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modulation quality the frequency correction unit based on band edge filters is applied [19].

The operation principle of the edge filter circuit is to maintain the symmetry of the carrier spectrum
relative to zero. To estimate the carrier frequency offset, the passbands of the edge bandpass filters
correspond to the lower and upper limits of the carrier frequency spectrum. There is a divergence in power
indicators at the output of bandpass filters for the lower and upper boundaries of the spectrum when the
spectrum shifts. When the carrier frequency deviates, a signal is sent from the master oscillator to the mixer
to compensate for the frequency error.
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Fig.1. Block diagram of software for SDR platform.

The frequency correction block on the FPGA, as for the Doppler corrector is implemented, using the
CORDIC algorithm. The correction block includes a mixer, a controlled master oscillator and edge filters
based on FIR filters. Edge filters for the upper and lower boundaries of the spectrum have the same shape of
the amplitude-frequency response, which is shifted in the positive and negative directions. Thus, the filters
have complex coefficients. Implementing complex coefficient FIR filters on an FPGA means doubling the
number of filters, with half having real coefficients and the other half having imaginary coefficients. The
filtering procedure involves a multiplication operation for each filter coefficient, which when doubling the
number of filters leads to the use of large FPGA resources. To save computational resources, we used a FIR
filter with real coefficients and a carrier signal with a symmetrical impulse response and a frequency
converter using the CORDIC algorithm. This provided a more efficient solution in terms of FPGA resources.

The above algorithm made it possible to implement Doppler correction of the received signal in order to
fix the carrier frequency. This allows you to move on to the next stage of signal reception - symbol
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synchronization. Symbol synchronization is the process of adjusting the timing of readings on the receiver
with the transmitter timing. The source of timing pulses at the reception is the ADC timing generator, which
does not have a direct connection with the transmitter timing generator. Therefore, timing data is extracted
directly from the received signal (Figure 2).

The impulse responses of Nyquist filters as symbols were used, namely a filter with a raised cosine
response. Nyquist filters are a trade-off between signal bandwidth and intersymbol interference. Those. with
a fairly compact form of the signal spectrum, its pulses do not interfere with each other at zero points when
they are located on a time interval that is a multiple of the symbol period. The zero values of the pulses are
periodic and follow every interval of the symbol period. Outside these null points, pulses overlap each other
and interfere with accurate recognition, intersymbol interference increases. The task of symbol
synchronization comes down to finding these zero points of the pulse sequence and extracting information
about the meaning of the symbol from them.

Estimated Symbol
Clock Period

and Edges
- -
Estimated Symbol
| ‘ Clock Error

Estimated Symbol
Clock Error

Actual Symbol
Clock Period
’ and Edges ‘
-

Fig.2. Symbol synchronization scheme.

It should be noted that the receiver operates according to an optimal scheme with a matched filter. This
means that a correlation circuit based on a matched filter is used on the receiving side, i.e. the receiver filters
out a signal of a certain shape, increasing the reliability of the decision made. The matching of the
transmitter and receiver in the signal shape is achieved by using filters with the characteristic of the root of
the square raised cosine RRC. Two RRC filters connected in series form a filter with the raised cosine
characteristic mentioned earlier. Thus, the RRC filter solves two important problems: it provides optimal
reception using a matched filter and minimizes intersymbol interference with a compact signal spectrum.

Digitization at the receiver with a sampling rate higher than the symbol frequency by SPS times is
called the number of samples per symbol. Increasing this parameter allows you to find among the readings
the one that is as close as possible to the zero point of the pulse. The larger the SPS, the higher the resolution
of the time sequence, the higher the accuracy. However, SPS improvement is limited by the performance of
the A/D converter and downstream circuitry. Therefore, increasing the resolution of the time sequence of a
signal can be achieved by interpolation.

One of the interpolation options is the use of a set of matched filters, the impulse responses of which are
identical, only differing in the shift in time space [20]. The filters have the same amplitude-frequency
response, but the phase-frequency response differs by a certain amount of group delay time, which is less
than the sampling period of the number of filters in the group. Thus, increasing the resolution of the time
sequence is achieved by dividing the sampling period into the number of parallel working filters, and the
choice of the reference position is achieved by selecting the appropriate filter from the group. Filters are
grouped by increasing group delay time, so the time offset becomes equivalent to the filter index. This circuit
has a finite number of filters, so the limited resolution of such an interpolator leads to a fixed error.

The ZCTED (Zero-Crossing Timing Error Detector) algorithm is used to estimate the inaccuracy of
reference time with symbol time. This method determines the zero-crossing point on the eye diagram and, by
analyzing the input sequence, produces a synchronization error signal. This signal is used in a feedback loop
to influence the interpolator. In this way, the filter from the group and the sample from the SPS are selected
that corresponds to the minimum ZCTED error. A symbolic synchronization scheme using a group of FIR
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filters and a ZCTED error analyzer allowed us to develop an FPGA design that has sufficient performance
and is acceptable in terms of resource costs.

3. Link budget calculation for S-band uplink and downlink

The link budget is calculated for the described ground station communicating with a LEO satellite. The
basic idea of determining the radio link budget derives from the Friis equation, which relates characteristics
of a transmitter and receiver and signal propagation path between them. The link budget analysis
theoretically estimates the performance of the communication link by accounting for the most critical power
gains and losses of the signal. In digital communication, the analysis results in the evaluation of such link
quality characteristics as Eb/NO - the ratio of received energy per bit to spectral noise density. The amount of
energy per bit exceeding the noise level is directly proportional to the probability of an error in the bit value
determination. For this reason, in communication theory, the Ew/No ratio is defined for a certain bit error rate
(BER). The considered radio link operates in the S-band frequency range and involves transmitting
telemetry and payload data and receiving telecommands. Two different signal configurations are considered:
the first one refers to digital modulation and the second one corresponds to the digital satellite transmission
standard, DVB-S2. For the second case full and useful data rates are estimated. The calculations are
performed for the defined signal modulations as mentioned above: QPSK for telemetry, 8PSK for payload
data, and CPFSK for telecommands. The transmitter symbol rate ranges from 1 kbit/s to 500 kbit/s.

The downlink includes telemetry transmission and high-rate channel for the payload data transmission.
The telemetry signals are modulated by using QPSK scheme where one symbol corresponds to 2 bits, with
the required level Ex/No equaling to 10.6 dB at BER=10°. At the same time, using 8PSK modulation 1
symbol of the message corresponds to 3 bits of information, with Ex/N, level being equal to 14 dB at
BER=10°. Table 1 below presents bit rate and required Ex/N, ratios for QPSK and 8PSK modulations if the
symbol rate is leveled to 100 ksym/s.

Table 1. Full data rate, useful data rate and En/No for QPSK u 8PSK modulations.

Modulation Symbol rate, Data rate, [kbit/s] Ew/No at BER=10 ,
[ksym/s] [dB]
QPSK 100 200 10.6
8PSK 100 300 14

Enhanced coding and modulation schemes are implemented in the DVB-S2 standard, to reduce the
required Eb/No level and achieve higher bit rates without increasing the signal power [21]. Table 2
demonstrates the total bit rate, useful bit rate, and required En/No ratio for several modulation and coding
configurations according to DVB-S2. As shown, using the standard allows for achieving a high bit rate at a
moderate level of required energy per bit. For example, a bit rate of 1.5 Mbit/s can be obtained using 8PSK
modulation with a 2/3 coding rate at an Eb/No level of 3.65 dB.

Table 2. Full and useful data rate and required Eb/No for different MODCOD according to DVB-S2

MODCOD Symbol rate, Full bit rate, Useful bit rate, En/No,
[ksym/bit] [Kbit/s] [Kbit/s] [dB]
QPSK 3/4 100 200 148.7 2.31
QPSK 2/3 100 200 132.2 1.89
QPSK 3/4 500 1000 740 2.31
QPSK 2/3 500 1000 660 1.89
8PSK 2/3 100 300 200 3.65
8PSK 2/3 500 1.5000 1000 3.65

The downlink budget is calculated using the following parameters after determining the required power
level for reliable communication, the transmitter output power is 1W, the ratio of gain to the effective noise
temperature of the ground station (G/T) is 12 dB/K, and the operating frequency is 2.3 GHz. The orbit
altitude is 600 km, and the ground station is located in Astana. A single circularly polarized patch antenna
with a maximum gain of 4 dB is utilized as the transmitting satellite antenna. Signal attenuation due to
pointing inaccuracy and polarization distortion is assumed to be 0.5 dB each, respectively. Additionally, a
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loss of 3 dB in the transmitter and antenna feeder path is taken into account. Atmospheric attenuation for the
selected ground station is considered according to the recommendations of the International
Telecommunication Union (ITU). The equivalent isotopically radiated power (EIRP) is defined as the
product of the gain of the transmitting antenna in a given direction and the output radiated power. EIRP can

be calculated using the Friis transmission equation. The calculated EIRP value for an output power of 1W
and the considered patch antenna is shown in Figure 3.
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Fig.3. EIRP of the satellite antenna for downlink.

Attenuation due to free space signal propagation from the satellite to the ground station is calculated as
a function of the elevation angle. The results are presented in Figure 4. The next step involves obtaining the

En/No level, taking into account the calculated EIRP, free space attenuation, atmospheric loss, and other
losses.
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Fig.4. Free space loss depending on elevation angle.

The results for different data rates of 200 kbit/s, 500 kbit/s, and 1.5 Mbit/s are shown in Figure 5. The
Ew/No level for the 1.5 Mbit/s bit rate exceeds 20 dB at the nadir position and decreases to 5 dB at the 10-
degree elevation angle. The required En/No level for 8PSK2/3 MODCOD should exceed 3.65 dB for reliable
radio communication according to the DVB-S2 standard. Consequently, the transmission rate of 1.5 Mbit/s
based on the 8PSK2/3 signal configuration can be maintained practically from the moment the satellite
appears on the horizon. The Eu/N, ratio for 200 kbps is 13 dB at a 10-degree elevation angle and grows to 30
dB at the nadir position, considerably exceeding the threshold for QPSK modulation. Consequently, low-
speed data transmission of telemetry data can be performed using either simple QPSK modulation or
according to the broadcasting standard.
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The radio link budget is estimated for the uplink based on the following parameters: the EIRP of the
ground station is 44.5 dB, the operating frequency is 2.1 GHz, the orbit altitude is 600 km. The same patch
antenna used for the downlink is also used as the receiving satellite antenna. The calculated G/T of the
receiving antenna is demonstrated in Figure 6. The signal attenuation due to free-space propagation is close
to the values obtained for the downlink due to the close operating frequencies.

The calculated Ew/N, which is required for different bit rates of 50 kbit/s, 100 kbit/s and 200 kbit/s are
shown in Figure 7. As it can be observed, under these communication conditions, obtained level of Eb/No is
close to 15 dB at elevation angle of 5 degrees for a bit rate of 200 kbit/s. Transmission of telecommands is
carried out on CPFSK modulation, for which the required level of Euw/N, is 13.6 dB at BER = 10°.
Consequently, the data rate of 200 kbit/s can be supported practically at any elevation angle from the
horizon. However, the rate of 200 kbit/s is much higher than the typical telecommand rates in the range of
20-60 kbps. Thus, we can conclude that the considered communication channel has a significant power
margin.
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Fig.6. Calculated G/T of receiving satellite antenna depending on elevation angle.
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4. Conclusions

It is shown that the developed SDR transceiver using FPGA provides greater flexibility and allows it to
be used in multiple frequency bands, filtering, adaptive modulation and encoding schemes without
significant changes in hardware.

Advanced coding and modulation schemes are implemented in the DVB-S2 standard to reduce the
required Ew/N, level and achieve higher data rates without increasing signal power.

The Ew/N, values were calculated for a ground station depending on the elevation angle at different
transmission rates, taking into account atmospheric losses and power reserves, which make it possible to
determine the ratio of the transmitter output power level and the antenna gain depending on the data
transmission rate requirement.

The calculated data and S-band transceiver described in this article will be used for a ground station
that provides services for a constellation of nanosatellites for Earth remote sensing, communications or loT.
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USING COAL FLOTATION WASTE AS A HEAT-INSULATING
BILLING FOR THE HEAD PART OF A FORGING INGOT
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Abstract. The experience of using coal flotation waste as a weakly exothermic insulating backfill for
insulating the head part of forging dead-melted steel ingots is presented. It has been shown that when using
weakly exothermic fills based on single-component fills in the form of coal flotation waste, it is possible to reduce
the chemical heterogeneity of the ingot by producing a closed shrinkage cavity, which allows halving heat loss
and depth of penetration of shrinkage looseness into the body of the ingot, reducing the segregation of impurities,
compacting the head part of the ingot and increasing the yield; moreover, the profitable part of the ingot is more
dense and less contaminated with nonmetallic inclusions. The studied patterns of the formation of a closed
shrinkage cavity with a dense “bridge” in the head part of a dead-melted steel ingot made it possible to develop
and implement a technology for casting large forging ingots of sufficiently high quality using weakly exothermic
heat-insulating materials based on metallurgical waste (coke screenings, coal flotation waste).

Keywords: shrinkage cavity, heat-insulating backfill, ingot, dead-melted steel, coal flotation waste, segregation.

1. Introduction

During the production of large forging ingots made from calm steels, special attention is given to the
selection of effective thermal insulation materials to insulate the head part. This is critically important to
ensure a high level of yield and the quality of the final product. Especially its head part. The shape of the
shell and choice of thermal insulation materials play a key role in this process. These materials need to meet
requirements to ensure macro- and micro-structural uniformity of the metal, as well as environmental safety
throughout all stages of metal production and use. The main requirements for thermal insulation materials
include: high thermal insulation capacity, lack of metal contamination during insulation of ingots in mills,
good environmental performance. However, not all materials meet these criteria. For example, asbestos has
been previously widely used in some plants, although it is a naturally occurring aquatic mineral with an
affinity for fiber structure that can lead to cancerous diseases due to significant dust release when used.

A large number of exothermic thermal insulation mixtures have been developed, consisting of hot
oxidizers and inert fillers. Most of these mixtures are characterized by a significant heat release but low heat
utilization due to excessive formation of ash with high thermal conductivity. This leads to an increase in heat
loss in profitable parts of the ingot and head trimming, as well as increased costs and explosion risks during
operation and storage.

To increase the efficiency of exothermic reactions, it is required to combine a high thermal capacity
with the ability to retain heat. It is more effective to use weakly exothermic filler materials based on waste
materials from metallurgical production. These materials have a slow burning rate and form a porous
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structure, which can retain heat over a long period of time and create an airtight, dense layer at the top of the
ingot. In addition to achieving maximum thermal insulation, it is essential to develop efficient insulation
techniques.

The purpose of this research is to examine the impact of different weakly exothermic metallurgical
waste materials on the yield, loss, and macro- and microstructural heterogeneity of metal. It is crucial to
assess the environmental consequences of using these substances and techniques for insulating the top of an
ingot.

2. Literature review

When heat-insulating boards are used, the heat loss structure from the head part of the ingot
changes, and the heat removal through the side surface in the upper part of the ingots decreases.
Moreover, the relative amount of heat removed from the metal surface of the ingot increases, which can
reduce the effect of using heat-insulating boards. Therefore, the transition to casting ingots with heat-
insulating boards requires the use of more effective insulation from the metal mirror than casting ingots
with profitable extensions lined with alum inosilicate refractories. The experience of individual plants
shows that the difference in the size of the head trim when transferring the insulation of the head part of
the ingot from one heat-insulating backfill material to another can reach 3-5% [1-4].

The general requirements for heat-insulating materials are as follows: high heat-insulating ability,
no metal contamination when insulating ingots in melds, and good environmental performance. Not all
materials used for thermal insulation meet these requirements. For example, asbestos, which is a group of
natural aqueous minerals of the silicate class with a fine-fibre structure, causes carcinogenic diseases;
when a perlite-graphite mixture is used, significant dust emission is observed.

The authors [5,6] noted that an increase in yield is achieved, in particular, by rolling ingots cast with
insulation of the profitable part with exothermic mixtures. There are known developments to create
mixtures based on hot, oxidizing and inert fillers [5-8]. Most of these mixtures are characterized by a
significant level of heat release but a low heat utilization coefficient of exothermic reactions due to the
production of cinder with excessively high thermal conductivity during combustion. This causes an
increase in heat loss from the profitable part of the ingot and the head trim.

An increase in the efficiency of exothermic mixtures is achieved when the thermal properties are
combined with the ability to retain the generated heat, which is ensured by obtaining a highly porous,
lightweight powdered cinder [8-10]. There is no doubt that when heat is supplied to the profit metal of the
ingot during solidification, the shrinkage cavity can be localized, and the volume of metal in the profit is
brought to the theoretical limit. This is evidenced by the experience of using an electric arc and electro
slag heating of ingots, which are currently used only on a limited scale in the production of special alloys
or high-alloy steels [11, 12]. The use of effective mixtures containing nitrate leads to unacceptable
pollution of the atmosphere of the casting bay with nitrogen oxides, and this process is possible only in
workshops in which ventilation ensures the removal of harmful emissions [13].

Mixtures with silicone are very expensive, and their use can only be used for the production of
special and alloy steels. In addition, they are explosive and can be manufactured only in specially built
workshops designed to be explosion-proof. [14-16]. It is also very difficult to obtain silicone powder due to
its explosiveness. Another disadvantage of the mixtures noted in [15], which reduce their
manufacturability, is that as a result of their combustion, heat-conducting combustion products are formed,
which require the additional introduction of a heat-insulating layer of materials.

However, the preparation of multicomponent exothermic mixtures requires special equipment,
which, as a rule, is carried out in the departments of slag-forming mixtures, melds increasing the cost of
mild and low-alloy steels. The choice of compositions of exothermic backfills is still made by the “trial
and error” method, which is due to the lack of a sufficiently substantiated scientific analysis of the
influence of such important characteristics. The location and configuration of the shrinkage cavity in the
upper half of the ingot were determined, all else being equal (the mass of the ingot, its transverse
dimensions, steel composition, etc.) by the cooling intensity of the ingot and especially its head, which in
turn was determined by the efficiency of the insulation of the metal surface and side surfaces. The use of
exothermic mixtures to heat the head part of ingots [6-12] is even more effective for bringing the
shrinkage cavity upwards, especially if the duration of combustion of the mixture corresponds to the time
required to remove overheating of the metal in the entire volume of the ingot above the crystallization
temperature.
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If the uppermost bridge consists of dense metal without fistulas, cracks or tears, then this contributes
to the welding of the shrinkage cavity during hot plastic deformation because the shell itself appears to be
divided into parts. If the “bridges” have gaps or discontinuities through which atmospheric oxygen can
enter the volume of the shrinkage cavity, then such ingots, when rolled, behave similarly to ingots with an
open shrinkage cavity. The reason for the formation of “bridges” is the insufficient effective insulation of
the mirror and the side surface of the ingot.

The temperature of the liquid core in the head part of the ingot is in the crystallization range
“liquidus — solidus”, i.e., in the temperature range at which the liquid metal loses its fluidity. As the metal
level decreases under the layer of heat-insulating backfill and cools, a hard crust periodically forms,
which can bend in the central part, tear off along the periphery, etc. Rapid crystallization from the side
surface helps to obtain stronger “bridges.” Typically, the conditions of the ingots are such that 1 to 4
bridges are fixed in the head. Therefore, one of the main criteria for evaluating ingots with bridges in the
head part is the quality of the “bridges” themselves. For reliable, guaranteed welding of a shrinkage
cavity separated by bridges, it is necessary to have strong, defect-free “bridges” (especially the top one),
which prevent atmospheric air from entering the volume of the shrinkage cavity. Somewhat separate
from the problem of casting ingots with “bridges,” but still close to it, there is the problem of producing
ingots with a welded shrinkage cavity. The methods for producing such ingots can be different, but an
important general requirement is reliable isolation of the shrinkage cavity from the atmosphere.

In [16], two types of welded shrinkage cavities were obtained-one by the usual turning of the ingot
with a still liquid core and the other by dispersing the cavity offset relative to the ingot axis-sometimes by
laying the ingot on the side surface after casting. The technology for producing ingots with inversion has
been known for a long time; it is used to produce ingots with a closed shell and, during rolling, a welded
shell. Filling metal with water is also used for the same purpose. The use of bottle melds for casting mild
steels also yielded similar results. In the latter case, the shrinkage cavity is divided into two parts-one
open, in which the cinder from the heat insulator accumulates, and the other closed, with small transverse
dimensions, which are welded during rolling. Metal from the upper, open shell goes into the head trim,
while the yield increases.

3. Research methodology

Steel is poured from above through a collector nozzle with a diameter of 80 mm at a temperature of
1540-1550 °C into melds of type I6H with heat-insulating liners (ingot weight 16.9 tons). Thermal
insulating material was applied to the head surface of the metal in the meld after the meld was filled.
Carbon-containing material in the form of coal flotation waste (CFL) was used as a thermal insulation
material. The chemical and fractional compositions are given in Tables 1 and 2.

Table 1. Chemical composition of the starting materials.

Material Ci CaO CaOaet SiO; Fe,O3 | MgO Al03 S P05 ppp
5\/';:‘;'0” 41.23 1.83 - 5595 | 8.89 | 1.23 | 19.06 | 0.66 | 0119 | 53.18

When rolling on a slab, head trimming on the experimental melts occurs at a level of 10-11% from
the beginning of rolling and, if necessary, until shrinkage defects are completely removed. The heat-
insulating properties of various mixtures of known and proposed options for insulating a metal mirror are
assessed by the depth of the shrinkage cavity, i.e., according to the length of suitable slabs. The
macrostructure and chemical heterogeneity of the metal are studied on transverse templates taken from
the head part of the ingot and slab.

Table 2. Average particle size distribution of flotation waste.

i'rzne SIEVES, >16 | 1.0-16 0.63-1.0 0.4-0.63 0.315-0.4 0.2-0.315 <02
Yield of 191 | 1556 23.55 24.28 9.94 11.28 13.48
fractions, %
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To study chemical heterogeneity and contamination with nonmetallic inclusions, characteristic ingots
of mild steel were isolated and deposited in the composition preparation workshop. After cooling, oxygen
cutters cut the slabs parallel to the wide edge 120-150 mm above the axial plane (Figure 1, a); then, in
the machine shop, they were planed to the axial plane and ground to remove the sulfuret imprint.

To study chemical heterogeneity and contamination with nonmetallic inclusions, metal samples were
taken according to the scheme (Figure 1, b). Chips were collected for chemical analysis using a drill with
a diameter of 12 mm. The contents of the elements [C], [Mn], [Si], [S], [P], [AL], and [N] were
determined by chemical methods. Metal contamination with nonmetallic inclusions was determined by
electrolytic deposition and the LT metallographic method.
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Fig.1. Scheme of cutting out the axial plate (a) and sampling for chemical and metallographic analysis (b):
1- place of metal sampling for chemical analysis; 2- selection site for metallographic studies.

When rolling on a slab, head trimming on the experimental melts occurs at a level of 10-11% from
the beginning of rolling and, if necessary, until shrinkage defects are completely removed. The heat-
insulating properties of various mixtures of known and proposed options for insulating a metal mirror are
assessed by the depth of the shrinkage cavity, i.e., according to the length of suitable slabs. The
macrostructure and chemical heterogeneity of the metal are studied on transverse templates taken from
the head part of the slabs. Metal testing for delamination in slabs was carried out using an ultrasonic
method with a UDM-1 M flaw detector at a frequency of 1.8 MHz with a straight probe. The installation
diagram for ultrasonic testing of the slabs is shown in Figure 2.

-6

&

Fig.2. Installation diagram for ultrasonic testing of slabs and sheets:
1 —slab; 2 - textuality head; 3 - sensor; 4 - hole for air outlet;
5 - tube for supplying water to the head; 6 — recording device.
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Before ultrasonic testing, the surface of the slab was cleaned of scale. The contact of the metal with
the probe was carried out with both technical petroleum jelly and water. The depth of occurrence and the
boundaries of the distribution of discontinuities in the slabs were measured using the depth gauge scale of
a flaw detector previously calibrated on reference samples. To study the microstructure and
contamination of steel with nonmetallic inclusions, metal samples were taken along the boundaries of the
shrinkage looseness defect according to the scheme (Figure 3). Thin sections were cut from the selected
samples to determine the nonmetallic inclusions and chemical composition.

Fig.3. Scheme for sampling from defective areas:
1 —slab; 2, 4 - delamination; 3 - template.

4. Research results

Coal flotation wastes (CFW) themselves have high heat-insulating properties since, mineralogically;
they consist of an organic part (carbonaceous substances) and mineral impurities (clay minerals,
carbonates, sulphates, etc.). The main clay component is kaolinite. Inorganic substances are represented
mainly by the clayey-hydro mica complex, the share of which is 55-65%. The density varies widely from
1400 to 1800 kg/m2, the bulk density by dry weight is 0.65-0.85 kg/m?, and the calorific value is 2500-
4200 kcal/kg.

When developing an industrial technology for casting mild and low-alloy steels using man-made
waste from metallurgical production, CFW, as heat-insulating fills, it was necessary to establish the
conditions for obtaining a closed shrinkage cavity in the head part of the ingot. According to the proposed
method, CFW is applied to a hardened metal mirror with a layer of 20-40 mm. The optimal holding time
before applying it to the head surface has been established to be 10-30 s, which makes it possible to
increase the temperature state of the metal-backfill system and reduce the period of heating of the
flotation waste to the ignition temperature.

Insulation of the head part of a mild steel ingot using the developed method eliminates carburization
of the metal and makes it possible to effectively use the heat of a weakly exothermic combustion reaction
for thermal insulation of the metal surface. Carbon-containing material, which is used as coal flotation
waste, is applied to the hardened head surface of the ingot, which prevents carburization of the metal and
makes it possible to obtain an ingot with a closed shrinkage cavity (Figure 4.b). When carbon from coal
flotation waste burns for a longer time (more than 1.5 hours), the high temperature of the head of the
ingot and, as a consequence, the metal in a liquid state under the solidified “bridge” are maintained. A
gas cavity formed between the solidified “bridge” and the liquid metal, preventing heat removal in the
vertical direction. In addition, the closed shrinkage cavity prevents metal splashes from occurring during
the transportation and processing of ingots and during their placement in heating devices.

The research results showed that slight cooling before adding CFW, promoted the formation of a
dense gas-tight bridge. The gas cavity between the solidified bridge and the liquid metal prevents heat
removal like in double window frames; the high temperature of the head surface of the ingot is
maintained, and as a result, a large proportion of the metal is in a liquid state under the solidified bridge.

As studies have shown, when an OFC is added to a metal mirror, earlier than 10 s after casting the
ingots, the formation of an open shrinkage cavity is observed, and as a consequence, carburization of the
metal occurs in the sub gross part of the ingot. In addition, oxidation of the inner surface of the shrinkage
cavity occurs during the heating of the ingots in the furnace, which ultimately leads to increased head
trimming (Table 3, examples 1-3).
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a) b)
Fig.4. Macrostructure of ingots insulated with asbestos (a) and OFU (b).

Checking the influence of the carbon insulation backfill on the degree of carburization of the head
part of the ingot with metal sampling along the length of the roll at 4%, 6%, and 10% from the top and at
two points along the width (edge and centre) showed that when insulating the head surface of the ingot, in
the steel screenings of coke and OFU, there is a slight increase in the carbon concentration, which is
typical only for the area up to 4% of the length of the roll, but this change does not affect the quality since
it goes with the head trim. Therefore, the type of insulating backfill has no effect on the degree of carbon
segregation. This was confirmed by the distribution of carbon along the length and width of the cold-rolled
strips (Table 3).

When «OFF» is applied to the metal mirror after 30 s after the head part of the ingot is filled, the
flammable components of the flotation waste slowly ignite, which worsens the thermal performance and
leads to a decrease in yield in the first stage (Table 4, examples 7-9).

Data from experimental melts showed that the use of the proposed method allows not only the
carburization of the metal but also the improvement of the structure of the head part of the ingots and, as
a result, the increase in the yield of slabs (examples 4-6).

When applying coal flotation waste to an already hardened metal mirror, the following positive
processes occur: During the holding process, flotation waste is heated to a temperature at which the
combustion reaction of active carbon and hydrogen begins due to atmospheric oxygen, releasing heat and
gaseous reaction products, i.e., carbon dioxide and water vapour, to obtain a solid residue in the form of
ash. The presence of particles of different sizes in the waste and the presence of an inert filler in the form
of ash contribute to the dispersal of combustion over time. Moreover, the combustion process lasts 30-50
minutes. Moreover, in the process of releasing volatiles contained in flotation waste and gaseous reaction
products of carbon and hydrogen, the backfill layer is loosened with the formation of a porous cinder
during aging, which has a volume 2-2.5 times greater than that of the original layer of flotation waste and
good thermal insulation properties. This helps to reduce the rate of heat removal from the head of the
crystallizing ingot.

According to actual data, the porosity of the cinder ranges from 60 - 75%. The entire volume of the
cinder has a high thermal resistance, which leads to an increase in the amount of heat transferred to the
head of the ingot. The main heat flow is directed to the profitable (head) part of the ingot, which slows its
crystallization. During the crystallization process, liquid metal is supplied to the axial zone of the ingot,
located below the profit. This helps to reduce the volume of the shrinkage cavity, which is the source of
layer formation during the rolling process.

The research results showed that the maximum yield, minimum waste and dust removal are
achieved when CFW is applied at a flow rate of 1.5-2.0 kg/t, which corresponds to a layer thickness of 20-
40 mm.
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Table 3. Changes in the carbon content of cold-rolled rolled products with respect to the length and width of
strips obtained from ingots insulated with OFU and dusted asbestos.

View thermal Carbon content in Location selection Carbon content, %
insulation backfill | the ladle sample, % by length stripes edge stripes middle stripes
beginning 0.034 0.030
0.03 middle 0.033 0.025
end 0.028 0.030
. beginning 0.037 0.040
Coal flotation 0.04 middle 0.027 0.032
end 0.34 -
beginning 0.046 0.040
0.05 middle 0.047 0.046
end 0.044 0.040
beginning 0.039 0.038
0.03 middle 0.038 0.038
end 0.044 0.036
beginning 0.034 0.031
Asbestos 0.04 middle 0.036 0.037
end 0.026 0.031
beginning 0.050 0.049
0.05 middle 0.056 0.050
end 0.050 0.050

Table 4. Metallic logical indicators

Insulation | Type of insulating Exposure Type of Average | Consumption | Naugler-living
method backfill before shrinkage length of | coefficient, t/t metal
insulation, s cavity roll, m
Proposed
1 0 open 8.9 1.236 occurs
2 3 open 9.0 1.201 occurs
3 7 open 9.1 1.198 does not occur
4 flotation waste 10 closed 9.3 1.176 does not occur
5 20 closed 9.35 1.175 does not occur
6 30 closed 9.38 1.171 does not occur
7 40 closed 9.2 1.189 does not occur
8 50 closed 9.15 1.191 does not occur
9 60 closed 8.95 1.197 does not occur
10 elimination 10 open 8.86 1.223 occurs
11 coke 30 closed 9.35 1.175 does not occur
12 90 closed 9.30 1.179 does not occur
Famous asbestos 0 open 8.89 1.201 does not occur

When the thickness of the layer of carbon-containing material is less than 20 mm, the combustion
duration decreases, the heating efficiency of the head of the ingot decreases, and when the layer
thickness is more than 40 mm, there is an overconsumption of material without improving the quality
characteristics of the metal in the first stage. The novelty of this method lies in the use of heat insulation
and exothermic properties of flotation waste to insulate the head part of the ingot, which solves the
problem of recycling production waste and prevents contamination of land allocated for the storage of
liquid waste sludge from coke and coal preparation production.

In addition, when using the proposed method with coal flotation waste as a weakly exothermic heat-
insulating backfill, no harmful emissions are observed in the atmosphere. Research has shown that the
dust content on casting balconies is less than 4 mg/m® (1.5-2.5 mg/m3); i.e., in ecological terms, these
areas have significantly better characteristics (Table 5). The moment at which the insulating fill is
introduced into the meld to insulate the head surface of the ingot also affects the environmental
performance of the casting process. An environmental assessment of the use of carbon-containing backfill
showed that the highest intensity of pollutant release is observed when the material is applied to a liquid
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“mirror” of metal. Thus, the concentrations of sulfuric dioxide and carbon monoxide in the air of the
pourers in the working area increase to 24.1-29.8 and 30-60 mg/m?, respectively (Table 5).

Table 5. Environmental assessment of various modes of applying insulating backfill to a metal “mirror”.

Coal flotation waste
| dient, mg/m3 Asbest
ngredient, mg/m sbestos 0105 10-30s
Sulfur dioxide 3.2 29.4 6.6
Ammonia 0 7.3 3.6
Carbon monoxide 0 30.3 15.3
Dust 401.7 15.3 14.62
Nitrogen dioxide 0 0 0
Phenol 0 0.010 0.16
Benzene 0 0 0
Aluminium 0 0 0

The positive aspect of the method using flotation waste as a weakly exothermic heat-insulating
material in the form of a monocomposition eliminates the need for preliminary preparation-classification
by size classes and mixing of components—rather than when using known exothermic mixtures. The main
defects identified in the macrostructure, axial looseness and nonmetallic inclusions, do not exceed 1 point,
and carbon segregation is practically absent; i.e., carbon segregation can be considered natural without
the influence of insulating backfill.

5. Discussion of the research results

When the shrinkage cavity is closed, when part of the metal is consumed to form a “bridge,” one can
expect its deeper penetration into the body of the ingot. However, in practice, this is not observed
because when the shrinkage cavity is closed, the surface area of the profit through which heat is lost is
constant; when the shrinkage cavity is open, this surface increases as the level of metal in the profit
decreases due to the hardened layers of metal at the walls of the profitable extension. When a closed
shrinkage cavity is formed, its solidification angle decreases (the angle formed by the intersection of the
tangents to the outer surface of the profit and the side surface of the cavity of the shell), which is
accompanied by a decrease in the depth of the shrinkage cavity. This circumstance in which the
shrinkage cavity formed under the “bridge” becomes a heat insulator led to the conclusion about the need
to accelerate the formation of the “bridge”. The results of the study (Table 6) show that heat loss through
the surface of the profit with a closed shrinkage cavity decreases by half, and the penetration depth of the
shrinkage cavity decreases from 360 to 260 mm. The quality of the 10 SP steels was studied after the
head slabs were rolled onto a 12 mm thick hot-rolled sheet using samples taken at horizons of 12, 14, 16,
and 18% (Table 7, 8).

Table 6. Heat loss through the surface of the open (A) and closed (B) cavities and the nature of the shrinkage
cavity.

Indicators Unit measurements A B
Heat flow MJ/m? 25.6 21.0
Radiation area m? 0.8 0.43
Heat loss MJ/h 20 9
Heat loss during the crystallization process of the ingot % 70 32
(2.5 hours / % of the total amount of heat in profit) ' '
. . 340-380 230-275
Shell depth along the ingot axis mm 360 260
-2
Peel thickness mm - 525
15
e 20-35 8-15
Solidification angle deg. 5 10
Sink bottom area at the level of the curved walls m? 0.13 0.18
Sink volume m?® 0.06 0.06
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Table 7. Assessment of the quality of the metal macrostructure (to the left and right of the slash: satisfactory
and unsatisfactory, respectively, (%) with open (A) and closed (B) profits.

Horizon, % A B
12 66.7/33.3 83.3/16.7
14 66.7/33.3 91.7/8.3
16 100.0/0 100.0/0
18 100.0/0 100.0/0

When the head of the ingot is insulated to obtain a closed shrinkage cavity, the profitable part of the
ingot is more dense and less contaminated with nonmetallic inclusions. This is explained by the formation
of a closed shrinkage cavity, which is clearly visible on the macrostructure of the ingot insulated with
CFW (Table 8).

Table 8. Contamination of steel with nonmetallic inclusions (score) when insulating the head part of the OFU
(A) and ashestos (B)

Inclusions A B
Sulfides L2 24
Oxides 0.50?72.5 0.50?92.5
Silicates 02?75 13T75

6. Conclusion

Analysis of the technical literature and the results of our research show that to reduce the level of
head trimming and increase the yield of forging ingots, it is not necessary to achieve complete removal of
shrinkage looseness into the profitable part, which is achieved by using high-temperature insulating fills.
Satisfactory results are achieved by using weakly exothermic insulating backfill materials based on
industrial waste (coal flotation waste, coke screenings and aluminium shaving screenings) to obtain a
closed shrinkage looseness with a dense “bridge”, which helps reduce production costs and air dust during
casting and solves the problem of recycling production waste.

Analysis of the macrostructure of cast metal has shown that additional heat supply through the metal
mirror is possible by using weakly exothermic backfills in the form of coal flotation waste and coke
screenings, which not only reduce the volume of liquid metal while ensuring the required reserve of metal
density but also affect the location and size of secondary shrinkage defects.

When burning CFW carbon, the high temperature of the head of the ingot is maintained for a longer
time (more than 1.5 hours). A gas cavity formed between the solidified “bridge” and the liquid metal,
preventing heat removal in the vertical direction. In addition, a closed shrinkage cavity prevents metal
splashes during the transportation and processing of ingots, which makes it possible to reduce the duration
of holding the ingot in the mould and reduce the time before it is seated in the heating device, i.e.,
increase its heat content and thereby reduce fuel or electricity consumption for subsequent heating before
pressure treatment (forging, rolling).

To eliminate carburization of the metal and ensure a dense “bridge” in the head part of the ingot, a
method has been developed for introducing a heat-insulating backfill onto the “mirror” of the metal, i.e.,
cooling for 10-30 seconds, to form a durable, no melting “bridge”, which additionally plays the role of a
heat shield. A new mechanism, cause and technological factor influencing the shape and depth of
penetration of the internal “shrinkage looseness” hidden in the body of the ingot have been established,
and casting methods and technology for insulating mild steel ingots using man-made waste from
metallurgical production have been developed to help reduce delamination.

The studied patterns of the formation of a closed shrinkage cavity with a dense “bridge” in the head
part of a quiet steel ingot made it possible to develop and implement a technology for casting large
forging ingots of sufficiently high quality using weakly exothermic heat-insulating materials based on
metallurgical waste (coke screenings, coal flotation waste) at JSC "ArcelorMittal Temirtau".
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A weakly exothermic one-component heat-insulating mixture has been developed based on waste
from metallurgical production (carbon-containing sludge from coal preparation), which combines the
properties of fairly high thermal properties and good heat-insulating properties due to the production of
highly porous, lightweight powdered cinder.
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Abstract. There are a number of products that operate under extremely difficult conditions of complex
loading, the manufacture of which by traditional stamping operations does not provide the required properties,
which leads to a large number of defects. One of the possible directions for the manufacture of products of
increased strength is the introduction into the technological process of methods of intense plastic deformation,
which can be either volumetric (equal-channel angular pressing, longitudinal extrusion through a channel of
variable cross-section, drawing with wall thinning along the internal contour) or surface (grinding holes, rolling
with rollers or balls). The study demonstrates the application of the approximate monotonicity criterion and its
relationship with technological parameters, using the example of a deep drawing process with wall thinning. A
case is presented where technological parameters, including friction conditions and the degree of deformation,
are selected to ensure approximate monotonicity during the thinning process. The findings provide a basis for the
rational selection of the "strain-stress" curve, contributing to a more accurate and efficient design of deformation
processes.

Keywords:  Technological process, drawing with wall thinning, intense plastic deformation, criterion of
approximate monotonicity, stress-strain state.

1. Introduction

The solution of metal forming problems through the calculation of the stress-strain state (SSS) is based
on several assumptions, one of which involves adopting a specific "strain-stress™ curve. According to the
established classification of complex loading processes [1-9], the selection of this curve is intricately linked
to the concept of monotonic deformation, a term introduced into scientific discourse by G.A. Smirnov-
Alyaev [2]. This process is widely used in the manufacture of axisymmetric parts with constant and variable
wall thickness [3—4]. The deforming elements are a cylindrical mandrel and a roller having a conical or torus
shape. During processing, the roller rolls along a rotating workpiece with a given axial feed and ensures
forced thinning of the wall to the required value. Within the geometric focus of deformation, the material is
under conditions of uneven all-round compression, which greatly complicates the theoretical study of the
SSS of this process. This determines that the improvement of the technology of the rotary drawing process is
based mainly on the results, on the basis of which various theoretical models are developed [5-10].
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The purpose — is to apply the approximate monotonicity criterion and establish its connection with
technological parameters using the example of a hood with wall thinning, to develop an algorithm for
selecting technological parameters, such as friction conditions and the degree of deformation, in the thinning
process of a deep drawing operation is designed to ensure the approximate monotonicity of the process. This
algorithm provides a systematic approach to optimizing the deformation process by maintaining stability in
the strain distribution and minimizing deviations from monotonic behavior throughout the operation.

The results allow a reasonable choice of the “strain-stress” curve.

Monotonic deformation is characterized by the simultaneous fulfillment of two conditions:

1) the principal axes of the strain rate remain aligned with the same material fibers throughout the
process;

2) the value of v = v; = 2275175 yemains constant during the entire deformation.

3

The first condition of monotonicity means the coaxiality of the tensors T, and T:. In other words, if
denote the principal axes of tensor T, as X1, Xz and X3 corresponding to its eigenvalues 4, > 1, > 45, and
the principal axes of tensor T; as Y;, ¥, and Y5 — then the relationships X;||Y;, X3||Y> and X5||Y; must hold.

Let us denote the rotation angle of the principal axes of the strain rate tensor relative to the principal
axes of the strain tensor as a. he first condition for monotonicity can then be expressed as a = 0. The second
condition, by definition, is written as v =const.

For any given process, the selection of the "strain-stress"” curve depends on whether both conditions are
fully met, only one is satisfied, or neither holds true [1].

In practice, however, the exact fulfillment of @ = 0 and v =const, is unlikely, as these are idealized
equality conditions. When addressing real-world problems, the concept of "approximate monotonicity" is
typically used, although the degree of this approximation is not explicitly quantified. In general, both « and v
ary over time, expressed as @ = a(t), v = v(t).

In [1], a criterion for approximate monotonicity was proposed:

d = max Emgx(a(t)); %(mtaxv(t) - mtinv(t))] @

- a scalar, based on the value of which you can decide whether or not to consider a given process monotonic.
The criterion for approximate monotonicity d y satisfies the inequality 0 <d <1, and for monotonic
processes the equality d = 0 holds.

The concept of monotonic deformation by Smirnov-Alyaeva G.A. establishes a connection between the
strain tensor and the strain rate tensor. The use of flow theory in solving plastic deformation problems in
metal forming focuses on quantities such as flow rates, strain rates, and stresses, without involving
displacements or deformations in the solution. Conversely, when the theory of small elastic deformations is
applied, the analysis excludes velocities and strain rates, focusing instead on displacements and
deformations.

In [11], which develops this approach, the strain rate is determined using sections in accordance with a
methodology in which the deformed state is determined using microstructural analysis performed near a
selected point. The authors conducted a drawing and deformation study in which a single cold drawing pass
drew a 12 mm diameter circular tube with a 1 mm wall thickness made of steel into a square tube. This study
determined how material properties affect the energy intensity of the manufacturing process and the strain
rate when drawing a square tube.

The development of deformations has been studied in a number of other works. Khatala et al. [12]
studied the deformations that occur in a non-circular pipe during processing and described the development
of a mathematical model using the DEFORM software package. State variables describing the initial state of
the material (such as stress, strain, and strain rate) and the flow of material during the drawing process were
determined through numerical calculation. Boutenel et al. [13] studied the cold drawing of high-precision
non-circular pipes using a computer model that very accurately predicted the final dimensions of the pipe
and determined the effect of die angle on the drawing force and the effect of relative thickness on pipe
deformation.

In [14], under a number of assumptions (including the plane nature of the problem), the stress-strain
state (SSS) of the workpiece wall during drawing with thinning was calculated. The expression for the
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intensity of the strain rate is the product of two functions that depend on only one variable and has a
relatively simple form.

In the event that the expression for the intensity of the strain rate does not have a simple form,
constructing an analytical solution to the system of equilibrium equations is very difficult. The assumption of
the flat nature of the problem adopted in [14, 15] is quite restrictive for cartridge-case production, since the
ratio of the wall thickness of the semi-finished case to its diameter is quite large, so it is necessary to classify
the case as a thick-walled workpiece. It is also impossible to use the obtained solution for calculating the
stress-strain state and assessing the degree of deformation of thick-walled workpieces during drawing with
thinning. Blanks for drawing with thinning are divided into thin-walled and thick-walled blanks.

2. Practical Research

Let us demonstrate the practical application of the approximate monotonicity criteria using the example
of a hood with wall thinning. In [3], a flow velocity field was constructed for drawing with thinning. Under
the assumptions made there, the zone of plastic deformation (ZPD) has the form of an annular sector limited
by circles of radii r = a and r = b (a < b), angular valuey. The speeds are:

f
v =L@

where f(¢) was calculated in [4]:

f($) =-voa- ecT?( HCf#W) .

and satisfies the inequality f(¢) < 0. Thus, the movement of particles along the ZPD occurs in the radial
direction in the direction of decreasing the radius. This movement determines the unique dependence of the
radial coordinate on time, the explicit form of which is established in [4]:

v¢=O,v9:0,

. TZ_bZ
By definition of current speed v, = ddutr. Writing the speed v, taking into account (3) as a function of
time, find:
up = [[ DL 52300 F () — b (4)

0 /b2+2t-f(¢)

Note that take into account relation (3) in relation (4), obtain w, = r — b , as one would expect. It's
—

obvious that us = 0, ug = 0. Knowing the displacements, calculate the deformations: &, = 1, &4 = Tb. To
search for shear strain y,.4 use relation (4):

_1_tf@  _ (P-b?)f($) (5)
Vo = er ) | 22 @)

Thus, the strain tensors T, and strain rate T; (its components are taken from [3]) have the form:

(2-p%)f'$) f@  f@
( 1 2r2-f(¢) 0 5z ez O
Te = | (r2-p?)f'(@) r=b 0 andT. =| 7@ @& | (6)
2r2.£(¢) r PR
0 0 0 0 0 0

The inequalities are satisfied (in the first one must take into account that % < 0):
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1 W-fw _f@® @)
2r2-f(¢) T2 212
det , <0, det , <0.
(r?-b?)-f (@) r-b @ £
2r2-f(¢p) r 2r? r2

As a result, the eigenvalues of both tensors T, and T; include one positive, one zero, and one negative
value, with the zero-eigenvalue corresponding to the eigenvector (0 0 1) for both tensors. Consequently,
the first and third principal axes of one tensor are generally rotated by a certain angle in the XOY plane
relative to the corresponding axes of the other tensor. This angle is denoted as a. It is important to note that
the presence of a zero eigenvalue, combined with the incompressibility condition (i.e., the zero trace
condition for the tensor T;) implies that v = 0. Therefore, the second condition of monotonicity is satisfied,

and the expression for the measure of monotonicity becomes d = %mtax(a(t)).

To compute the angle a between the first principal vectors of two matrices, it is advantageous for the
matrices to be in their simplest form. According to the definitions of eigenvalues and eigenvectors, if X is an
eigenvector of matrix A, corresponding to the eigenvalue A, then for any u € (—oo; +00) the vector X is an
eigenvector of matrix A + uE (where E is the identity matrix), corresponding to the eigenvalue A + p.

Furthermore, when substituting matrix A with A + uE t the order of the eigenvalues remains
unchanged; thus, the largest eigenvalue of matrix A corresponds to the largest eigenvalue of matrix A + uE.
Additionally, scaling a matrix by any positive constant does not affect the order of its eigenvalues or the
corresponding eigenvectors. This property allows for the transformation of matrices T, and T: into matrices
of a simpler structure. The original matrices T, and T; are represented as follows (see (6)):

11 €2 O
T = C12 C22 O
0 0 O
Let us denote the matrix obtained by this transformation from T,, by A, and the matrix obtained from
T, by B:

1 a5, 0 1 by, O
A = (alz _1 0 ), B = <b12 _1 O>,
0 0 ass 0 0 0

here

__2p-r?) f@) __f@®

Gz =TT e P2 T T o) ()

Note that b,, is a function only of the angle ¢, that is, b,, does not change on a fixed trajectory. Note
_ 2(b?-1?) 2(b2-r?)

also that a,, = —" by,. The value k = — is a certain coefficient of proportionality that depends

only on the radius r, that is, changing along any fixed trajectory. Since a < r < b, then the coefficient k is
positive. Moreover, since
(202 _ 2(b%4r2)
ker = ( rb ) - br2 <0,
then the coefficient k is a monotonically decreasing function of r, that is, when moving along the trajectory

towards a decreasing radius, the coefficient k monotonically increases.
Thus, to calculate the approximate monotonicity criteria, it remains to calculate the angle a between the
first eigenvectors X; and Y; matrices A and B. The angle a; between X; and the 0X axis:

ajiz — arctg(asz)

o, = arctg 5

1+ [1+a2,

Similarly, the angle a, between Y; and the OX axis:

by _ arctg(b12)

2
1+ /1+b§2

a, = arctg



Eurasian Physical Technical Journal, 2024, 21, 4(50) Engineering 103

Consequently, a = |a; — a,|. Along any fixed trajectory, the angle a, remains constant. When r = b
(at the entry point to the ZPD), the condition k = 0 is fulfilled, resulting in a;, = 0, which indicates that X
aligns with the OX axis, making the desired angle @ = a,. The diagram illustrating the variation of angle «
The diagram illustrating the variation of angle k = 1, matrices A and B will be identical, leading to the
condition @ = 0.

By solving the equation k = 1, obtain the corresponding value r, = ‘/1_1_1 b). With a further increase in

the coefficient k the angle a4, which has already exceeded the angle a,, will continue to increase, so it will
be a = a; — a,. At some point, the equality @; = 2a,, will be achieved, at which again a = a, will appear
(by solving the equation a; = 2a,, find that for |b;,| < 1 a solution exists, the corresponding coefficient

2 .
k = ——-, and the radius value
1-b1,

_ J4bf, —8b%, +5—1
2(1-bfy)

"

(whereby the inequality r; < r, always holds, and for |b;,| > 1 the equality a; = 2a, is impossible). The
value of the internal radius a determines to what value the radius will decrease when moving along the
trajectory in the ZPD. There are three options:

1) if ry < a (such a in Fig.1 is designated as a;), then mina = a, — a;(a,), maxa = a, — a;(b) =
a,.

2) if r; < a <, (such ain Fig.1 is designated as a,), then mina = a, — a;(ry) =0, maxa = a, —
al (b) = 0!2.

2) if a <1y (such a in Fig.1 is designated as as), then mina = a, — a1 (1) = 0, max a = a,(az) —
a,.

It follows that on each fixed trajectory, if the thickness of the ZPD in the radial direction is not too
large, then d = %az is achieved at the entrance to the ZPD, and if the thickness of the ZPD in the radial

direction is sufficiently large, then d = %(0{1 (@) —ay) > %az and is achieved at the exit from the ZPD.

43

X

T T T "—v—ﬁ,r
oy i) fig o F b

Fig.1. Variation of the angle a while traversing along a trajectory is observed at point » = b — which serves as the
entry point into the ZPD. The points a4, a,, az represent potential exit points from the ZPD, corresponding to different
values of the internal radius of the ZPD under varying degrees of deformation and friction conditions.

In both cases, the angle a, (and, therefore, the value of d) depends on the angle ¢ f the entrance to the
ZPD and the friction coefficients along the working surfaces of the punch and matrix. Let us establish this
dependence explicitly. Substituting explicit expression (2) for the function f(¢) into formula (7), after

transformations obtain (here C; = 0.58u4, C = W u is the friction coefficient on the surface matrix,

uq is coefficient of friction on the surface of the punch (the law of constant friction force is applied (Siebel's
law, or Prandtl's law), therefore 0 < u < 0.5 u 0 < pu; <0.5), a is cone angle of the matrix drawing
particle):
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b — (CI_C¢)‘/§
127 13(6,-cd)?

If denote Q = C; — C¢ (the value of Q reflects the cumulative influence of friction coefficients), and
take into account that 0 < min(Su,/2; Bu) < Q < max(Buy/2; fu) < 1/4/3, then the value

_arctg(by) 1 QV3

—arctg
V1 —3Q?

a —
2 2 2
monotonically increases from 0 to /4. In order for the inequality |b,,| < 1 to be satisfied, it is necessary

and sufficient to satisfy the inequality JlQL?,QZ < 1, from which obtain |Q| < 1/+/6 (for such Q there will be
. \J153Q%-54Q2+5-(1-3Q? .
a, < m/8). In this case have: r; = < 2(1?6(22)( D, Graphs of a, and r, /b as functions of Q are
shown in Fig.2.
0,65 4
0.7 0,60 g
.55
u8 0,50
05 / Fkahe S AN TR A N O SO
2 0,40 4
’ 04 o 1 0,354
" 0,30 4
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0z 0,20
0,15 -
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a) b)

Fig.2. a) Dependence of angle a, (in radians) on Q; 6) Dependence of the value r; /b on Q

So, will show how to evaluate the monotonicity of the drawing process with wall thinning.
First, let us consider the problem of selecting technological parameters so that the deformation can be
considered approximately monotonic. Establish the threshold value for the criterion of approximate

monotonicity as d,, = % which corresponds to an allowable deviation of the principal axes of the deformation

tensor from one another by an angle not exceeding 10°. Assume that if the inequality d < d,, is satisfied, the
process can be considered monotonic; conversely, if d > d, monotonicity cannot be guaranteed. This
threshold value d,, corresponds to «,, = = - d, = 0.17453. Based on the relationship between the angle a, ot
Q (see Fig. 2a), calculate the threshold value:

_ 1

Qn \/§

1

Sin( 2“211) = V3

sing = 0.19747.

Then the limits are achieved by the coefficient of friction:
2
= B3

B—\l/gsing ~ 0.17101.

sing ~ 0.34202,

(8)

1 . @
max(fu/2; Bp) < gsing < {u B

Moreover, since Q, < 1/v/6 ~ 0.40825 (that is, |b;,| < 1), then, depending on the extent of deformation,
any of the three cases is possible (which correspond to points a,, a,, a; of the exit from the ZPD). To obtain
case 1 from the inequality r, < a and formulas for the radii of the OPD [3, p. 279, (15.23)] b = (R,y —
)/ sin(y) and a = (R, —1,)/ sin(y) (here R,, is the outer radius before drawing with thinning, R,, is the
outer radius after drawing, =, is inner radius, y is cone angle of the exhaust part of the matrix) find that Rr,,
should not be too small, that is, the degree of deformation should not be too big:
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V17 -1 5—-+17
HH>T H6+T

r, ~ 0.78078R,, + 0.21922r,.

To obtain case 2, firstly, it is required that R,,, be small enough

1, < Ry < ‘/I_Z_IRH,) + S‘Zﬁrg ~ ~ 0.78078R,, + 0.21922r,

(the degree of deformation must be quite large), and, secondly, the inequality r; < a, must be satisfied, that

is:
J1530%—54Q2+5-(1-302)
2(1—6Q2)

(RHO - rs) +7, < RH}’!'

To obtain case 3, firstly, the inequality is required

J1530Q4-54Q2+5—(1-30Q3)

TS < RHI’I < 2(1_602)

(RHz) - T@) + T

and, secondly, since in case 3 max a = a,(a3) — a,, S satisfied, then for approximate monotonicity it should
be maxa = a;(a3) —a, < % ~ 0.17453, that is

maxa = a,(kby,) —a, = larctg(kblz) - 1arctg(blz) < l.

2 2 18
Thus, if need to get it an approximately monotonic drawing with wall thinning, it is necessary to set the
value of the radius Ry, (the radii R,,4, 7, can be regarded as fixed parameters, allowing the selection of R,
to uniquely determine the resulting degree of deformation while ensuring that the friction coefficients remain
at acceptable (relatively low) levels. Depending on the relative values of the radii R,4, Rnp, 7, @n

approximately monotonic drawing will be achieved in one of the scenarios outlined in cases 1-3.

12 1
11 ]I
10 1
RE
R
k \\

3 -

——

i _ |

2 ; — : —
0,00 0,02 0,04 0,08 0,08 0,10 0,12 0,14 0,18 0,18

Q

——

Fig.3. Admissible values of parameters Q and k (located to the left of the curve),
at which the third case of approximate monotonicity is realized.

To address the inverse problem of determining whether a specific hood with a thinning wall can be
classified as monotonic, it is essential to first evaluate the range of values for Q: min(Bu./2; Bu) <Q <
max(fu./2; Bu). Next, the angle a, should be calculated (or estimated from Fig. 2a). If the resulting
angle a,, = 0.17453, the drawing cannot be considered monotonic. Conversely, if the inequality a, <
a,, = 0.17453 holds true, it is then necessary to compute (or estimate from Fig. 2b) the value of r;. Now,
using the known outer radius of the part before drawing R,,,, the outer radius after drawing R,,,, the inner
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radius 7, and the taper angle y it is necessary to calculate the outer b and inner radii a of the ZPD and check
the inequality a > ry. f this is done, then the hood can be considered monotonous. If the inequality a < 4, is
satisfied, then it is necessary to check the fulfillment of the inequality

1 2(b%-a?) Qv3 1 oV3 T
Sarctg (T \/1__3QZ> Sarctg Tisot < 9)

If it is done, then the hood can be considered monotonous; if it is not done, then it cannot be.
3. Results and discussion

Let us consider the application of the above calculations to solve practical problems in the field of
designing a working tool for a drawing operation with wall thinning:

Example 1. Let R,; = 40 mm, R,; = 38.5 mm, r, =30mm, y = 2°u = 0.1, y; = 0.1. Calculate:
0.058 < Q <0.115, 0.05 < a, <0.101. Since the inequality a, < a,;, = 0.17453 is satisfied, we
calculate the range of variation of r;: 173.7 < r; < 176.3 and radii: b = 286.5mm, a = 243.6mm. Since
the inequality a > ry, holds, the drawing can be considered monotonic.

Example 2. Let R,, =40mm, R,, =38.5mm, r, =30mm, y =2, u=0.2, y; = 0.1. Calculate:
0.058 < Q <0.231, 0.05 < a, < 0.206. Since some of the a, values exceed the threshold value a,, =
0.17453, the hood cannot be considered monotonic. This happened because the friction coefficient u does
not satisfy inequality (8). In general, inequalities (8) are the main conditions on which approximate
monotonicity depends.

Example 3. Let R,, =40mm, R,; =36mm, r, =30mm, y =2°u=0.1, y; =0.1. Calculate:
0.058 < Q < 0.115, 0.05 < a, < 0.101. Since the inequality a, < a,; = 0.17453 is satisfied, calculate
the range of changes: r;:173.7 < r; < 176.3 and radii: b = 286.5mm, a = 171.9mm. Since the inequality

a < ry, it is necessary to check the fulfillment of inequality (9) over the entire range of changes in Q. For
Qmin: 0.056 < /18 = 0.175 - fulfilled, for Q,,4,: 0.105 < /18 = 0.175 - fulfilled. Thus, the hood can
be considered monotonous. It is necessary to check inequality (8) even if for part of the range of variation r;
the inequality a < r; is satisfied, but for part it is not.

In the examined model, the parameters that define the geometric dimensions of the exhaust section of
the matrix are the radii R,,;, R,;; and r;. Consequently, it can be concluded that approximate monotonicity is
influenced by the cone angle solely through the radii b and a (similar to how the degree of deformation for
the exhaust with wall thinning is calculated in [4]), given that any arbitrary matrix thickness (greater than
115 mm, as illustrated in example 3) is deemed acceptable. However, if the matrix thickness is treated as a
fixed parameter, then a drawing with a significant degree of thinning will inherently necessitate a larger taper
angle. Let's say, increasing the taper angle for the data from example 3 to y = 12 (and keeping the remaining
data), obtain b = 48.1mm, a = 28.9mm, 29.2 < r; < 29.6 while keeping the ranges for Q and a, and the
left sides of inequality (9) for Q,in and Q.4 and with still approximately monotonic stretching.

4. Conclusion

In engineering technological practice, monotonic processes are rare. At the same time, a huge number
of technological problems are associated with the analysis of processes close to monotonic, due to the
limitations imposed on engineering calculation models. In this regard, an assessment of the proximity of a
specific technological process being developed to a monotonic or other special cases of complex loading is
necessary, since this allows us to assess the validity of using a particular rheological model of the processed
material, which underlies this technological problem.

At the current stage of research, the developed technological recommendations allow the process
engineer to assess the "level of monotonicity” of the process and, if necessary, make changes to the
deformation modes of the semi-finished product. Providing the operation with the condition of a
"monotonic"” process allows us to minimize errors in the application of a rheological model of material
hardening (for example, based on the results of a tensile test) and, thereby, predict the possibility of
hardening the material and ensuring tactical and technical requirements, the possibility of loss of stability or
destruction.
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The result of the implementation of this tool is a stable technological process, where a balance is
maintained between the level of material hardening acquired during stamping operations and heat treatment,
which leads to a reduction in defects and an increase in the quality of manufactured products.
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DETERMINATION OF THE FLOW RATE AND TEMPERATURE OF THE
LIQUID WHEN IT IS FORCED THROUGH THE THROTTLE OPENINGS
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Abstract. The article presents laboratory findings from studies conducted on a specially developed setup for
analyzing liquid flow through throttle holes. The liquid flow rate depends on various factors, such as hole
diameter, upstream pressure, liquid viscosity, and the channel’s length and shape. As the liquid passes through
the throttle, pressure drops, velocity increases, and kinetic energy rises, subsequently converting to thermal
energy due to molecular friction. This throttling process raises the liquid’s temperature, making it suitable for
heating applications in industrial, laboratory, and heating systems. This throttling process increases the liquid's
temperature through molecular friction, making it a practical solution for heating applications across industrial
and laboratory systems.

Keywords: liquid flow rate, throttle openings, hydraulic heating systems, thermal energy conversion

1. Introduction

The conversion of electrical energy to thermal energy is increasingly essential across industries that rely
on efficient heating solutions to maintain specific temperature levels. One effective approach to achieve this
involves forcing liquids through throttle openings, where a controlled pressure drops and increase in liquid
velocity generate kinetic energy that is subsequently transformed into thermal energy via molecular friction.
This process provides advantages over traditional heating methods by minimizing heat loss over long
distances, making it suitable for applications in hydraulic systems operating in cold climates and heating
systems in isolated environments [1-3].

Recent advancements in thermal energy conversion have emphasized the design of throttle-based
systems, including vortex and cavitation heat generators, which enhance energy efficiency by leveraging
fluid dynamics. For example, vortex energy converters with integrated boundary layers show potential for
improving heat transfer in turbulent pipe flows, significantly impacting thermal boundary layer thickness and
energy transfer efficiency [6, 7]. Similarly, cavitation-based systems utilize swirling flow effects to achieve
effective fluid heating, particularly in hydraulic systems where stable operational temperatures are crucial
[8].

Despite these advancements, conventional throttling methods remain a simple yet effective solution for
fluid heating in hydraulic systems, especially in northern regions with demanding environmental conditions
[9, 10]. Given the importance of these applications, further investigation is warranted to optimize liquid
heating in throttle systems under specific operational conditions. This study examines the factors influencing
flow rate and temperature in liquids forced through throttle openings, contributing to the development of
energy-efficient, high-performance heating solutions in hydraulic systems.
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In this process, electrical energy is converted by transmitting the rotor’s rotational motion, imparting
centrifugal acceleration to each liquid particle from the rotation axis outward. This acceleration generates
pressure and facilitates the displacement of liquid through throttle openings on the side walls. A sharp
pressure drop results, releasing accumulated compression energy as heat. Notably, in a uniformly rotating
rotor, a balance is maintained between the inflow and ejection of liquid through the chokes, allowing low-
power motors to efficiently convert electrical energy to thermal energy.

2. Literature review and problem statement

In [6], a solution for investigating the heat transfer characteristics of a pipe with turbulent decaying
swirl flow using an integrated boundary layer circuit is considered. The influence of the inlet Reynolds
number, inlet swirl intensity and Prandtl number on the thermal boundary layer thickness and Nusselt
number is also studied. The work [7] shows patented devices that allow using the vortex and cavitation effect
to provide space heating. The hydrodynamic heater includes a pump with an electric motor, an input
pipeline, a vortex energy converter, a device for forming a vortex installed at some distance from the vortex
former, a confuser at the outlet of the vortex tube. Nevertheless, the process deserves a good assessment, but
it is impossible to determine whether vortices appear.

In [8], the authors propose a cavitation-vortex heat generator featuring a vortex chamber with two
angled injection pipes (45-90°) at varying heights. A braking device is positioned at the base of the housing
opposite the vortex chamber, which also includes an additional bypass braking device. Cylindrical bushings
with helical interiors are installed at the pipe entrances to induce flow swirling. The housing connects to the
vortex chamber via a curved pipe. However, this concept remains largely theoretical and has not been fully
implemented.

In [9], it is shown that pumping liquid through throttle holes can increase the liquid's temperature,
providing necessary heat. These throttles are typically installed along pressure lines, as they are simple and
effective for heating working fluids to operational temperatures in hydraulic systems, particularly in northern
climates. However, they are rarely used specifically for liquid heating in practice.

As is known, on supersonic jet aircraft, due to aerodynamic heating of the skin, the environment
surrounding the hydraulic system has a temperature significantly exceeding the permissible temperature for
the liquids used. In this regard, the problem of forced heat removal arises, i.e. it is necessary to artificially
cool the hydraulic system [10]. Therefore, individual questions and tasks arise that must be solved and a
cooling mode must be selected. However, especially for airbuses, whose hydraulic systems have high
capacities, convective heat exchange with the environment is insufficient and does not ensure the
maintenance of the required liquid temperature. In this regard, it is necessary to select a specific cooling
mode.

The proposed study introduces a unique approach to analyzing fluid flow and thermal energy
conversion in throttle-based heating systems. Unlike conventional methods, this research emphasizes the
optimization of throttle geometry and operational parameters to enhance energy efficiency under controlled
experimental conditions. The developed experimental setup allows precise differentiation between
theoretical calculations and real-world observations, providing valuable insights for industrial and laboratory
applications. Furthermore, this study integrates findings from vortex and cavitation-based systems,
highlighting improvements in performance and applicability, particularly for heating systems in extreme
climates.

The theauthorsproposed a throttle-type heat generator designed for heat and hot water supply of
industrial and domestic facilities, as well as for heating process liquids [11]. In this case, the throttle is made
as a narrowing device in the form of a conoid nozzle, i.e. having the shape of a jet coming out of the hole,
and at the outlet of which in the pipeline of the route at a given distance a braking device is installed.

Therefore, to more accurately determine the flow rate and temperature of the liquid as it is forced
through the throttle openings, it is necessary to take into account factors associated with specific operating
conditions and the design of the system.

3. Experimental stand for determining the flow rate through throttle holes

For an ideal fluid without friction, the fluid flow rate through an orifice can be calculated using the
Torricelli-Chasele equation. However, in practice, due to friction and other losses, the fluid flow rate may be
less than that calculated using the Torricelli-Chasele equation. Therefore, to more accurately calculate the
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fluid flow rate through an orifice, it is necessary to take into account factors related to the specific operating
conditions and system design.

The heat generator unit we use does not allow us to set the flow rate of liquid through the throttle holes,
so an experimental stand was developed and manufactured. Some results obtained using this setup are
published in papers [12-13], which consider issues related to the design of a throttle-type hydrodynamic
heater. The maximum angular velocities for cylindrical and conical shapes are determined from the condition
of no liquid splashing out of the rotating vessel. Theoretical studies have shown that the conical skirt shape is
more optimal, since with an increase in the liquid level in the vessel within 0.02-0.09 m, the angular velocity
decreases from 37.566 rad/s to 17.709 rad/s, respectively. In addition, with a vessel wall taper of 5° and a
liquid level height of 0.02 m, the liquid volume is 11.0 10-5 m®. If the liquid level is increased to 0.09 m, the
liquid volume will increase to 55.0 10-5 m3,

Experimental studies have shown air locking during the formation of a liquid ring in the rotor cavity. In
addition, it was found that the smaller the inner radius of the liquid ring, the higher the temperature of the
liquid supplied through the throttle holes. However, creating pressure in front of the throttle holes using the
inertial forces of the rotating mass of liquid is a promising direction. [14] shows radial-cylindrical spraying
devices using water-coal fuels for combustion. The authors of the works developed nozzles with cylindrical
radial flow rotation and aerodynamic (tangential) flow rotation for fuel injection. As practice shows, the use
of these forms and technology instead of the corresponding nozzles with diameters up to 3 mm will allow
increasing the liquid temperature.

The design of the stand is made in such a way that it allows changing the height of the liquid column
(Fig.1), as well as creating pressure in the system using the central water supply. In addition, it is possible to
determine the flow rate through the throttle holes by changing the direction of the jet (Fig. 2). The stand
includes a drain tank 1 with guides along which crossbars 2 and 3 move in the vertical direction. An electric
motor 4 with a hollow rotor 5 is installed on crossbar 2, which has tubes 6 with throttle nozzles 7, as well as
a nipple 8 for connection to the supply line 9. Tubes 6 have an external thread for adjusting the radial
position of the throttle nozzles 7 relative to the axis of rotation of the rotor 5. A pressure gauge 10, a flow
meter 11, an accumulator 12 and a valve 13 are installed on the supply line 9. Water from the drain tank 1 is
discharged into the sewer through a pipeline 15. Regulation of the angular velocity of the rotor o is ensured
by a «BECIIEP» frequency converter 14.

Fig.1. General view of the experimental setup for determining the flow rate through throttle holes.
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The stand allows for conducting research by forcing liquid through throttle holes with a diameter of 1.5,
2, 3 mm, located at a distance of 0.235 m from the center of rotation of the rotor, with a static height of the
liquid column equal to 1.0 m (9796.462 Pa). Opening valve 13 ensures the start of water flow through supply
line 9 to the throttle openings, as soon as the liquid column in accumulator 12 reaches a specified level,
readings are taken from flow meter 11. Liquid flow readings ( Qy, ) are recorded for rotor angular velocities
changing in the range of 0...314 rad/s. When the electric motor (4) is activated, the liquid mass within the
rotor begins to rotate. This rotation generates inertial forces that push the liquid radially outward, creating
pressure in front of the throttle openings.

Fig.2. Front view of the experimental setup.

To determine the optimal operating conditions of the heating unit, nozzles with varying diameters were
used as throttle openings, facilitating a controlled jet formation and offering a high liquid flow coefficient,
which is beneficial for use in heat-generating systems [12, p.46].

4. Results and discussion

In this thermal setup, cylindrical nozzles extend outward from the vessel. When the nozzle length is at
least three times the diameter of the hole, the liquid flow rate increases by approximately 30% compared to
flow through a thin-wall opening. For simplified calculations with low-viscosity liquids exiting a round hole,
a jet compression coefficient is applied, approximated at [15] € =0.64 .

For the adopted openings, the flow coefficient . is established after conducting experimental studies
using the expression

_Q 1)

u 9,

where Q represents the actual flow rate through the opening, and Q,, is the theoretical flow rate.

The theoretical flow rate of the throttle holes is calculated by the expression

Q=522 @
V4

where S is the area of the throttle opening, P represents the pressure differential across the throttle, y is the
specific weight of the fluid.

According to expression (2), we determine the theoretical flow rate of liquid (Q,3) at different
positions of the liquid ring using the calculated pressures, results are shown in Table 1.

According to the data in Table 1, the larger the throttle hole diameter, the higher the theoretical fluid
flow rate. However, the throttle hole diameter cannot be increased indefinitely, as this will complicate the
creation of pressure at the throttle holes. Since the stand (Fig. 2) provides preliminary static pressure of the
liquid inside the rotor, expression (2) takes the following form:

Qur = S«/@, @)
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where Q,,, is the total theoretical flow rate of the liquid, S is the area of the throttle opening, P is the

current pressure, P, is the preliminary static pressure of the liquid in the supply line, vy is the specific weight
of the fluid.

Table 1. Theoretical flow results for 3mm orifice diameter.

(r;:}j’/s) QmS (m3 Is )

r.=0.4(m) r.=0.3(m) rs=0.2(m) r4=0.0 (m)
0 0.00 0.00 0.00 0.00
42 0.00027871 0.000372 0.000426 0.000465
76 0.00050433 0.000672 0.00077 0.000841
136 0.00090249 0.001203 0.001379 0.001504
215 0.00142673 0.001902 0.002179 0.002378
314 0.0020837 0.002778 0.003183 0.003473

Using expression (3), we determine the total theoretical flow rate Q,,, for throttle hole diameters of 3

mm, taking into account the preliminary static pressure of the liquid in the system, results are shown in Table
2. The results presented in Tables 1 and 2 distinguish between theoretical and experimental data. Theoretical
values were derived using the Torricelli-Chasele equation (Equation 2), which calculates the ideal fluid flow
rate based on pressure differentials and throttle geometry. Experimental values, on the other hand, were
obtained from direct measurements using the developed experimental setup (Figures 1 and 2). This setup
allowed for precise control of variables such as throttle diameter and liquid column height, ensuring reliable
data collection under consistent conditions. As is known, the preliminary static pressure in the supply line
has a significant effect on the flow rate only at low rotor speeds (up to @ = 76 rad/s), and with an increase in
the angular velocity, its effect decreases and the coefficient k tends to 1. This is due to the fact that with an
increase in the angular velocity of the rotor, the liquid pressure at the throttle holes is several times higher
than the static pressure in the supply line.

Table 2. Total theoretical flow results for 3mm orifice diameter.

® Q. m3/s
(rad/s) r.=0.4 (m) r.=0.3(m) rs=0.2 (m) r 4=0.0 (m)
0 0.00 0.00 0.00 0.00
42 0.000295438 0.000384318 0.000436869 0.000474743
76 0.000513767 0.000679547 0.000776593 0.000846248
136 0.000907799 0.001207306 0.001382057 0.001507343
215 0.001430094 0.001904833 0.002181573 0.002379909
314 0.002085999 0.002779988 0.003184405 0.003474208

It should also be noted that the value of the coefficient of distribution of liquid flow from static pressure
k depends on the angular velocity of the rotor and the inner radius of the liquid ring in the drum, but does
not depend on the diameter of the throttle opening. The reliability of the experimental results was ensured
through the use of calibrated instruments, such as the flow meter and pressure gauge, which were regularly
checked for accuracy. Additionally, the experimental setup was carefully designed to minimize errors caused
by external factors, such as temperature fluctuations or inconsistencies in liquid viscosity. All measurements
were repeated multiple times to confirm the consistency of the results. While some experimental errors could
arise from slight variations in rotor speed and liquid pressure, these were minimized by maintaining strict
control over the experimental conditions. The observed discrepancies between theoretical and experimental
results are likely due to inherent system limitations, including friction losses and variations in liquid
properties. To assess the effectiveness of the proposed throttle-based heating system, a comparative analysis
was conducted between the results obtained from our experimental setup and existing systems used for
thermal energy conversion. The key parameters, such as system efficiency (COP), power output, and
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temperature increase, were compared. Table 3 summarizes these comparisons, highlighting the
improvements observed with our system.

The results indicate that at similar operational conditions, the proposed system achieves a significantly
higher thermal efficiency and a more substantial temperature increase, which makes it particularly suitable
for industrial applications in cold climates. For instance, at rotor speeds of 200 rad/s, our system
demonstrated a 20% improvement in temperature rise compared to traditional vortex-based heating systems
[6].

The current results suggest that, as expected, increasing the throttle hole diameter improves the flow
rate. However, the temperature rise in the liquid, while directly proportional to the flow rate, shows
diminishing returns as the speed of the rotor increases. This suggests a non-linear relationship between
energy input and temperature output in this experimental setup.

Compared to previous studies, such as [6] and [7], our results indicate a more efficient heat conversion
at lower rotor speeds, potentially offering significant advantages for applications in colder environments,
where minimizing energy loss is crucial.The large growth coefficient of flow through the nozzles is due to
the fact that the cross-section of the jet at its outlet is approximately equal to the diameter of the hole. In
addition, the viscosity of the liquid is a factor reducing the coefficient ¢ relative to the outflow through the

holes. If we consider the movement of liquid inside a rotating rotor, then in addition to centrifugal forces and
acceleration of gravity, Coriolis forces act on it [16].

It is evident from Fig. 3 that when the rotor rotates, forces act on the flowing liquid that change its
direction and cause a bend in the trajectory.

Fig.3. Jet separation under the action of Coriolis inertial forces.

This is due to the fact that each particle of liquid is affected by inertial forces that depend on its speed
and the angular velocity of rotation of the vessel. However, in most practical situations, the effect of Coriolis
forces on the flow of liquid through the orifices of a rotating vessel is insignificant and can be ignored. This
is because the effect of Coriolis forces on the flow of liquid depends on many factors, such as the rotation
speed of the vessel, the diameter of the orifices, and other parameters that are not critical for the flow of
liquid in most cases.

The flow rate of liquid through throttle orifices with diameters of 1.5, 2.0, and 3.0 mm as a function of
the rotor's angular velocity was experimentally determined at an initial static pressure of 0.01 MPa in the
supply pipeline (Fig. 4). The analysis of Fig. 4 demonstrates two distinct behaviors of liquid flow rate
depending on the rotor's angular velocity. At angular velocities between 0 and 21 rad/s, the flow rate
increases gradually, indicating minimal influence of inertial forces. This trend suggests that the static
pressure primarily drives the liquid through the throttle orifices in this range.
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Fig.4. Graph of the total liquid flow rate as a function of the rotor's angular velocity.

Beyond 21 rad/s, a significant rise in flow rate is observed. This can be attributed to the substantial
increase in liquid pressure near the throttle orifices due to the combined effects of centrifugal forces and
dynamic pressure. This relationship highlights the nonlinear dependence of flow rate on angular velocity at
higher speeds, emphasizing the dominant role of inertial forces in this regime.

Fig. 5 shows graphs of the dependence of the liquid temperature 7" on the operating time of the thermal
unit t, with the total areas of the throttle holes 5 = 64.34*10 - m 2 respectively.
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Fig.5. Change in liquid temperature depending on time with the total area of the heat generator throttling
holes § = 64.34*10°m 2[13, p. 27].

Increasing the area of the throttle holes by two times (Fig. 3.2) gave a minute-by-minute average
temperature increase for the first curve of 0.11°C, for the second 0.18°C, for the third 0.45°C, for the fourth
0.72°C. Comparison of the results of the curves showed that only when the rotor rotates at an angular
velocity of 105 rad/s, the minute-by-minute temperature increase with a two-fold increase in the total area of
the throttle holes was 1.66 times, and in other cases the indicators were lower, although some small increase
was observed.

If a liquid passes through a throttle, its kinetic energy increases and its potential energy decreases. Some
heat transfer from the surrounding medium to the liquid may also occur. If the radius of the throttle opening
is doubled, the fluid flow velocity will decrease by half (according to the Couette-Poiseuille equation).
Consequently, the kinetic energy of the flow will decrease by four times (since it is proportional to the square



116 Eurasian Physical Technical Journal, 2024, Vol.21, No.4(50) ISSN 1811-1165; e-ISSN 2413 - 2179

of the velocity). At the same time, if we assume that the potential energy in the rotor does not change, then
the internal energy of the fluid should increase in accordance with the law of conservation of energy.

This increase in the temperature of the liquid can be described by the heat balance equation, where the
change in the internal energy of the liquid will be equal to the work done by the liquid when passing through
the orifice and the heat flow passing through the walls of the orifice and absorbed by the liquid. Thus, an
increase in the radius of the orifice can lead to an increase in the temperature of the liquid.

5. Conclusion

The study demonstrated that as the angular velocity of the rotor increases, the proportion of liquid flow
driven by preliminary static pressure decreases. Specifically, when the rotor speed was 0 rad/s, the
proportion of flow due to static pressure was 100%, whereas at a rotor speed of 147 rad/s, this proportion
decreased to just 0.8% of the total flow. These findings emphasize the diminishing impact of static pressure
at higher rotor speeds, suggesting that inertial forces become more dominant in fluid movement.

Additionally, the research confirmed that the coefficient for distributing liquid flow from static pressure
depends on the rotor's angular velocity and the cross-sectional area of the liquid ring in the drum, but it
remains independent of the diameter of the throttle opening. This result provides insights into the factors
influencing flow behavior in throttling systems.

Furthermore, it was established that the temperature increase of the liquid during throttling is not solely
dependent on the cross-sectional area of the annular liquid layer in the heat-generating unit. The flow rate
plays a significant role, as it directly influences the turnover of the liquid and the efficiency of thermal
energy conversion. These findings highlight the importance of optimizing both flow rate and throttle
geometry to enhance the system's thermal performance.

The practical implications of this research suggest that the developed throttle-based heating system
could be particularly beneficial for industrial and hydraulic applications, especially in cold environments
where energy efficiency is critical. Future research could explore the optimization of throttle hole design and
the scalability of this technology for larger systems, as well as the potential use of alternative fluids and
advanced materials for throttling to further improve system efficiency.
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Abstract. In our study, we applied the Exact Quantization Rule approach to tackle the radial Schrédinger
equation analytically, specifically addressing the class of inversely quadratic Yukawa potential. Through this
method, we successfully predicted the mass spectra of heavy mesons, including charmonium and bottomonium,
across a range of quantum states by leveraging the energy eigenvalues. When compared to experimental data and
other researchers' findings, our model exhibited a remarkable degree of accuracy, with a maximum error of
0.0065 GeV We reduced our potential model to the Kratzer potential in order to further expedite our computations,

and we ensured mathematical accuracy by imposing particular boundary conditions. By utilizing the acquired
energy spectrum, we broadened our examination to investigate the energy spectra of homonuclear diatomic
molecules, like nitrogen (N2) and hydrogen (Hz). One remarkable finding was that the energy spectrum reduced as
the angular momentum quantum number increased in the case where the principal quantum number stayed fixed.
In a similar vein, the energy spectrum consistently decreases when the angular momentum quantum number is
varied. The complex interaction between the kinetic and potential energies of the electron causes this decreasing
trend in the energy spectrum as the angular momentum quantum number increases in a diatomic molecule. The
energy spectrum is systematically reduced as the electron's orbit lengthens and its distance from the nucleus
increases, shifting the balance between these energies.

Keywords: Schrodinger equation; Exact Quantization Rule; Homonuclear diatomic molecules; Heavy mesons; Class
ersely Quadratic Yukawa potential

1. Introduction

Diatomic molecules are important components of the fascinating field of molecular physics. They consist

of two atoms bonded together. These molecules are important because they are simple and useful for
understanding molecular behavior and chemical bonding in a variety of fields such as chemistry, physics, and
materials science. They are divided into two categories: homonuclear diatomic molecules, which are made up
of two atoms of the same element such as oxygen (O2), nitrogen (N2), hydrogen (H.), and chlorine (Cl;), and

heter

onuclear diatomic molecules, which are created when two distinct elements combine. Nitric oxide (NO),

hydrogen chloride (HCI), and carbon monoxide (CO) are a few examples. The electronic, vibrational, and
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rotational spectra of diatomic molecules reveal important details about their composition, states of energy, and
chemical properties. These molecules have recently been studied by authors [1-3]. The solution of the radial
Schrodinger equation (SE) is crucial in modern physics [4], but it requires knowledge of the particular
confining potential (CP) that governs a system. Quark confinements and Coulombic interactions are captured
for quarkonium systems by the Cornell potential, which combines Coulomb and linear potentials [5]. The
Schrodinger and semi-relativistic wave equations are usually used to solve this potential [6,7]. While the
constituent quark model describes heavy mesons (HM) like charmonium and bottomonium as non-relativistic
bound states of a quark-antiquark pair [8], the full description in particle physics relies on Quantum
Chromodynamics (QCD) to account for the strong interaction mediating their dynamics [9]. In essence, the
non-relativistic approach offers a simplified picture, whereas QCD provides a more rigorous framework.
Numerous researchers have explored the Cornell potential and its variations using diverse analytical techniques
[10,11]. Such as, the asymptotic iteration method (AIM) [12], Laplace transformation method [13], and others
[14-17] have been proposed to solve the Schrédinger equation for such potentials. Recently, exponential-type
potentials have garnered attention for studying heavy meson mass spectra [18-20]. For instance, Inyang et al.
[21] investigated heavy meson mass spectra using the Yukawa potential, while Ibekwe et al. [22] examined
the effect of an improved screened Kratzer potential with the mass spectra. Akpan et al. [23] presented mass
spectra using a combination of the Hulthen and Hellmann potential models, and Inyang et al. [24] studied
heavy meson mass spectra with the Varshni potential. Motivated by these studies, we utilize the class of
inversely quadratic Yukawa potential (CIQYP) to predict heavy meson mass spectra like charmonium and
bottomonium, along with the energy spectra of homonuclear diatomic molecules (HDM) such as hydrogen
(H2) and nitrogen (N.), employing the exact quantization rule (EQR) to solve the Schrédinger equation.
Furthermore, the meson is assumed to be a spinless particle for ease [26, 27]. The theory describes diatomic
molecules and heavy mesons by modeling their interactions with the class of inversely quadratic Yukawa
potential. It captures vibrational-rotational spectra in molecules and energy spectra in mesons, accounting for
guantum effects like tunneling and binding energies. This approach bridges atomic-scale molecular behavior
and quarkonium systems' fundamental particle interactions.
The class of inversely quadratic Yukawa potential is given as:
e arq
Vi--hA AT n

q q q
where « isthe screening parameter, A,, A, and A, are potential strength parameters that will be determined

subsequently. The potential is more appropriate compared to other potentials inspired by QCD, for example,
the Cornell Potential, because it has more fitting parameters. The class of inversely quadratic Yukawa potential
could find great applications in atomic physics, nuclear physics, and molecular physics. Modeling the potential
to interact in the quarkonium system, Taylor series expansion is carried out in the exponential term, resulting
in Eq. (2).
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2. Exact Quantization Rule formalism

This section provides a concise overview of the exact quantization rule. For a comprehensive
understanding of the exact quantization rule and its implications, readers are directed to the extensive
discussions available in references [28, 29].

The Schrodinger equation in one dimension is written as:

d? 2u,
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dy h
The expression represented by Equation (4) can be alternatively formulated as follows:

#'() + () +k(y)* =0 ()



120 Eurasian Physical Technical Journal, 2024, 21, 4(50) ISSN 1811-1165; e-ISSN 2413-2179

with
ko) =242, -V )] ©

In the equation provided, ¢(y) =y, (y)/w,(y) represents the logarithmic derivative of the wave function
(WF), u, denotes the reduced mass of the quarkonium particles, k(y) stands for momentum, and V (y)

represents a piecewise continuous real potential function of X_. The phase angle of the SE corresponds to the
logarithmic derivative ¢(y). As indicated by Equation (6), when x increases across a node of the wave

function w,(y), #(y), decreases to —oo, undergoes a jump to +oo, and then decreases once more. We can

extend the exact quantization rule to encompass the three-dimensional radial SE with spherically symmetric
potential by simply substituting the variables y —r and V (y) — V., (r) accordingly, as detailed in references

[28, 29].
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In this context, r, and r, refers to two turning points identified by E =V, (r). N=n+1, which
represents the number of nodes ¢(r) within the region E,, =V, (r) isincremented by 1 compared to the count
of nodes in the wave function v (r,) . The expression can be decomposed into two terms: N7, originating from

the nodes of the logarithmic derivatives of the wave function, and a second term known as the quantum
correction. Notably, the quantum correction, denoted as (Q,) , primarily concerns the ground state, simplifying
the calculation process. i.e.,

Q.= ki) b, ©)

3. Analytical solutions of the Schrédinger equation with the class of inversely quadratic
Yukawa potential

The Schrodinger equation is given by [30].

d2R(r.) 2 1(1+1)h?
drzq +$ E, —V(rq)—% R(r,) =0
g Halq (10)

In this equation, |, corresponds to the angular momentum, ., is the reduced mass, r, represents the

distance between the interacting particles, and 7 denotes the reduced Planck constant.
By substituting Equation (2) into Equation (10), we derive

d?R(r
(q) + Zlua

Ey —Vy () [R(r,) =0 (11)
2 2 |: nl eff \'q q
dr, h
where
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Transformation of the coordinate of Eq. (11) from r, to s is given below;
S= 1 (13)

y

After substituting Equation (13) into Equation (12), we obtain Equation (14).
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To simplify the analy5|s of the third and fourth terms in equation (14), we introduce an approximation
strategy. This strategy involves assuming a characteristic radius, r,, for the meson. We will then proceed by

ﬁ33 and ﬂ22

in a power series aroundr, ; i.e. around 6 = 1 , up to the second order. This is similar
r.O
to the Pekerls—type approxmation which helps to deform the centrifugal term [31].
Setting z, =s—¢ and around z, =0 it can be expanded as
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The next step involves utilizing equations (16) and (17) within equation (14). This substitution leads to

Veff (S) = 511 + é:zzs + 4:3332 (18)
where
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We can express the non-linear Riccati equation describing the ground state using a new variable, denoted
by s as,

—s%¢'(s) + ¢ (s) = k(s) (20)

where

k(s) :\/%[53332 + &S+, —E | (21)

The quantization rule comes into play as we analyze the potential. The first step involves calculating the
turning points, labeled s, and s, . We achieve this by solving the equation within the square brackets of Eq.
(22).

S = _9222 _\/‘5222 - 4533 (511 - E)
: 285
(22)
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From Eq. (22) we get,
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5,8, = 511 -E
& 23
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33
Also, from Eqg. (21) we have
® =J P g% +@x+ﬁJ (24)
533 533
Substituting Eqg. (23) into Eq. (24) gives
k(s) = \/ #3623 (s—s,)(s—s,) (25)

where K(s) is the momentum between the two turning points s, and s, .

Because the logarithmic derivative possesses only one zero and lacks poles for the ground state, we
propose a trial solution for the ground state wave function

$ () =A +B,s (26)

We can solve for the ground state energy by incorporating Eq. (26) into Eq. (20). This involves solving
the resulting non-linear Riccati equation, which yields

h2 2
Ey=¢u- 2—A1 (27)
My
Also, A and B, are obtained as follows
_ M8
A B,h?
(28)
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The positive sign is chosen for the square root of B, . This selection is crucial because it ensures that the

logarithmic derivatives ¢,(s) behave as needed, specifically by decaying exponentially. Having established
this, we can now determine the quantum correction, which is
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From Eq. (29) we have
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By referring to the integrals in Appendix A, we achieved the following
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We substitute Eq. (23) into Eq.(29b) and obtain
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Inserting Eqg. (29c¢) into Eq. (7), Eq.(29d) is gotten as;
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Furthermore, the integral of Eq.(9) is obtain as
k
j k(r,)d j O (30)

From Eq.(30) we have

_[ajlEEs),

After utilizing Eq. (31), Eq. (30a) takes the following form

__ 244,83 (Sa+sb)_\/§ (30b)
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Incorporating Eq. (23) into Eq. (30b), we get
R
_ 214,85 Sa Sz (30¢)
e, e
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Since Eq. (27a) lacked a solution in standard integral tables, we employed Maple software to evaluate it.
This resulted in the following valuable integral:

J‘«/ b S a+b —Jabr, -
2\/_ (3D

The energy equation governing the CIQYP is obtained by equating Egs. (29d) and (30c). We achieve this
after incorporating Egs. (19), (28), and (3).
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4. Application to Diatomic Molecules

Diatomic molecules, which are made up of just two atoms bonded together are the basic building blocks
of physics and chemistry. These combinations are essential to everything in our world, including the materials

we use and the air we breathe. By setting A, =2D,r,, A, =-D,r?, A, =0of Eq.(1), we have the Kratzer
potential [32] and the energy equation is given as Eq.(33),
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5. Application to Heavy Mesons

Based on the theoretical framework provided in references [33, 34], we compute the mass spectra for
heavy meson

M, =2m, +E, (34)
wherem,, is quarkonium mass and E_, is energy eigenvalues.

The mass spectra of the class of inversely quadratic Yukawa potential for heavy mesons can be derived
by incorporating Eqg. (32) into Eq. (34).
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In this work, we rely on the Chi-square function [24] to determine how closely our numerical predictions
match the actual values.
1 & (M Exp. _ M'_I’heo.)
2 J ]
e (36)
v,
where k, represent number of mesons sample, M jEX”' is the experimental value of mesons, while M J.The°- is the
corresponding theoretical prediction. The v, quantity is the experimental uncertainty of the masses.

Intuitively, v, =1.

6. Discussion of results

The analytical calculations agree with experiments involving diatomic molecular spectroscopy, where
potential energy curves match spectroscopic constants. They align with data on vibrational-rotational spectra,
energy levels in quantum dots, and heavy quarkonium mass spectra, validating models in plasma and
condensed matter systems under the class of inversely quadratic Yukawa interactions.

Our predictions for the mass spectra of heavy mesons in various quantum states are summarized in Tables
1 and 2. To achieve these predictions, we first needed to determine the free parameters in equation (35). This
was accomplished by solving a system of two algebraic equations. The specific values used for bottomonium

and charmonium systems, as referenced in [35], are m, = 4.823GeV , and m, = 1.209GeV , respectively.

The experimental data is taken from [36, 37]. The predicted mass spectra for charmonium and bottomonium,
shown in Tables 1 and 2, exhibit excellent agreement with experimental data. This represents a significant
improvement compared to earlier works like Refs. [12, 13]. This simply implies that one approach to
understanding the behavior of quark-antiquark pairs in mesons is to use potential models. These models
describe the interaction between quarks and antiquarks as an effective potential energy. The potential energy
includes contributions from the strong force as well as other forces. Our predictions agree with experimental
data within a maximum margin of error of 0.0065 GeV . Our potential model was simplified to the Kratzer
potential through the application of specific boundary conditions, ensuring the mathematical precision of our
analytical calculations. Additionally, we utilized the energy spectrum outlined in Eq. (33) to examine the
energy spectra of HDM such as hydrogen (Hz) and nitrogen (N2). The spectroscopic data for these molecules,
sourced from references [38], are presented in Table 3. The calculations were carried out utilizing the

conversions outlined by 1 amu = 931.494028 MeV/ c? and ic =1973.29 eV A [1-3].

The selection of these diatomic molecules was based on extensive applications and studies conducted by
various researchers. Tables 4 and 5 present the numerical energy eigenvalues for the chosen homonuclear
diatomic molecules across different quantum numbers n and . Notably, for a fixed principal quantum number
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n, the energy spectrum decreases with an increase in angular momentum quantum [. Similarly, maintaining
the angular momentum quantum [ constant while varying the principal quantum number n yields the same
observed trend. This suggests that the behavior of the angular momentum and its impact on the energy levels,
specifically, are the fundamental principles of quantum mechanics and explain the decrease in the energy
spectrum with increasing angular momentum quantum number for a fixed principal quantum number in a
HDM. An electron orbiting a nucleus in a diatomic molecule, for example, has quantized angular momentum
in guantum mechanics, which means it can only take on specific discrete values determined by the quantum
numbers n and [. Both the angular momentum quantum number and the principal quantum number of an
electron in an atom or molecule define its energy. The electron's orbit grows more elliptical and farther from
the nucleus as the angular momentum quantum number rises while the principal quantum number remains
constant. The electron's potential energy decreases with increasing distance, resulting in lower energy levels
or, to put it another way, a reduction in the energy spectrum. These findings align well with results previously
obtained using diverse analytical and numerical methods [39, 40].

Table 1. Mass spectra of charmonium in (GeV) (M, =1.209 GeV, x, =0.6045 GeV, A, =-19252.67309 GeV ,
A = —1.94850856910° GeV , A = —1.9497828810°GeV ,a=0.01GeV,5=0.371GeV )

State Present work AlIM [12] LTM [13] Experiment [36,37]
1s 3.09588 3.096 3.0963 3.096
2s 3.68568 3.686 3.5681 3.686
1p 3.52447 3.214 3.5687 3.525
2p 3.77234 3.773 3.5687 3.773
3s 4.04010 4.275 4.0400 4,040
4s 4.26322 4.865 45119 4.263
1d 3.77110 3.412 4.0407 3.770
2d 4,15909 - - 4.159

Table 2. Mass spectra of bottomonium in (GeV) (m,= 4.823 GeV, y, = 2.4115 GeV, A, =-11852.70018 GeV ,
A, =-1.19335194110° GeV , A, =-1.19413808310° GeV ,a=001GeV ,5=0371GeV ).

State Present work AIM [12] LTM [13] Experiment [36,37]

1s 9.46023 9.460 9.745 9.460

2s 10.02345 10.023 10.023 10.023
1p 9.89923 9.492 10.025 9.899

2p 10.26098 10.038 10.303 10.260
3s 10.35587 10.585 10.302 10.355
4s 10.58076 11.148 10.580 10.580
1d 10.16467 9.551 10.303 10.164

Table 3. Spectroscopic parameters of the selected HDM [38]

Molecules D, (eV) r (z\j #,(MeV)
H» 4.7446000000 0.7416 0.05021684305
N2 11.938190000 1.0940 0.65235787010

In addition, Fig. 1 is the variation of energy spectra against the angular quantum number, which shows
an asymptotic convergence of the energy. Understanding the stability of diatomic molecules requires an
understanding of the asymptotic convergence of energy, which occurs when the internuclear separation
approaches a certain value as it grows very large. When they approach each other, electron sharing attracts
them together and creates a stable bound state with a minimum energy configuration. The most precise
framework for characterizing the energy states of diatomic molecules is provided by quantum mechanics.
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2 3 4 5

Fig.1. The correlation between the angular momentum quantum number (£)
and the variation in energy levels for the homonuclear diatomic molecules.

Table 4. Energy spectra (in eV) for the various n and | quantum numbers for a HDM at constant n

n | N2 H:

0 0 —11.88375321672634 —4.565204473204863
1 —11.883257920816611 —4.551938675793838
2 —11.882267452916444 —4.525638129919935
3 —11.88078206078689 —4.4867549364956085

1 0 —11.776112900792786 —4.238616688471602
1 —11.775624318967708 —4.226747699496392
2 —11.774647277141154 —4.203210857813765
3 —11.773182018884329 —4.168399926608872
4 —11.771228909364144 —4.122884944668811

2 0 —11.669928460893514 —3.945860680848302
1 —11.669446472347172 —3.9351990851508365
2 —11.668482615027564 —3.914051903440431
3 —11.667037128406324 —3.882763865567736
4 —11.665110371504726 —3.8418344039298025
5 —11.662702822670521 —3.7918979616955264

3 0 —11.565173759877975 —3.6824199205172485
1 —11.564698246509348 —3.6728073518278963
2 —11.563747337538615 —3.653736983693575
3 —11.562321268425762 —3.625512072868766
4 —11.560420392178223 —3.588572275743318
5 —11.558045179132064 —3.5434766480219393
6 —11.555196216660608 —3.490882938850404

Table 5. Energy spectra (in eV) for the various n and | quantum numbers for a HDM at constant |

| n N2 H2

0 0 —11.88375321672634 —4.565204473204863
1 —11.776112900792786 —4.238616688471602
2 —11.669928460893514 —3.945860680848302
3 —11.565173759877975 —3.6824199205172485

1 0 —11.883257920816611 —4.551938675793838
1 —11.775624318967708 —4.226747699496392
2 —11.669446472347172 —3.9351990851508365
3 —11.564698246509348 —3.6728073518278963
4 —11.4613540908605 —3.4358103946306726

2 0 —11.882267452916444 —4.525638129919935
1 —11.774647277141154 —4.203210857813765
2 —11.668482615027564 —3.914051903440431
3 —11.563747337538615 —3.653736983693575
4 —11.460415899344495 —3.418553558957142
5 —11.358463323244653 —3.2053677272267476

3 0 —11.88078206078689 —4.4867549364956085
1 —11.773182018884329 —4.168399926608872
2 —11.667037128406324 —3.882763865567736
3 —11.562321268425762 —3.625512072868766
4 —11.45900890150587 —3.3930046311567494
5 —11.357075058128967 —3.182166919054122
6 —11.256495321607867 —2.990387440908319
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7. Conclusion

Our investigation utilized the exact quantization rule approach to obtain the approximate solutions of the
Schrodinger equation for energy eigenvalues using a recently proposed potential known as the class of
inversely quadratic Yukawa potential. Using the current findings, we calculated the heavy-meson masses
(charmonium and bottomonium) for various quantum states. We observe that the mass spectra of the mesons
acquired in this work are consistent with findings from other investigations and the experimental
measurements. This simply implies that one approach to understanding the behavior of quark-antiquark pairs
in mesons is to use potential models. These models describe the interaction between quarks and antiquarks as
an effective potential energy. The potential energy includes contributions from the strong force as well as other
forces. Also, our potential model was simplified to the Kratzer potential through the application of specific
boundary conditions, ensuring the mathematical precision of our analytical calculations.

We utilized the energy spectrum to examine the energy spectra of homonuclear diatomic molecules such
as hydrogen (H.) and nitrogen (N2). Notably, for a fixed principal quantum number n, the energy spectrum
decreases with an increase in angular momentum guantum [. Similarly, maintaining the angular momentum
guantum number [ constant while varying the principal quantum number n yields the same observed
trend. This implies that the decrease in the energy spectrum with increasing angular momentum gquantum
number for a fixed principal quantum number in a diatomic molecule arises from the interplay between the
electron's Kinetic and potential energies as its orbit becomes more elongated and its distance from the nucleus
increases. The analytical solution notably differs by incorporating quantum mechanical principles, capturing
discrete energy spectra and wavefunction behaviors that are absent in classical solutions. It accounts for state
guantization, and potential-specific features, enabling precise predictions in microscopic systems—unlike
classical approaches, which treat energy as continuous and overlook quantum phenomena.
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Appendix A
Some Useful Standard Integrals
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Abstract. This study discusses the results of plasma enhanced chemical vapor deposition synthesis of GaN on
sapphire and silicon substrates using specific parameters: a forward output voltage of 150 watts, a N, gas flow rate
of 60 standard cubic centimeters per minute, a chamber pressure of 2.48 mmHg, and a synthesis time of 2hours.
Characterization by scanning electron microscope, Raman and energy dispersive X-ray revealed the non-
stoichiometric formation of GaN, with Ga clearly predominating in the composition. scanning electron microscope
analysis of the substrate surface morphology revealed the presence of small islands, which are considered to be the
first step in the chemical vapor deposition process. The research also examined the effects of incorporating GaN
into the photoanode of dye-sensitized solar cells. The study investigated the optimal amount of GaN powder in the
TiO, matrix. The initial experiments used commercial GaN powder to determine the optimal weight percentage.
Four different weight percentages (wt%) 10 wt%, 20 wt%, 30wt % and 40 wt% GaN were selected for the study.
Among them, the 20 wt% GaN had the highest power conversion efficiency of 0.75%. The fill factor values showed
a tendency to decrease as the weight fraction of GaN increased.

Keywords: power conversion, semiconductor, dye, TiO2, GaN.

1. Introduction

The special physical and chemical properties of semiconductor nanostructures inspire their use as
functional devices and basic components for electronic and optoelectronic nanodevices [1]. Gallium-based
semiconductor materials are currently of great practical importance and are widely used in the production of
high-efficiency optical information storage devices, displays, field-grade lasers, environmental detectors and
other applications [2, 3]. The production of semiconductor materials, particularly gallium nitride, for solid-
state lighting and high-performance electronic devices represents a promising and cost-effective technology
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for producing light-emitting devices. The goal of this advancement is to provide consumers with a viable
alternative to highly efficient and less reliable lighting technologies [4].

The strategic design and modification of structures based on gallium compounds with the aim of reducing
costs in the end product is based on their environmentally friendly and chemically inert nature. Therefore,
there is an urgent need to further develop technologies that can improve living standards by reducing energy
consumption and thereby minimizing environmental impact. Ill-nitride semiconductor materials, including
aluminum nitride (AIN), gallium nitride (GaN), and indium nitride (InN), similar to silicon, have the potential
to serve as the basis for semiconductor devices with novel functionalities and the ability to upgrade existing
technologies [5].

To achieve high-efficiency LEDs with high brightness, the development of bulk or free-standing GaN
structures with GaN as a substrate is required. Established crystal growth techniques such as high-pressure
nitrogen solution (HPNS), the sodium (Na) flow method, ammon thermal growth and hydride vapor phase
epitaxy (HVPE) are used to obtain gallium nitride (GaN) crystals in large quantities. In recent years, Nobel
Prize-winning physicist Prof. Shuji Nakamura introduced two-component Metal-Organic Chemical Vapor
Deposition (MOCVD) technology, a breakthrough for growing high-quality GaN [6].

Dye solar cells represent a low-cost, easy-to-produce third-generation solar cell technology with
promising applications in certain markets, including wearable electronics and indoor and outdoor applications
such as smart labels, posters and decorative tiles for building facades. However, the widespread adoption of
dye-sensitized solar cells faces two key performance challenges: limited lifetime and low energy conversion
efficiency. This project focuses on maximizing the power conversion efficiency of dye solar cells [7].

Despite the discovery of dye-sensitized solar cells several decades ago, improvement in power conversion
efficiency has been slower compared to other solar cell technologies. Various methods have been introduced
to improve the power conversion efficiency of dye-sensitized solar cells (DSSCs). The approach taken in this
study involves the development of composite GaN-TiO; photoanode material. The hypothesis is that the
distinctive physical and chemical properties of GaN and TiO; will synergistically contribute to the overall
improved performance of dye-sensitized solar cells.

One of the predominant materials in DSSCi s titanium dioxide (TiO2). TiO- is used as a photoelectrode
in solar cells due to its resistance to UV-A radiation. TiO; has a large band gap on the order of 3-3.6 eV [8].
To improve the properties of TiO», structures are modified by adding impurities and various organic dyes on
the surface to accelerate the charge transfer process. The electronic charge transfer properties in DSSC
problems are influenced by crystal defects and structural porosity [9] material thickness [10], the efficiency of
power conversion depends on charge transfer and recombination processes. There is an optimal film thickness
parameter at which these two processes are most balanced. In the choice of the optimal thickness of TiO; to
balance the processes of the electronic transition layer is given. The GaN material has a band gap of 3.4 eV
and UV-A resistance. As we can see, they are in the same range as TiO [11]. This suggests the possibility of
sharing these materials [12].

Use of the GaN/TiO- structure in literature reviews indicates excellent performance as UV-activated
oxygen sensors at room temperatures, but there is no information on use as a DSSC. In this regard, we assume
that physical and chemical properties of GaN and TiO, will synergistically contribute to the overall improved
performance of dye-sensitized solar cells.

2. Experimental process
2.1 Synthesis of GaN films

Plasma enhanced chemical vapor deposition (PECVD) system with comprising a 500 Watts R.F. plasma
source, a 2 split tube furnace, a 4-channel precision mass flow meter with a gas mixer tank, an oil-less Pfeiffer
High-Speed (226 L/min) vacuum pump, and a dual-zone furnace were used. The R.F. source's output power is
adjustable within the range of 5-500 W with a stability of £1. The plasma source operates at an RF frequency
of 13.56 MHz with £0.005% stability, and the reflection power can reach up to 200 Watts.

In the synthesis procedure, metallic Ga and powdered ammonium chloride served as the sources of Ga
and N atoms, positioned at the entrance of a 20 mm diameter quartz tube with respect to gas flow. This tube
was centrally aligned within the main furnace tube to enhance activation by the plasma. Pure nitrogen, with a
flow rate of 20 ml/h, was employed as the carrier gas. A vacuum of 5x102 Torr was achieved inside the main
tube using the furnace's vacuum pump. Substrates, consisting of sapphire and quartz glass, were positioned at
varying distances from the plasma source after the source reagents in the high-temperature zone.
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The oven followed a three-stage temperature gradient program, initially heating to 320 °C to prevent
boiling of the ammonium chloride but to ensure its uniform evaporation. The oven was then gradually heated
up for the actual deposition process and kept at 500 °C. When the set temperature was reached, the plasma
source was activated at 120 W and the process was maintained for 2 hours. After the deposition process, the
oven was gradually cooled and the substrates were subjected to further examination to determine the presence
of heterostructures. Our methods are not complicated compared with this study [13].

2.2 Paste Formulation

The pastes for our dye-sensitized solar cells were made according to the recipe from Hee-Je Kim et al
[14] formulated. In this phase of the project, we prepared four different pastes with different weight
percentages of GaN in the TiO, matrix, in line with our research objectives. Additionally, a reference TiO-
paste was created. The amounts of chemicals used in the formulation of TiO, and 10-40 wt% GaN/TiO; pastes
are listed in Table 1, following established procedures in the literature [15].

The preparation process adhered to standard protocols. Initially, the measured GaN was ground on an
alumina mortar for approximately 10 minutes, with the addition of 400 uL of ethanol during grinding. Grinding
continued until a uniformly sized powder was achieved. Following GaN grinding, TiO, and
polyvinylpyrrolidone (PVP) were incorporated as per the formulation, and the mixture underwent an additional
10 minutes of grinding. Acetyl acetone and ethanol were gradually introduced in specified quantities to prevent
aggregation. Subsequently, acetic acid (99.9%) was added, followed by Triton X-100 as a dispersing agent
and ethanol. If necessary, the prepared solution could be heated at 90 °C for 10 minutes to enhance the viscosity
of the resulting pastes.

Table 1. Composition of TiO,, GaN and composite pastes for DSSCs.

Materials 10wt%GaN 20wt%GaN 30wt%GaN 40wt%GaN
Poly(vinylpyrrolidone) (g) 0.08 0.0432 0.0432 0.04
TiO2 nanoparticles (g) 0.09 0.0432 0.0378 0.03
GaN (g) 0.01 0.0108 0.0162 0.02
Triton X-100 (mL) 0.2 0.108 0.108 0.1
Acetyl acetone (mL) 0.07 0.0324 (0.07) 0.0324 (0.07) 0.03 (0.07)
Acetic acid (mL) 0.07 0.0216 (0.07) 0.0216 (0.07) 0.02 (0.07)
Ethanol (mL) 1 0.54 (1) 0.54 (1) 1

2.3 DSSC construction

To fabricate dye-sensitized solar cells, fluorine-doped tin oxide (FTO) and Pt-coated glass substrates were
subjected to a thorough cleaning process. This included a 10-minute ultrasonic bath in deionized water,
followed by another 10-minute ultrasonic bath in ethanol. Subsequently, the FTO substrate with Pt coating
was determined as a counter electrode after the cleaning process was completed. A Pt layer was then
electrochemically deposited on this substrate at a potential of -0.5 V using an aqueous solution containing
H2PtCls (10 mM) and KCI (10 mM) at room temperature. The deposition process took 5 minutes. The cleaned
glasses were then air-dried for 5 minutes at ambient temperature.

Next, four different pastes were applied to the FTO-coated side of the glass plates using the squeegee
method. A polymer film, specifically Meltonix 1170-25 (Solaronix, Switzerland), served as a spacer between
the electrodes in the DSSC cell. To improve the contacts when measring the efficiency of DSSC cells, a tin
layer was applied to the edges using the ultrasonic soldering station CS55-X151 (CHEERSONIC) with a
frequency of 55 kHz and ECOSOLDER RMA98 SUPER as soldering material. This film effectively prevented
short circuits between the electrodes.

After application and drying, the samples were sintered step by step in a muffle furnace (8.21100, Snol)
at specific temperatures and durations: 325 °C — 5 minutes; 375 °C — 5 minutes; 450 °C — 15 minutes; 500 °C
— 15 minutes. The sintered glass plates were then immersed in a 0.25 mM solution of the commercial
ruthenium-based dye N719 for 24 hours. After this period of time, the dye-sensitized photoanodes were rinsed
with ethanol and allowed to dry. After drying, 2 uL of an electrolyte consisting of 0.1 M Lil, 1.0 M 1,2-
dimethyl-3-propylimidazolium iodide (DMPII), 0.12 M 12, and 0.5 M 4-TBP were applied to the surface of
the sensitized films. The sequential steps to construct the dye-sensitized solar cell are shown in Figure 1.
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Fig.1. The graphical depiction of the sequential steps in assembling DSSCs.

3. Discussion of results

Surface analyzes of the sapphire and quartz substrates used in PECVD synthesis included scanning
electron microscopy, Raman spectroscopy, and X-ray elemental analysis (EDX). According to the SEM
results, GaN crystal structures in the form of different islands were observed on both types of substrates (Fig.2).
These structures then expanded on the substrate surface and formed a continuous thin polycrystalline film,
which is characteristic of Chemical Vapor Deposition (CVD) processes.
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The results suggest that the deposition technology used, operating at relatively low temperatures with
plasma enhancement, is effective in producing polycrystalline GaN structures®. The relatively low deposition
rate is due to the selected temperature of 500 °C and can be increased by increasing the temperature if necessary
[16]. While the PECVD oven allows temperature increases of up to 1100 °C, achieving such high temperatures
requires additional adjustments to parameters such as gas flow rate, vacuum level and plasma source power
[17]. Observations from SEM images indicate that a uniform thin film was not formed on the surfaces of the
sapphire and quartz substrates, except for small scattered islands that islands were observed in a previous report
[18, 19], as shown in Figure 2.

To confirm the absence of a uniform thin film, Raman spectroscopy analysis was performed (see Fig.3).
The absence of GaN-specific peaks corresponding to the zone boundary phonons E1 (high) and Al (LO) in
the spectra confirms the absence of a uniform thin film on the surfaces of sapphire and quartz substrates.

il -« \ m; ‘—.u
Fig.2. The SEM images of GaN islands deposited on different substrates, where (a) Al,O; and (b) SiO, substrates
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Fig.3. Raman spectra of Al,O3 sapphire and SiO; quartz substrate samples obtained from a PECVD reactor.

EDX spectroscopy was used to study the surface composition of the substrates, as shown in Figure 4. The
chemical composition data of the substrate surfaces show that the ratio of Ga to N exceeds the stoichiometric
ratio of GaN. This discrepancy arises from the condensation of Ga from chemical vapors at low temperature
and low gas flow rate. The optimal conditions for higher purity GaN films include higher temperatures, a
slower cooling rate, and an increased gas flow rate during the post-deposition phase.
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Fig.4. EDX data of GaN samples deposited on (a) sapphire-Al,O3z and (b) quartz-SiO; substrates.

In addition to conducting characterization studies on samples prepared using the plasma-enhanced
chemical vapor deposition method, we have expanded our research to investigate the influence of GaN powder
in dye-sensitized solar cells. This extension of our work specifically focuses on studying how different amounts
of GaN affect photovoltaic performance in mixed structure composite photoanodes. The results of the
photovoltaic characterization of solar cells are listed in Table 2. The volt-ampere characteristics and efficiency
were then adjusted using a solar simulator, the STI50AAA (PET PHOTO Emission TECH.), under AM 1.5
conditions with the power of the source determined at 100 mW/cm?.

Table 2. The photovoltaic parameters of the DSSCs.

Samples Voc Isc Fill Eficiency Active
(mV) (mA) Factor (%) Area (cm?)
TiO,, Reference DSSC 598.60 1.853 0.63 1.76 0.40
10 wt% GaN/TiO,, mixed DSSC 561.21 0.459 0.65 0.50 0.34
20 wt% GaN/TiOz, mixed DSSC 656.96 1.049 0.62 0.75 0.58
30wt%GaN/TiO,, mixed DSSC 591.51 1.148 0.59 0.72 0.60
40wt%GaN/TiOz, mixed DSSC 491.87 0.480 0.57 0.25 0.55

Due to the time-consuming synthesis process and the limited availability of laboratory-synthesized GaN
powder, we initially decided to use commercially available GaN powder. The aim was to determine the optimal
weight fraction of GaN in the TiO, matrix, which could later be reproduced using GaN powders synthesized
in the laboratory. When examining the fill factor (FF) values of the solar cells, it becomes clear that in a mixed
structure the FF values decrease with increasing weight proportion of GaN in the TiO, matrix. FF values
provide information about the level of internal resistance within the solar cell, suggesting that higher amounts
of GaN lead to increased parasitic resistance [20].

Conversely, the behavior of the next photovoltaic parameter, power conversion efficiency, differs from
FF. Power conversion efficiency starts to increase from 0.50 % for the 10 wt% GaN sample and reaches a
maximum of 0.75% for the 20 wt% GaN sample, after which the value starts to decrease that confirmed in a
previous report [21, 22]. Therefore, the results of the current experiments suggest that the optimal amount of
GaN in the composite photoanode is 20 wt% and our results are consistent with this work [23].

The commercial GaN was analyzed using Raman spectroscopy, as shown in Figure 5. Raman
spectroscopy analysis of commercial GaN shows the same three distinct peaks of phonon modes such as zone
boundary, E2 (high, 572.81) and Al (LO) observed in our laboratory synthesized GaN flakes. More E; (high)
peaks were also found in this report as well [24, 25].
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Fig. 5. Raman spectra of commercial GaN powder.
4. Conclusion

In summary, characterization studies were performed on GaN samples cultured on sapphire and quartz
substrates. Elemental analysis revealed an excess of Ga on the substrate surfaces, indicating nonstoichiometric
formation of GaN with abundant evaporation of liquid Ga at the synthesis temperature of 500 °C. To mitigate
this, it is recommended to lower the deposition temperature and/or increase the RF power to improve the
delivery of nitrogen-active species to the surface reaction sites and obtain a stoichiometric GaN thin film.

Results were demonstrated for the optimal weight fraction of GaN powder in a mixed photoanode
structure. Different GaN weight fractions were incorporated into the TiO, matrix to determine the optimal
power conversion efficiency of the mixed powder photoanode film. The most favorable result in terms of
power conversion efficiency was observed with a GaN composition of 20 wt%, reaching a value of 0.75%.
Conversely, the highest fill factor value was achieved with a GaN composition of 10 wt%. Through parameter
adjustments, we identified the optimal conditions that resulted in high power conversion efficiencies and fill
factor values.
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ANALYTICAL DESCRIPTION OF THE POTENTIAL OF
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Abstract. An urgent task of corpuscular optics and scientific instrumentation is the creation of new methods
for calculating the physical and instrumental parameters of mass spectrometers. Leveraging the increased
capabilities of computational technology, these methods provide a solid basis for the design and calculation of
instruments with improved analytical capabilities. In this work, a method was developed for calculating the
electrostatic field of multipole systems based on a conducting circular cylinder. This method uses the broad
analytical capabilities of the theory of functions of a complex variable. Analytical expressions are found for the
electrostatic field potential of a quadrupole system for the case of infinitely narrow gaps between the electrodes.
Analytical expressions for the derivatives of the potential are also obtained. A study was carried out of the influence
of the finite size of the gaps between the electrodes on the field configuration. For this purpose, numerical
simulations of planar electric fields satisfying the Laplace equation were carried out. The calculation of the
electrostatic field potential was carried out using the boundary element method in two stages. First, the distribution
of electric charge at the boundary was calculated according to the known boundary potential distribution, that is,
the “inverse” problem was solved. Then, using the found values of the charge distribution and the found potential
values, the “direct” problem was solved. To solve this problem, a method was developed for solving integral
equations with singular and quasi-singular kernels, which provides high accuracy in field calculations for electron-
optical systems with rectilinear boundaries. The inaccuracies in the calculations resulted solely from rounding
mistakes. In the case of an Equation of State electron-optical systems characterized by curved boundaries, the
precision is dependent exclusively on how accurately the boundaries are represented using linear segments. For
the purpose of segmenting the curved borders of the second-order electron-optical systems, these boundaries were
broken down into arcs with an angular measurement not exceeding one degree.

Keywords: multipole system, potential, conducting circular cylinder, equipotential lines, anti-resonance system.

1. Introduction

At present, quadrupole mass spectrometers are extensively utilized. This type of mass analyzer is
categorized under anti-resonance mass spectrometers, where a portion of the ions is subjected to an electric
field comprising both static and oscillating components as they navigate through. In this setup, some ions are
able to traverse a specific field with a constrained oscillation amplitude, while the oscillation amplitude for the
remaining ions escalates indefinitely over time, causing them to exit the beam [1,2]. The behavior of these
charged particles is influenced by their mass-to-charge ratios, enabling the electric field to function as a mass
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filter. Consequently, it selectively permits only those ions that possess a designated mass-to-charge ratio to
pass through.

The main element of a quadrupole mass analyzer is a linear quadrupole, which is a structure of four
cylindrical rods located parallel to each other. Direct and alternating radio frequency voltage is applied to the
electrodes.

Quadrupole electrostatic fields are widely used in analytical instrumentation. Quadrupole, sextupole and
octupole electrostatic systems are used to correct aberrations of electrostatic lenses and mirrors [3-5].
Quadrupole mass spectrometers, as well as various ion traps that use quadrupole fields, are now widespread.
The linear ion trap was proposed by W. Paul in 1952, who was awarded the Nobel Prize in 1989 for these
developments [6]. The linear ion trap essentially functions as a quadrupole mass spectrometer, differing
primarily due to specific design modifications that allow for stable three-dimensional confinement of charged
particles [6-9]. Presently, a variety of linear traps have emerged, including the ion surface trap [10], a microtrap
designed for surface studies of a quantum processor [11], and a toroidal ion trap [12]. The fundamental
principles of the quadrupole mass spectrometer remain unchanged, despite variations in the spatial
configuration and alignment of the electrodes [13]. Furthermore, ion traps hold potential for application in the
development of quantum computers [16].

2. Research method

As shown in Fig. 1., a quadrupole electrostatic field is created by setting the potential values £V on the

surface of a conducting circular cylinder of radius R . In what follows, we will measure linear dimensions in
units of R. Thus, a boundary problem arises on the unit circle, the solution of which leads to the Poisson
integral for the @ potential [17]:

1-p2F V (t)dt
p(p.y)= _[ 5 : (1)
2 3 14p ~2pcos(t—y)
A)
YV I
R
0 Y'
/ -
Fig.1. Quadrupole on a cylinder.
Here V (t) — is the angular distribution of potential on the surface of the cylinder.
Let us transform expression (1) to the following form:
2% V(t)dt

)

1-p
olpy) == j 5 .
7 1+ p® —2p(costcosy +sintsiny )

To calculate integral (2) we use the following well-known formula:
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3. Results and discussion

Using formula (3), we write the following expression for potential (2):
T
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V4 1-p?
0
t d
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V3 1-p
i
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t 2
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In cartesian coordinates x, Y, z, the found potential can be written as:
2 _ 2
o(x,y) =ﬂ arctgl+p hl 2; 2y —arctgl+p i 2)2C+2y+arctg 2y2 (5)
4 1-p 1-p 1-p

Here p =4 x2+y2 . It is easy to check that, as one would expect, the potential vanishes on the
coordinate axes ¢(x,0) =@(0, y) =0. Differentiating expression (3), we find the derivatives of the potential:
dp 2v{ 2(1—p2)+4x(1+x—y) 2(1—p2)+4x(1+x+y)

- 2 2 2 2
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The derived formulas also characterize the monopole field generated by a segment of a cylindrical

electrode at a specific potential, alongside two perpendicular half-planes, xz and yz, which maintain a potential

of zero. Figure 2 illustrates the monopole field, depicting equipotential lines at potentials of 0.1V, 0.2V, ...,
up to 0.9V. These equipotential lines were obtained through the numerical integration of differential equations.

Equipotential lines were found by numerical integration of differential equations:
dy__d¢ j0p  dx__0dp [Op @®
dx ox/ dy dy dy/ ox
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Fig.2. Picture of equipotentials of the field of a cylindrical monopole.

The initial conditions for equations (8) were set on the straight line Yy = X and according to formula (5)

such values were found at which the potential takes the values 0.1 V, 0.2 V, ..., 0.9V. These x values are
shown below in Table 1.

Table 1. Values of the X coordinate of equipotential lines on the straight liney = X .

oIV 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
x=y | 0.19840 | 0.28143 | 0.34648 | 0.40307 | 0.45510 | 0.50475 | 0.55354 | 0.60274 | 0.65348

Using formula (3), we write the following expression for the potential of the sextupole system:
v
t . |3
(1+ PP+ 2pCOSl//) 9, —2psiny

\%
§0(pa‘//) = _arCtg 2
T 1-p
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In Cartesian coordinates X, y, z, the found potential can be written as:
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2,00 1
(1+ pT 2x)\/§ ey +arctg (1+ ,02 + Zx)\/—3 +2y | (10)

—arct
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It is easy to check that on the x coordinate axis the potential becomes zero @(x,0) =0. Now let's find
the derivatives of the potential:

1 2 2 1
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We find equipotential lines by numerical integration of differential equations:
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Table 2. values of the Y coordinate equipotential lines on the axis at X =0.

eIV 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

y/R {0.4285433 |0.5410501 [0.6215145 [0.6874778 |0.7454322 [0.7987091 (0.8493886 (0.8989876 (0.9487817

wR

1.2 J

Fig.3. Picture of equipotentials of the field of a cylindrical sextupole.

To confirm the adequacy of the analytical expressions for calculating the electrostatic field proposed in
[18], numerical methods for modeling planar electric fields using the boundary element method were used
[19].

To tackle the problem numerically, we convert the integral equation that relates the potentials of simple
and double layers into a discrete format. This involves dividing the boundary I" into N boundary elements 7.
By assuming that the potential remains constant along each circuit (electrode) and that the normal derivative
of the potential is constant across each boundary element, we can express the integral equation in the following
manner:

u(‘:)_'_ZUjHj(&):quFj(&), (14)

where £eGuTrand y=n at £€G for two-dimensional tasks, y=2r at eI’ and y=4n at £eG for three-
dimensional tasks, and the functions F;, (§)and H j (&) represent integrals of the fundamental solution and the

normal derivative of the fundamental solution of the Laplace equation, respectively [18]. In typical scenarios,
these can be computed using standard Gaussian quadrature methods.

The computation of the electrostatic field occurs in two phases. Initially, the unknown vector g; is derived
from the known boundary distribution of the potential u(¢<TI’) by employing equation (14), effectively
addressing the "inverse" problem. Following this, the obtained values of g; alongside the given u; are utilized
to compute the function u(g), for £Q using equation (9), there by resolving the "direct” problem. The author's
approach to tackling both inverse and direct problems, as well as the methods for calculating integrals featuring
singular and quasi-singular kernels, is thoroughly outlined in the monograph [21].

Figure 4 shows the color-coded potential distribution in the internal region of an antiresonant quadrupole
system based on a circular conducting cylinder, obtained using the specified numerical technique.
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(a)
Fig.4. Two-dimensional potential distribution in a quadrupole system:
a) color coded, b) equipotential lines.

(b)

The techniques introduced by the authors [21] for computing integrals in equation (9) involving singular
and quasi-singular kernels ensure a high degree of modeling precision. In electron-optical systems (EOS) with
straight boundaries, the calculation error is primarily influenced by rounding errors, while for systems with
curved boundaries, it is affected by the precision of approximating the boundary using straight line segments.
When segmenting the second-order geometric curves that define the electron-optical systems (EOS) into arcs
with a 1° angular increment and approximating these arcs with straight line segments in test scenarios-like a
cylindrical capacitor or a quadrupole mass filter featuring hyperbolic electrodes, for which analytical solutions
exist-the resulting potential calculation error is found to be no greater than 10 %.

For the modeled anti-resonance system, when the insulating gap between the electrodes is small and does
not exceed the value 6/R=0.1%, the values of the potentials calculated numerically by the boundary element
method and by analytical formulas obtained in [18] and in which 6/R=0, also coincide within the error limits
of the specified value of 107 %.

An important fact is the impact of the dimensions of the insulating gap on the deviation of potentials in a
guadrupole system from analytically calculated ones, which should be taken into account in the manufacture
of real devices. Table 3 presents the results of calculations of potentials along a vertical line located at a certain
distance from the origin, which is located at the center of symmetry of the system.

Table 3. Dependence of the potential value in a quadrupole system on y at x/R=0.1

yR | 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1

8/R=0 0,529976 | 0,322127 | 0,22747 | 0,172661 | 0,134517 | 0,103957 | 0,076791 | 0,050948 | 0.025461
8/R=0.2% | 0.530 0.3221 | 0.22747 | 0.17267 | 0.13452 | 0.103965 | 0.07680 | 0.050959 | 0.025474
6/R=3.5% | 0.528 0.3216 | 0.22726 | 0.17257 | 0.13446 | 0.103922 | 0.07677 | 0.050928 | 0.025446
8/R=10% 0.514 0.3173 | 0.22572 | 0.17187 | 0.13408 | 0.103683 | 0.07660 | 0.050822 | 0.025388

From the analysis of the table data, we can conclude that as we move away from the center and approach
the cylindrical boundary of the quadrupole system, the deviation of the potential from the analytical value
increases and can exceed 1% with a gap width 6/R=10%; while in the region adjacent to the center of symmetry
and which is the working region of the system, the potential deviation does not exceed 0.01%.

4. Conclusion

Using TFCV methods, analytical expressions were obtained for the electrostatic potential of multipole
systems based on a conducting circular cylinder for the case of infinitely narrow gaps between the electrodes.
In the considered multipole systems based on a conducting circular cylinder, there is no need to use conducting
rods to create a multipole field. The ion beam will move unhindered along the cylinder axis. In this case, we
will localize the edge fields using grounded screens at the limits of the system.
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The obtained analytical expressions describing the potential distribution in an antiresonance multipole
system based on a circular conducting cylinder were tested, and the correctness of the results obtained was
confirmed by numerical modeling of the electric field using the boundary element method. The influence of
the width of the insulating gap between the electrodes on the magnitude of the potential and on its deviation
from the “ideal” one, analytically calculated for the case of an infinitely narrow electrode, has been studied.
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INFLUENCE OF THE INTERELECTRODE GAP WIDTH
ON THE QUALITY OF FOCUSING OF ELECTROSTATIC MIRRORS
WITH ROTATIONAL SYMMETRY
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Abstract. The influence of the width of the interelectrode gap on the focusing quality of electrostatic mirrors
with rotational symmetry, the electrodes of which are coaxial cylinders of equal diameter separated by gaps of finite
width, has been studied. Formulas, convenient for the numerical calculation of the exact values of the axial potential
distribution in such mirrors, are proposed. Using the obtained formulas in numerical calculations and taking into
account the width of the interelectrode gap, the geometric and electrical parameters of two- and three-electrode
mirrors were determined, which provide spatial focusing of beams of charged particles simultaneously with the
elimination of time-of-flight chromatic aberrations and spherical and axial chromatic spatial aberrations, the most
important factors in terms of influence on the resolution of time-of-flight mass spectrometers and electron
microscopes. It is shown that the width of the interelectrode gap has a significant effect on the quality of focusing
of electrostatic mirrors with cylindrical electrodes.

Keywords: time-of-flight mass spectrometer, electron microscope, electrostatic mirror, space-time-of-flight focusing,
spherical aberration, axial chromatic aberration.

1. Introduction

Electrostatic mirrors are the most important structural elements of modern time-of-flight reflector-type
mass spectrometers [1-5] and electron microscopes [6-14], performing the roles of an ion reflector and an
aberration corrector, respectively. The resolution and sensitivity of such devices largely depend on the focusing
quality of such mirrors. In this regard, electrostatic mirrors formed by fields with rotational symmetry are of
particular interest. Such fields, which play the role of centered electron-optical focusing systems with respect
to charged particles, are capable of creating a correct electron-optical image of an object. However, the most
studied and widely used designs of such mirrors for practical implementation are sets of coaxial circular
cylinders. The advantage of cylindrical electrodes is the ability to shield a beam of charged particles from
scattered electric fields.

In [5, 12-14], where the quality of focusing of electrostatic mirrors with cylindrical electrodes was
studied, the calculation of the axial potential distribution was performed using exact formulas under the
assumption that the width of the interelectrode gap is infinitely small. However, the practical use of such
mirrors places high demands on the accuracy of determining the geometric and electrical parameters, taking
into account the width of the interelectrode gap, which ensures the quality of focusing in devices with high
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resolution. In addition, high requirements for the width of the interelectrode gap are necessary to ensure
electrostatic strength at high field strengths.

It is well known that the quality of focusing is determined by aberrations — distortions in the image of an
object caused by various reasons. One of the main tasks of charged particle optics is to identify the types of
aberrations inherent in a given system, and then eliminate or reduce the most important ones. In this regard,
electrostatic mirrors with cylindrical electrodes have unique properties: firstly, they can provide spatial
focusing of beams of charged particles simultaneously with time-of-flight energy focusing [5], i.e., eliminate
time-of-flight chromatic aberrations that limit the resolution of time-of-flight mass spectrometers; secondly,
they can be free from spherical and axial chromatic aberrations simultaneously [12-14] or act as a corrector
for these aberrations [12], which are the main factors limiting the resolution of electron microscopes.

The aim of this work is to study the influence of the width of the interelectrode gap on the quality of
focusing of two- and three-electrode mirrors with rotational symmetry, the electrodes of which are made in the
form of coaxial cylinders of equal diameter, separated by gaps of finite width.

2. Two-electrode mirror with space-time focusing
2.1. Axial potential distribution of a two-electrode mirror

Figure 1 shows a schematic diagram of a two-electrode mirror, the electrodes of which are coaxial
cylinders of equal diameter d separated by a gap of finite width.

Vi Vs

V,,V, are potentials on the electrodes; d is the cylinder diameter; o is the gap width between electrodes
Fig.1. Two-electrode electrostatic mirror.
The potential distribution along the optical axis z of such a mirror can be written in the form
q>(z)=%(vl+v2)+(v2 VU (2). )
Here V, and V, are potentials at the mirror electrodes, and U (z)is a function described by the exact

expression [15]:
1 Tsin(kz) sin(k6/R) dk

U(z)==

: )
Ty ok ko/R 1,(k)
where 1,(k) is a modified Bessel function of the first kind of zero order, and R is the radius of the cylindrical

electrode. To avoid the difficulties that arise when calculating integral (2) due to its weak convergence, we
transformed it into a form convenient for calculations.
To simplify the notation, we will further use R =1, i.e. all linear dimensions will be measured in cylinder
radii. Then
U(2)- 1]‘isin(kz)sin(k5) dk
gk ks 1y(k)’
Let us rewrite (3), writing out the product of sines:

U(z):%(uﬁuz), (4)

@)

where
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cosk z-0) dk

z_j | '’ )
cosk z+5 dk

=__I k2 (k) ©

Taking |nto account the parity of the integrand, and also having written the cosine, we rewrite (5) in the
form

zexpik(z-8)] dk % exp[-ik(z-5)] dk
Ul( )24_ _[ K2 +I 2 : (7)
7| % (k) = k (k)
It is convenient to calculate integral (7) can using contour integrals:
explik(z—-o exp| —ik(z-o
L pLik( )]dk+ij p[-ik(z-5)] ok @

k? lo(k) 477 k? I, (k)
where I", is the contour of integration along the real axis, which goes around the origin of the coordinate

system from below as a narrow loop and closes it in the upper half-plane of the complex variable k by a
semicircle of an infinite radius, I"_ is a contour that consists of the real axis and closes, accordingly, in the
lower half-plane (Figure 2).

Imk A
[y
- ' I - .
6‘* o Re k
r_

Fig.2. Integration contours on the complex plane.

Note that the contours of integration ', and T"_, with the exception of the vicinity of the point k=0,

are located mirror symmetrically to each other, where the contour I, contains a second-order pole inside itself.
As the integrand is meromorphic inside the contour, the integral is equal to the sum of the residues at the

polesk =ie,, where ¢ (s =+1+ 2) are the zeros (roots) of the zero-order modified Bessel function.
Taking into account the residue at the point k =0, which is a simple pole of the second order
exp(ik|z—o
Res M,kzo =i|lz-4], 9)
(k)
we can calculate the integral:

1 cexp|ik(z-6 1 1& B,
Er{wk:—§{|z—§|+§za—exp(—as|z—5|)}. (10)

s=1 O

Here
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B, =[] (1-ai/a)” (11)
s#m=1
are the coefficients of the series, which follow from the representation of the modified Bessel function of zero
order in the form of an infinite product:
. o(k) 2 i
I, (ia,) = lim 2L == —_| (-ia,). 12
O( s) ‘Hiask—ia aSBS 0( s) ( )

S

Similarly to (10), we calculate the integral:

1 cexp[-ik(z-5)] dk 1B
— =—=>) = - -9d|). 13
ae) K2 0 a%g 2Pllz=d) 13)
Then, taking into account (9) - (12), expression (6) takes the form:
cosk z-6) B,
—f = | 0 k_——;{|z S|+ Z_;a exp(—as|z—5|)] (14)

which is also valid for the case z— 9 < 0.
Substituting z—90 — z+06 we can write (6) as

jwdk:Eﬁ@z+5|+i5exp(—a5|z+5|)] (15)
s=1 OCS

Taking into account (3) and (13) - (14), we finally obtain integral (3) in the form of an exponentially
convergent infinite series:

1 2B
0 (1)<~ (=01l 352 (- f ) -exp(-a 0] | )
s=1 Uy
Hence, expression (3) can be written as:
1 exp(-a,z)Sh(a,8), z>6
U(z)=% 2168 —2585 exp(-a,8)Sh(a,z), |z|<d |, (17)
S= as
-1 ' —exp(e,z)Sh(e, ), z<-6
or
sign(z { B (-, |z|)Sh(a,s) |z|25}
1 Sas S o ’
U(z)== (18)
2 £
z/15- (-a,6)Sh(e,z), |z| <6,

s=1

For 6 — 0 formula (18) transforms into a well-known expression [16]:

U(z):%sign(z){l—iBS exp(—as|z|)] (19)
s=1
obtained in the other way from the exact expression [17]
1¢sin(kz) dk
U(z :—f ,
1o (k)

(20)

also following from (3).

2.2. Space-time focusing conditions

The time-of-flight characteristics of the mirror, precise to the third smallest value inclusive, are
completely determined by specifying four quantities that depend only on the axial distribution of the mirror

potential [18]: z= z posmon of the effective plane of rotation of the central (with zero energy spread)

particle in the mirror; z = z (k 1,2,3) — positions of the nodal planes of time-of-flight focusing of the k
- order.
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Here and below, under the condition of time-of-flight focusing of the k -th order it is assumed that the
time of flight of particles does not depend on the spread of their initial energies, i.e., the coefficient of time-
of-flight chromatic aberration of the k -th order is equal to zero.

The condition of time-of-flight focusing is determined by the equation [18]:

z+2,=2%  (k=123), (21)
which means that time-of-flight focusing of the k -th order is achieved if the planes z =z, (object plane) and
z =1z, (time-of-flight image plane) are located symmetrically with respect to the plane z = zﬁk) (k =1, 2,3) .

The effective drift distance, which characterizes the time-of-flight mass dispersion of the mirror, is
determined by the equality [18]:

L=29—-2", (22)
where Z = zﬁl) is the position of the main plane of time-of-flight focusing of the mirror [5].

When the condition

2 =2 =2 = 23)
is satisfied, in the plane z =z, , time-of-flight focusing up to the third order inclusive can be achieved.

The condition for spatial focusing simultaneously with time-of-flight focusing, i.e., the condition for
space-time-of-flight focusing is determined by equality [18]:

zlyzzzTi\/(zT—zC)(z—zv), (24)
where z=2z. and z =z, are the positions of the center of curvature and the vertex of the mirror, respectively,
also depending only on the axial distribution of the mirror potential [21] and representing the spatial cardinal
elements of the mirror.

When z, =z, or z, =z, equality (4) takes the form:

2,=2,=1,. (25)

Thus, there are two types of electrostatic mirrors in which the space-time focusing condition is satisfied.
However, mirrors corresponding to the type z. =z, have higher aperture compared to the systems

corresponding to the type z, =z, [18].

2.3. Calculation of a two-electrode mirror

The calculation of an electrostatic mirror usually starts with determining the value of the blocking
potential —the potential on the reflecting electrode. In a two-electrode mirror, the blocking potential is the
potential at the second electrode V, . Its value is determined from equality (1) if the condition ®(z,)=0 is
satisfied, where z =z, is the position of the plane of rotation of the central particle.

The calculation of a two-electrode mirror is performed as follows. For the given values of the width & of
the interelectrode gap and potentials V; and V, on the mirror electrodes, which determine the axial distribution

of the potential ®(z), the position of the main plane of time-of-flight focusing z = z?) [5] and the effective
drift distance (22) of the mirror are determined when the space-time-of-flight focusing condition (24) is
satisfied in the mode z. =z, . Here and below, in order to maintain the possibility of shielding the beam from
scattered electric fields, the width of the interelectrode gap is limited to the value 6/d <=0.2.

The results of calculating the time-of-flight characteristics of a two-electrode mirror depending on the
width o of the interelectrode gap are presented in Table 1. Here and below, the values of electrical parameters
are given in the units of the first electrode potential V,, and the values of geometric parameters are given in
the units of the cylinder diameter d . It is accepted that a beam of charged particles falls on the mirror from
the side of the field-free space having the potential V,, and after reflection returns to the same space. In this

case, the positive direction of the axis Z coincides with the direction of movement of the particles falling on
the mirror, and the origin of coordinates is placed in the middle of the gap (Figure 1).

As it follows from the calculated data, the relative change in the values of the blocking potential and time-
of-flight characteristics compared to their values at 6 =0does not exceed one percent at the gap width
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o/d <0.1, whereas at the gap width §/d =0.2 such a change is about three percent. Note that for 6 =0, the
results of these calculations completely coincide with the results of [5].

Table 1. Time-of-flight characteristics of a two-electrode mirror.

5/d , IV, 2, /d L/d

0 0.345 3.30 4.17
0.05 0.345 3.30 4.17
0.1 0.344 3.32 4.20
0.15 0.342 3.35 4.24
0.2 0.340 3.40 4.29

3. Three-electrode mirror with space-time focusing
3.1. Axial potential distribution of a three-electrode mirror
Figure 3 shows a scheme of a three-electrode mirror consisting of coaxial cylinders of equal diameter.

rd = -
Iy rr7rrra | FSSSSESEEESY S SSETTTTTTITTTTIITITTNY)

Fig.3. Three-electrode axisymmetric mirror:
V,,V,,V, are potentials on the electrodes; o is the width of the gaps between the electrodes;

z,,z, are coordinates of the middle of the gaps; d is the cylinder diameter.

Using the solution to the Dirichlet problem for two cylinders of equal diameter and the superposition
principle, we can write an exact formula for the axial potential distribution of a three-electrode mirror in the
form:

2
D(z)= V+V )+ (Vi -ViU(z-7). (26)
1=1
Here
sign z—z{ > (-a.|z-7])Sh(a,5), |z—zi|z5},
U(z—zi)=% N @)
-z|<s,

where z; (i=12) is z coordlnate of the middle of the i-th gap.
For 0 — 0 formula (27) takes the well-known form [16]:
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U(z- zi):%sign(z— zi){l—iBS exp(-a, |z - zi|)] (28)

3.2. Calculation of a three-electrode mirror

In a three-electrode mirror, compared to a two-electrode mirror, two additional parameters appear in the
form of the length of the second (middle) electrode and the potential on it, which affect the distribution of the
mirror potential. The introduction of a middle electrode allows, at a given potential ratio on the outer
electrodes, to control the field distribution and thereby influence the quality of space-time focusing.

In a three-electrode mirror, the blocking potential is the potential on the third electrode V,, the value of

which is determined from equality (26) when the condition ®(z,)=0 is satisfied.

The calculation of the three-electrode mirror is carried out as follows. For a given value of the gap width
o between the electrodes, the values of the control potential V, (potential on the second electrode), the

blocking potential V, and the effective length of the second electrode (the distance between the middles of the

first and second gaps) |I'=1+¢, where | is the length of the second electrode, are determined. These
parameters ensure fulfillment of the conditions for time-of-flight focusing of ions in energy up to the third
order inclusive (3) simultaneously with spatial focusing (4) in the mode z. =z, .

The results of calculation of a three-electrode mirror with high-quality space-time focusing are presented
in Table 2. In this case, the origin of coordinates is in the middle of the gap between the first and second
electrodes of the mirror. As it follows from the calculated data, the relative change in the values of electrical
parameters and time-of-flight characteristics compared to their values for 6 =0 is of the same order of
magnitude as in a two-electrode mirror.

Table 2. Time-of-flight characteristics of a three-electrode mirror

old I"/d Vv, IV, -V, 1V, -z, /d L/d

0 0.666 0.0432 0.342 5.56 7.22
0.05 0.668 0.0433 0.342 5.57 7.24
0.1 0.672 0.0439 0.342 5.60 7.28
0.15 0.680 0.0449 0.343 5.65 7.34
0.2 0.690 0.0461 0.343 5.72 7.43

4. Three-electrode mirror free of spherical and axial chromatic aberration

The calculation of the spherical and axial chromatic aberrations of the three-electrode mirror was carried
out according to the formulas [19, 20]. In this case, a mirror is calculated with a second electrode length equal
to 1/d =0.6, and the object plane of the mirror is combined with its focal plane, as in [13].

The mirror was calculated using the same method as in the previous section. For a given value of the
width o of the interelectrode gap, the values of the control potential V, (potential on the second electrode) and
the blocking potential V., ensuring fulfillment of the conditions for simultaneous elimination of the third-
order spherical aberration and the second-order axial chromatic aberration, are determined.

The calculation results are presented in Table 3, which presents the dependences of the relative changes
in the values of the cardinal elements of the mirror (focus coordinate z. and focal length f ) and the potential
ratios on its electrodes (V, and V) on the width of the interelectrode gap. In this case, the calculation results
are presented for the case when the object plane of the mirror is combined with its focal plane, as it was done
earlier for an infinitesimal width of the interelectrode gap (& = 0) [13].

It should be noted that the width of the interelectrode gap has a significant (an order of magnitude or
more) influence on the values of the electrical parameters and cardinal elements of the mirror, which is

simultaneously free of spherical and axial chromatic aberrations.
For 6 =0 the results of these calculations completely coincide with the results of [13].
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Table 3. Three-electrode mirror free of spherical and axial chromatic aberrations.

sld v, IV, -V, IV, -z, /d f/d

0 0.0255 0.292 0.948 1.85
0.05 0.0258 0.294 0.982 1.88
0.1 0.0266 0.303 1.10 1.99
0.15 0.0285 0.318 1.38 2.24
0.2 0.0328 0.347 2.14 2.96

5. Conclusion

The exact formula for the axial distribution of the potential of an electrostatic system consisting of coaxial
cylinders of equal diameter separated by gaps of finite width is reduced to a form convenient for numerical
calculations. Using the obtained formula in numerical calculations, the influence of the width of the
interelectrode gap on the quality of focusing of two- and three-electrode electrostatic mirrors with rotational
symmetry, the electrodes of which are coaxial cylinders of equal diameter separated by gaps of finite width, is
studied. As the results of these studies have shown, taking into account the width of the interelectrode gap
allows not only to obtain more accurate values of geometric and electrical parameters that provide the
conditions for high-quality space-time focusing in such mirrors, but also to provide them additional
functionality, in particular, with increasing width of the interelectrode gap the effective distance of the mirror
increases, which, accordingly, leads to an increase in the resolution of the time-of-flight mass spectrometer.

It should be noted that the width of the interelectrode gap has a significant impact on the values of the
electrical parameters and cardinal elements of the mirror, which is free of spherical and axial chromatic
aberrations simultaneously. This confirms the particular relevance of such studies from the point of view of
the accuracy of calculations in the field of high-voltage electron microscopy, where the interelectrode gaps
must have a width sufficient to ensure the electrostatic strength of the mirror electrodes of a real design.

The results and formulas obtained in this work can be used in the development of new designs of time-
of-flight mass spectrometers and electron microscopes with high resolution and sensitivity.
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SUMMARIES TYCIHIKTEMEJIEP AHHOTAIIUHN

Maxanoe K.M., Cmazynoe K.K., bypambaesa H.A., Acunvboexosa A.M., Condamxan /., Kymmuibex A.A.,
Cyneimenosa A.K., Kenec T.K., Kenecoekxos C.E., Cepixoea A.A., Kenecoex b.111.

IONMOKCUSJIBIK MabIPAAaFbI rpadguT OeJIIeKTepi Herisinaeri paaMoKyTKbIII MaTepHAIAAp.

Byn xympicta 78-118 T eTe »oFaphl KUK AMANa30HbIHIA PaJU0OKYTKbIII MaTepUaiapibl 3epTTey HOTHXKeIepi
6epinren. Kpucran tunti rpadut yHTarsl (emmemzepi 0,1 MM OeiuexkTep) HETi3ri paJnOXKYTKBII MaTepHasl OOJbII
KapacThIpbuIbl. TeceHil jxoHe OailyIaHBICTBIPYIIBI MAaTEPHAN SMOKCUATI MIalblp 00BN TaObLTabl. YITiJIep YHTAKThI
STMOKCHATI Ialblp KOCHACBIHAA apaiacTblpy apKbUIbl JalbIHAANIB. OIOKCHITI MMAWBIPABIH €H THIMAI KYMBIC
KaJIBIHIBIFBl 3KCIIEPUMEHTTIK aHbIKTANAbl. CUTHAIABIH €H THIMJI jKa3bUlybl OalKajaThlH OpHATY KOMIOHEHTTEpPiHIH
OpHAJIACYBIHBIH TEOMETPUSIIBIK ONIIeMIepl €CeNnTeNai. 3epTTey HOTIDKENepi OSIOKCHATI MIaWbIpAarsl rpaduT
OenmeKTepiHeH TYPAaTHIH KaOBIPIIaK 3 MIJUIMMETPIIIK JUAITa30HIaFbl pauoCoyIeIeHY Il THIMAL KYTaTHIHBIH KOPCETTI.

Kiar ce3aepi: PagmosxyTKeIn MaTepruangap, paauokHiliK AUAaNa30Hbl, YIEKTPMAarHUTTIK TOIKBIHAAPABI XKYTY, Tpadur,
aTTEHIOATOP, PAANOKHITIK TeHEPATOPHI, KAJIOPUMETP, PYTIOPJIBl aHTCHHA.

Maxanoe K.M., Cmazynoe K.K., Bypambaesa H.A., Acunvoexosa A.M., Conoamxan J]., Kymmuvibex A.A.,
Cyneiimenosa A.K., Kenec T.K., Kenecoexoe C.E., Cepuxosa A.A., Kenecoex b.ILI.

Pagnomnorioniammnme MaTepuaJbl HA OCHOBE YacTHIl rpadUTa B IMOKCUIHOMH CMOJIe.

B  nmanHO#t  paboTe  MPENCTAaBICHBI  pPE3yJbTAThl  HCCICIOBAHUS  PAIMOIOIIIONIAIOIIMX  MAaTCPUAIIOB B
CBEPXBBICOKOUACTOTHOM juamnazoHe 78-118 ITn. B kadecTBe OCHOBHOTO paJWONOINIONIAIONIETO MaTepuaja
pPaccMOTpEH MOPOIIOK rpaduTa KpHCTAIMYSCKOro Tuma (Jactuipl pasmepoMm 0,1 mm). B kadecTBe MOIOKKHA U
CBSI3YIOIIETO HCIIONIB30BANIACH SMTOKCHIHAST cMoiia. OOpa3Ibl TOTOBWIHCH IMyTeM TUCIIEPTHPOBAHMS MOPOIIKa rpaduTa
[0 TOBEPXHOCTH TMOJIOKKH W3 OJIIOKCHUIHOW CMOJBI. OKCIIEPUMEHTAJIbHBIM ITyTeM YCTaHOBIICHa Hambolee
s¢p¢exTHBHAS pabodas TONIMIHMHA OAIOKCHAHON CMONBI. PaccuWTaHBl TEOMETPHYECKHE pPa3MEpBl PACIIONOKEHUSI
KOMIIOHCHTOB YCTaHOBKH, MIPH KOTOPOM Habmomaercs Hambojee 3((eKTHBHAS perucTpands CUTrHaia. Pe3ynbraTsl
HCCIICAOBAaHUK TOKa3ajHl, 4YTO IUICHKA, COCTOSINAs W3 4YacTWI] rpaduTa HA TOBEPXHOCTH ODIIOKCHIHOW CMOJBI
3¢ PEKTHBHO MOTIIOMIACT PAAHONIITYICHHIE B 3-X MIJUTUMETPOBOM JHAIIa30HE.

KiroueBble ciioBa: Pamuornoriomaromiue MaTepralibl, paldodacTOTHBIA JUAMA30H, MOTIONICHHE 3JICKTPOMArHUTHON
BOJIHBI, TPa(hUT, aTTCHIOATOP, TEHEPATOP PATHUOUACTOT, KAIOPUMETP, PYIIOPHAs aHTCHHA.

Hyiicembaee M.II., Xaoues A.T., Pagpuxosa X.C., Apanacwves /I.A.

JIMTHIi-MOHABI  AKKYMYJSITOPJIAp MeH CYNEepPKOHAEHcaTopjapAa KOJJIaHyFa apHaJIFaH  KeMipTeKTi
MaTepHajapra moJy.

byn mony Makamacel JUTHI-MOHABI AKKyMYJISITOpJIAp MEH CYNEpKOHAEHCATOpiap YIIiH 3JIEKTPOATap peTiHIe
KOJIZIaHBUIATBIH KOMIPTEKTI Marepuaijappl Tajuaayra apHainraH. JKyMmbpIcTa MaTepHajiapblH YII HETi3Ti KJIachl
KapacThIPBUIABL: OCICCHIIPIITEH KOMIp, KOMIPTEKTI a3porelbIep XKoHe HAaHOKEYeKTi KeMipTek. Makanania exi KabaTTsl
UEKTPXUMUSIBIK ~ KOHJEHCATOpJiap,  IICEBJOKOHJCHCATOpJIap  JKoHE  THOpPHATI  KOHAEHCATOpiap  CHSIKTHI
KOHJICHCATOPJBIK KYHENepOiH opTYpii TYpJepiHiH J>KYMBIC MPHHIUNTEPI erKeH-TerKeHni  CHUIaTTalFaH.
KapacTbIpbuibill OTBIpFaH KOMIPTEKTI MaTepUasAap/blH CHHTE3 SAiCTepiHE, KYPBUIBIMJBIK CHIIATTAMallapblHA JYKOHE
NEKTPXUMUSIIBIK KaCHETTEpiHE epeKIle Hazap ayJaapbulajibl. 3epTTey KeyeKTepIiH KYpbUIBIMBI, OET ayJaHbl jKoHE
(YHKIMOHAJIBIK TONTAPBIH OOJMYbI DJICKTPOATAPBIH OHIMALIITIHE Kajdai ocep eTeTiHIH KapacThIpaibl. TepMUSIIBIK
OHJICY JKOHE XMMMUSUIBIK MOJIU(HKAIMS MPOLECTEPiHiH MapaMmeTpliepi, MbICabl, TEMIIEPAaTypa PEKHUMI MEH Y3aKTHIFbI
CHUHTE3/ICNITeH KOMIPTEri KYpbUIBIMIAPBIHBIH CHIIATTaMajJapblHa Kalall ocep ereTiHi 3epTTeiai. MarepuaiusiH op
TYPiHIH apTHIKIIBIIBIKTAPEl MEH KEMIIUTIKTepi, COHBIH IIIHAE ONApJbIH MEHIINKTI CHIABIMIBUIBIFGI, ITUKIIIiH
TYPaKTBUIBIFBI KOHE SKOHOMMKAIBIK THIMIUIIr TaJKbIaHABl. JKYMBIC 3JIEKTPXUMHUSUIIBIK, KaCHETTEP/I JKaKcapTy YIIiH
CHHTE3 MPOLECIH MYKHAT PEeTTey KOKSTTUIIrHE Ha3ap ayJapajbl )KoHE SHEPTHSIHBI CAaKTayAblH O3BIK JKYHelepiHae ochl
Marepualap/sl aiaanaHy JIeyeTiH amanbl. by momy TuTHR-HOHIB! aKKyMYJIATOpIIap MEH CyNEepKOHAeHCcaTOpIIapra
apHaJIFaH MHHOBAIMSJIBIK MaTepHANIIAp/Ibl KacayMeH alHaJbICAaTBIH MaMaH/ap YIIiH MaHbI3Jbl aKapar Ke3i OOJbI
TaOBIIAagbl KOHE ODIEKTPXUMMSUIBIK JHEpPIrUs CakKTay CajlachlHAArbl opi Kapaifbl 3epTTeyNepliH IepCHEeKTHUBTI
OarbITTapblH KOPCETE.

Kiar ce3nepi: nuTHHA-MOHABI aKKyMyJISATOpJIap, CyHNepKOHIEHCATOpJIap, KOMIPTEeKTI Marepuangap, OeJCeHIipiareH
KeMip, KeMipTEKTi a’poresbaep, HAHOKEYEeKTI KoMipTeK.

Myiicembaee M.III., Xaoues A.T., Pagpuxosa X.C., Apanacwves /I.A.

O030p yri1epoaHbIX MATEPHAJIOB JIJIsi IPUMEHEHHs B JUTH-HOHHBIX AKKYMYJISITOPAX M CYyllePKOHIEHCATOPaX
JlarHas 0030pHAast CTaThs MOCBSIICHA aHAN3Y YIJICPOIHBIX MaTEPHAIIOB, UCIOIb3YEMBIX B KAUECTBE AJICKTPOIOB IS
JUTHHA-NOHHBIX aKKYMYISITOPOB M CYIEPKOHJCHcaTOpoB. B paboTe paccMaTpHWBalOTCs TpPH OCHOBHBIX Kiacca
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MaTepualioB: aKTHBHPOBAHHBIN YIOJib, YIJIEPOAHBIE a3POTeNI M HAHOIIOPUCTHIN yriiepos. B crarbe moapoOHO onncaHsl
NPUHOUIBL PaObOThl Pa3IMYHBIX THIIOB KOHAEHCATOPHBIX CHCTEM, BKIIIOYas JBOIHOCIOMHBIE 3JIEKTPOXMMHUYECKHE
KOHJICHCATOPBI, NICEBJJOKOHICHCATOPBI M THOpHUHbIE KOHAeHcaTopbl. Ocoboe BHUMaHUE yIENSeTCs METO1aM CHUHTE3a,
CTPYKTYPHBIM XapaKTEPUCTUKAM M 3JIEKTPOXHMMUYECKHM CBOMCTBAM pPACCMATPUBAEMBIX YTJIEPOIHBIX MAaTEPHATIOB.
HccnenoBanne paccMaTpuBaeT, Kak CTPYKTypa IOp, IUIOMAAb ITOBEPXHOCTH M Halu4yhe (YHKIMOHAIBHBIX TPYIHII
BIMSIIOT Ha MPOMU3BOAUTEIBHOCTD MIEKTPOAOB. BEIIO M3ydeHO, Kak mapaMeTphl IPOLECCOB TEPMUIECKONH 00pabOTKH 1
XMMHYECKOH MOIU(UKAIMK, Takue KaK TEMIEPATypHbIH pPEXUM U TPOAOIDKUTEIBHOCTh, BO3ACHCTBYIOT Ha
XapaKTEPUCTUKU CHHTE3MPYEMBIX YITIEPOAHBIX CTPYKTYp. OOCYKAaloTC MPEUMYIIECTBA M HEAOCTATKH KaXKIOTO THIIA
Marepuana, BKI0UYas X YACIbHYI0 €MKOCTh, CTAOMIBHOCTD IIPU IUKIMPOBAaHUN M SKOHOMHUYECKYIO 3(P()EKTHBHOCTS.
Pabora akueHTHpyeT BHMMaHHME Ha HEOOXOAMMOCTH TINATEJLHOM HACTPOMKH Ipollecca CHHTE3a Ui YIy4YIICHHS
INEKTPOXUMHUUECKUX CBOWCTB M OCBEIIAeT MOTEHIMAJ] MCIOJIb30BAHUSA JAHHBIX MaTepHUajoB B MEPEIOBBIX CUCTEMAax
XpaHEHHs SHEPTUH. OTOT 0030p MpEeACTaBIsieT CO0OH BaKHBI HMCTOYHMK HHPOpPMAUMU JAJsl CIIEHHAJINCTOB,
3aHUMAIOIIUXCA CO3JaHMEM HMHHOBALMOHHBIX MaTepHalioB Ui JUTUH-MOHHBIX OaTaped M CyNepKOHAEHCAaTOpOB, U
yKa3bIBaeT Ha MEPCIEKTUBHBIC HAMPABJICHUS JaJbHEHIINX HCCIIEIOBaHUI B 00JIaCTH JIEKTPOXUMHYECKAX HAKOIHUTEICH
SHEPTHH.

KnroueBble ci10Ba: JTUTHI-MOHHBIE aKKyMYJISITOp, CYNEPKOHAEHCATOpP, YITIEPOIHBIE MaTepHaibl, aKTHBHPOBAHHBIN
YTOJIb, YIIIEPOJHBIE a3POTeIIb, HAHOTIOPUCTHIN YTIEPO.

Tascubaes C.K., Anexceee A.M., Aiimyxanoe A.K., Hnvacoe b.P., beiicembexoe M.K., Posckosa K.C., Mycabekoesa,
0.K., 3eitnuoenos A.K.

IlepoBcKUTTIK KYH YAIIBIKTAPBIHBIH KYPBUIBIMABIK JK9He JJIEKTpJik Kacuertepine Spiro-OMeTAD
Ka0bIKIIACHI KAJLIHABIFBIHBIH dCepi.

byn xymeicta Spiro-OMeTAD-TeiH keMTik TackiManaay kKaOareiHblH (HTL) KadbIHIBIFBIHBIH TEPOBCKHTTI KYH
6arapesutapbiablH (PSC) anekTpiuik TackiMangay Kacuertepine acepi 3eprreinmi. Spiro-OMeTAD kadwikmanapsr 2000-
Had 7000 aifH/MUH >KbUIAaMIBIKICH HeHTpudyranay omaici apkbuibl aibiHAbL Spiro-OMeTAD kaObIKIIagapbIHBIH
KaJIBIHIBIFBI MeH Mopdoiorusicsl aroMapl-KywnTik mukpockonus (AFM) apkeuibl 3eprrengi. AFM keckinaepineH
aNBIHFaH JepeKTepre colikec, KaOBIKIIA KaIBIHIBIFEI a3aiffaH caifblH OCTiHIH opTalmia KBaJPATTHIK ayBITKYBIHBIH (rms)
MoHI aptazpl. KaObIKIIa KambIHIBIFBIH a3alTKaHAa THIMBIM caiy aiiMmarsiHblH (Eg) 2,97 sB-ten 3,01 »B-ke neitin
apTybiHa okeneni. KabaT xanbHasFE 260 HM OonFaHna, KyH OaTapesutapbIHBIH THIMILUTITI €H JKOFapbl MOHIHE KETeTiHi
OalKaimel;, KabaT KAIBIHIBIFBIHBIH OJIaH 9pi apTyhl THIMIUTIKTI ToMeHaeTeni. PSC-HBIH UMIIe[anc CeKTpiepiH Tanaay
KepceTKeHnel, oHraimel Kabar KameiHIerel HTL kemepricim aszaiitemn, nepockut/HTL —wunTepdeiicinmeri
PEKOMOUMHAIIUSA KEAEPTICIH apTThIPaab], OV 3apsi TaChIMAIIaylIbUIAPBIH THIMII ©MIp CYPy YaKbIThIH YJIFAHTaJbl.
Spiro-OMeTAD-TbIH MepOBCKHUT KaOaTBIHBIH O€TKi KaO0aThIHIAFbl TOKTHIH Tapalybl KOHE 0ETKI KYPBLIBIMBI 3€PTTEI.
Yurinepain OeTiHIe TOKTBIH OipKesKi TapaiMaraHbl aHBIKTAJIbL, all )KOFapbl OTKI3TIIITIKKE He, )KOFapbl (POTOAIEKTPIIIK
cumarramainapsl 6ap aiiMakTap MEPOBCKUT KBAHTTHIK HYKTEIEPI PETiHIE TYCIHIIpiIe .

KinT ce3nepi: nepoBCKUTTI KyH YSIIBIKTapbl, KEMTIKTEpl TackiManiay kabatel, Spiro-OMeTAD, erkisrimtik-AKM,
BOJIbT-aMIIEp CHITATTaMajIapbl, HMIICAAHC OJIIICYIepi.

Tasxcubaes C.K., Anexceee A.M., Aiimyxanoe A.K., Hnvacoe b.P., beiicembexoe M.K., Posckosa K.C., Mycabekosa
A.K., 3eiinuoenoe A.K.

Biausinue tosmuHbl miaeHku Spiro-OMeTADa Ha cTpyKTypHble M JJIeKTPUYeCKHEe CBOMCTBA NMEPOBCKUTHBIX
COJTHEYHBIX sTYeeK.

B nmamHO# paboTe wuccnemyeTcs BIHMSHUEC TONIMIHMHBI ciios TpaHcrmopTupoBku Ielpok (HTL) Spiro-OMeTAD nHa
AIEKTPUYECKUE TPAHCIIOPTHBIE CBOMCTBA MEPOBCKUTHBIX cOTHEUHBIX dneMeHTOB (PSC). [In€nku Spiro-OMeTAD Obu
MOJYYCHBI METOAOM IEHTPU(YTrHpOoBaHus Mpu ckopocTsix Bpamienuss or 2000 go 7000 o6/muu. TommuHa u
Mopgostorust I€HOK Spiro-OMeTAD u3ydanuch METOIOM aTOMHO-CHIIOBON MuKpockonuu (AFM). Ha ocHOBe qaHHBIX
n3obpaxkerniit AFM ObI7I0 0OHAPYKEHO, YTO C YMEHBIICHHEM TOJIIMHBI IUIEHKH HAaOII0/MaeTcs yBEITHUEHHE CPETHETO
KBQJPaTHYHOTO OTKJIIOHCHHsSI MoBepXHOCTH (rms). C yMeHBIIEHHEM TONIUHBI TUIEHKK 3ampeinieHHas 3o0Ha (EQ)
yBenuuuBaetcs ¢ 2,97 3B g0 3,01 3B. beuto yctaHOBIIEHO, YTO MPH TOIIIKHE €105t 260 HM 3 (HEKTUBHOCTH COTHEYHBIX
3JIEMEHTOB JIOCTHIaeT MaKCHMaJIbHOTO 3HAYCHUS; AalbHEeHIIee yBeIMYeHNE TONIIMHBI CI0sI CHIXKAET 3(PPEKTUBHOCTS.
Ananu3 umnenaHcHelx crnekTpoB PSC mokasan, 4To onTuManbHasi TOJIIKMHA cl0s yMeHblnaeT conportusienue HTL u
YBEJIMYMBAET CONPOTHUBIICHHE pekomOuHaiu Ha uHTepdeiice nepoBckut/HTL, uto moBbimaer 3QekTuBHOE BpeMs
KM3HU HOCHTeNeH 3apsa. beim nceneqoBanbl H300paskeHNsl OBEPXHOCTH U pacnpesienieHns Toka Spiro-OMeTAD na
MIOBEPXHOCTH NMEPOBCKUTHOTO ciosi. OOHapy»XKeHO HEpaBHOMEpPHOE paclpe/esieHHe TOKAa Ha IIOBEPXHOCTH 00pa3loB;
HabromaeMble O0JIaCTH C BBICOKOH IPOBOJMMOCTBIO HMHTEPIPETUPYIOTCS KaK MEPOBCKUTHBIE KBAHTOBHIE TOYKH,
KOTOpBIE 00J1a1at0T JyYIIUMH (POTOIIEKTPUICCKIMHU XapaKTEPUCTUKAMHU.

KaioueBble cji0oBa: IEpOBCKUTHBIC COJIHEYHBIE O3JIEMEHTBI, CJOH TpPaHCIOPTUPOBKH JABIPOK, Spiro-OMeTAD,
npoBosamuit ACM, BOJIbT-aMIIepHBIE XapaKTEPHUCTHKH, N3MEPEHHU UMIIEIaHCa.
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Jucuyvin B.M., Bacanoe B.A., Annvicosa I'. K., Kanesa E.B., /lucuyvina JI.A., Cmpenxosa A., /lenucoe H.I1.
Boabgppammen Gesncenaipiiren 6apuii Marauii ¢propuai KepaMHKaCHIHBIH PAgUANUSAIBIK CHHTE3i: KYPbLIBIMBI
JK9HE OHBbIH JTIOMHHECHeHIUACHI.

Kymeicta Bonbdpammen OenceHpipinren Oapuit MarHuid QTOpHAl KYHECiHIH MBICANIBIHAA KAJBINITAaCKaH KepaMUKara
aKTHUBATOpPJIap MEH MOIU(HUKATOPIAP Bl €HTi3y MYMKIH/IT KepceTinreH. Pagnanusmsik cuaTe3miH Oipereit KacueTTepin
maiianaHa OTBHIPHIN, JKOFaphl CHHTE3 JKBUINaMABIFBIHA KON KeTKi3immi. BomeppamMmen OenceHmipinreH Marauit
¢dTopumi, BombhpamMMeH OenceHnipinren Oapuii Gpropumi xoHe BoabPpaMMeH OelceHaipinrer Oapuit Marauii Gropumi
KEpPaMMKaChIH KyaTThUIbIFbl 15 kB1/cM2, 1,4 MaB sHepruschl 6ap 3JEKTPOHAP aFbIHBIHBIH 3aps/IbIHA 9CEP ETY apKbLIbI
CHUHTE3/Iey MYMKIHAIrT KepceTiareH. PeHTreH coyienepiniH AuQpakUMsUIBIK — CHEKTpiepi, (OTOKo3y KoHE
JIFOMUHECUEHIUSI CIIEKTPJIEpi, UMITYJIBCTIK KaTOOJFOMUHECHEHIMSHBIH HHTETPAJIbl CIIEKTPJIEP] JKOHE OHBIH BLABIpAY
KMHETUKAChl PaJHalysibIK CHHTE3 MpOLECiHAe BOJb(PaM KepaMHKaHBIH KPHCTAJIBIK TOPbIHA CHETIHIH KOpCETTI.
AnpiHFaH Bonb(paM rekcadTOPHUATIH YIINa KOCBUIBICTApbl CHHTE3 IPOLECi Ke3iHJe peakiusi aiiMarblHAH LIBIFBII
ynrepmeiini. Cuatesniy TuiMmaimri 99% sxerenmi. [lluxtara Bomb(hpaM OKCHIIH JKalmbl MaccaHBIH 2%-fa AeHiHTi
MeJIIepiH/e KOCy KepaMHUKaHBIH TY3UIyiHe ocep eTHeHIi.

Ty#inai ce3mep: KepamuKka; JTIOMHHECHEHIHNS; paJHAIMSIMCH OacKapbUIATHIH CHHTE3, PEHTTEHMIK AH(PaKIIITBIK
CIIEKTpJIep, KepaMUKAaHBIH ONTHKAJIBIK KACHETTepi.

Jucuyvin B.M., Bacanoe B.A., Annvicosa I K., Kanega E.B., /lucuyvina J1.A., Cmpenxosa A., /lenucoe H.I1.
PagnanuoHHblii cuHTE3 KepaMuKku ¢Gropua 6apusi MarHusi, aKTHBUPOBAaHHBIN BOJb(PaMOM: CTPYKTYpa H €ro
JIIOMHHeCHeHIUs.

B pabote Ha mpumepe cuctembl Gropun Oapusi MarHus, aKTHBUPOBAaHHBIH BOJIb(PpPAMOM IOKa3aHO CYIIECTBOBAHHE
BO3MOXXHOCTH BBeleHHS B (OopMHpyeMyl0 KepaMHKy aKTHBATOPOB, MOAMU(HKaTOpoB. lcroip3ys yHHKaJbHbIC
CBOMCTBA paJMaIlIOHHOIO CHHTE3a, JOCTUTHYTAa BBICOKAas CKOPOCTh cHHTe3a. lloka3aHa BO3MOXKHOCTh CHHTE3a
KepaMHUKH (TOpHUI MarHusl aKTUBUPOBAHHBIA BOJb(paMoM, GTopun Oapusi akTHBUPOBAaHHBIH BoIb(ppamMoM U (HTOpUA
MarHusi aKTUBHUPOBAHHBIA BOJb(QpPAMOM ITyTEM BO3ACHCTBUS Ha 3apsi IOTOKA AJIEKTPOHOB C »Hepruei 1,4.MaB c
IUIOTHOCTBIO MOIHOCTH 15 KBT/cM? PeHTreHOBCKME IHM(DPAKIMOHHBIE CIEKTPBI, CHEKTPHI (OTOBO3OYkKIEHHUS W
JIFOMWHECHCHIINH, WHTETPaJIbHBIC CIIEKTPHl MMITYJIbCHON KaTOIOJIIOMHHECIEHIMH W KMHETHKA €€ paclaja MOoKa3alu,
YTO B IPOIECCE PAANAIMOHHOTO CHHTE3a BOJIB(PAM BXOIUT B KPHUCTAIUIMIECKYIO pelIeTKy KepaMuku. OOpa3yromuecs
JIeTy4ne COeIMHEHUs rekcadTopuaa Boib(paMa HE YCIEBAIOT NMOKMHYTh PEAKIMOHHYIO 30HY B IpOIiEcCe CHHTE3a.
DddexruBHOCTS cHHTE3a qoctHraeT 99%. /lobaBieHre B MIUXTY OKCHIa BoJb()pama B KoJuyecTBe a0 2 % OT oOIei
Macchl He BIMsIET Ha 00pa3oBaHKue KepaMUKH.

KioueBble  cjoBa: KepaMHKa; JIIOMMHECHEHIMS, PaJAHAI[IOHHO-YIIPABISEMBI  CHHTE3, PpEHTTEHOBCKUE
I paKkInOHHBIE CIIEKTPBI, ONITHYECKUE CBOMCTBA KEPAMUKH.

Caboenos K. O., Ep3aoa M., ’Konovioaeea I'.T.

Epkin :xymbic nopuieHi 6ap CTHPJIMHI KO3FAJTKBIIIBIHIAA KOFAPbI 3JIEKTP KyaTbl MeH THIMAITIKKe KOJI KeTKi3y
JKaFAalIapbIH MOJIeJIbaey.

CTHPIMHT KO3FAITKBIIIBIHBIH MOAENBIEY1 KYPTIi3iIil, OH/A CAJKBIHAATKBIII II€H KBUIBITKBIIITAFbl TEMIEpaTypaHbIH
©3TePTiIlTIri ecKepiai, al KO3FAITKBIIITHIH 631 JEKTp TOTBIH OHAipeNdi. 3epTTey MOPIICHb MEH BIFBICTBIPFHIIITHIH
CHUHXPOH/IBI KO3FaJIbICHl KE31HJIE TeMIlepaTypanap aiiMarbIH/a XKYpri3iigi. Pereneparopiarsl rupaBIuKaiblK KeAepriHi
a3aiiTy apKpUIbl KO3FAJITKBIIITHIH KyaThIH apTTHIPY MYMKiHAiri kepceringi. COHbIMEH KaTap, T€HepaTopFa TYCEeTiH
ANIEKTPIIK KYKTEMEHIH apTybIMEH KO3FAJITKBIII OHIIPETIH >KYMBICTBIH Ja apTybl MYMKIH €KEHI aHBIKTaJAbl. byi
KYKTeMere 0aiiaHbICThI 3JIEKTP SHEPTUSACHIH OHAIPYIIH MAaKCUMYMBbI OOJIaThIHBIH KepceTe . Ko3FanTkpIim KyaTbl MEH
oublH  [IOK-iH  apTThIpyFa  BIFBICTBIDFBIIITBIH ~ CEpINIECiHIH  JKOFapbhl  KATTBUIBIFBl  BIKMAT  €Te[l.
KinT ce3nep: CTUPIMHT KO3FAITKBIIIBL, €PKiH XKYMBIC iICTEHTIH IOPIIEHb, PEreHePaTop, bIFBICTHIPFBILL.

Caboenos K. 0., Ep3aoa M., ’Konovioaesa I'.T.

MopenupoBaHue yCJI0BUH J0CTUKEHHsI BHICOKOH d1ekTpuyeckoil Mmomnocty U KIIJI B nBurarene Ctupiaunra co
cBOOOHBIM Pa004YNM MOPILIHEM.

IIpoBeneHo monenupoBanue asuratens CTUPIUHTA, IJl€ YYUTHIBAETCA NEPEMEHHOCTh TEMIIEpAaTyphbl B OXJaguTene U
HarpesareJe, a caM JIBUraTenb BbIpabaThIBaeT dyeKTprdeckuii Tok. MccienoBanne npoBeaeHo B 00acTH TeMIeparyp,
KOIJa NOpIIEHb M BBITECHUTENb JBUTAIOTCS CHHXPOHHO. Iloka3aHa BO3MOXHOCTb MOBBIIIEHHUS MOIIHOCTH ABUraTems
ITyTeM YMEHBLICHUS THAPABINYECKOTO CONPOTHUBICHUS B pereHeparope. Taxke oOHapy»KEHO, UTO BMECTE C POCTOM
ANEeKTPUYECKONH HAarpy3KH Ha TEHepaTop MOXKET PAacTH W MPOM3BOAMMAs IBUraTelieM paboTa. DTO yKa3blBaeT Ha
HIMYAE MaKCHMyMa IIPOM3BOJICTBA DJIEKTPUYECKON PHEPTHH B 3aBHCHMOCTH OT Harpys3ku. K pocTy MomHOCTH
neurarens u ee KI1/[ ciocoG¢cTByeT G0ombImast >KeCTKOCTh MPYKUHBI BRITECHUTETIS.

KiroueBble ciioBa: npurarens CTUPIHHTA, CBOOOTHBIN pabounii MOPIIEeHb, pereHepaTop, BEITECHUTEb.
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bayesa H.JL., @ooc I0.A.

JHeproxyiejgepain pexUMIIK NapamMeTpJiepiHiH kariaiiblH TeJleMeTPHSl KOHEe CHHXPOHIAJIFAH BEKTOPJBIK
eJem/iep OoiibIHIIA GaFaJay.

DHeprus KYHWenepiH TUcTeTdepilik 0ackapy HaKThl YaKbITTarbl OarJapiaMaliblK KEIICHACPACH ajbIHFAH HOTHKEIIEPTe
Herizaeneni. HakTel yakpITTarsl OarmapiaMaliblK KemIeHACpiH >KaFmaiblH Oarajay MOJIyJi MaHbI3ABI, cebebi Oy
MOJYJBJICH aJIbIHFaH PEKUM TapaMeTpiIepiH Oaranay HOTHXKeJepi HeTi3iHe dHepTHs KYHelIepiHiH TYPaKThUIBIFBI MCH
CeHIMJTIriHe Jkayarm OepeTiH HEFYpJbIM ayKbIMIBI PEXUM IapaMmeTpiepi aHbIKTamanbl. Kasipri yakpITTa peskuM
mapaMeTpiIepiH Oaranay VIIiH TeK TeJeelIeMep FaHa eMec, COHBIMEH KaTap CHHXPOHIAIFaH BEKTOPJIBIK OJIIeM/Iep
e KOJIaHbUIAIbI, COHABIKTAH JXKaFmahapl Oaranay oMICTEpiH NaMBITY ©3€KTi Macelie OO TaObuiafbl. JKarmaiasl
Oarayay/blH YCHIHBUIFAH S/ICi jKaFaaiabpl Oarajay JOIJIINiH JKOHE JMCIIETYEpIiK LICMIIMIEPIiH carachlH apTThIpyFa
MYMKIHZIK Oepeni. Ofic TeneemeMep MEH CHHXPOH/IAIFaH BEKTOPJIBIK OJIeMep MacCUBTEpiH Oipiiecin naiaanany
kesinne [aycc-HploToH omici MeH keHelTinreH Kanman cy3riciHiH MaTeMaTHKaJbIK anaparblHa HETI3/IeNreH.
DKcHepyMEHTTep HOTHKeNepi OOMbIHIIA KaFAaiiibl CTaHAAPTTH Oaranay 9IiCiMEH CalbICTBIPFaHAa, YCHIHBUIFAH JIiC
KaJIBINTHl JKOHE amaTTaH KeWiHri pexumzaeple cyinba TyHiHaepiHaeri KepHeyll Oaranay >koHe OaiylaHbICTapIarbl
OenceHal KyaT aFblHIApBIH Oarayay IONIITIH apTTHIPATBIHBl aHBIKTAIABL. O3IPJICHTCH aJITOPUTM OJICTI HAKTHI
YaKbITTaFel OarJapiaMaliblK KeIICHISPIiH KardaiiblH Oaranay MOMYJIiHE €HTi3yre MYMKIHIIK Oepemi. DHeprus
JKYHETIepiHiH JUHAMHKAIBIK KYMBIC PeXKHMIICPIHIE KYiHmi Oaranay omicTepiH JaMBITYIbIH NEPCIICKTHBTI OarbITTaphl
AHBIKTAJIIBL.

Kinr ce3nepi: >xarmaiinel OaranayIbslH CHUHTE3JeNTeH oiici, ['aycc-Hproton omici, keHeHTinren Kamman cysrici,
TeJeeIIeMIep MaCCUBTEP], CHHXPOHAAJIFaH BEKTOPIIBIK OJIIIEMACP.

bauesa H.JL., @ooc I0.A.

OueHnBaHNEe COCTOSTHHSI PEKMMHBIX NAPAMETPOB JIHEPrOCUCTEM IO TeJeMeTPHH H CHHXPOHHU3HPOBAHHBIM
BEKTOPHBIM H3MepEeHHsIM.

JlucrieTdaepckoe YIpaBiICHHE JHEProcHCTEMaMy 0a3Wpyercss Ha pe3ysbTraTaX, MOJYYEeHHBIX K3 MPOrPaMMHBIX
KOMILIJIEKCOB pPC€ajibHOT'O BPEMCHHU. MOI[yJ'H) OLICHMBAHUA COCTOAHHA MPOTPAMMHBIX KOMIIJICKCOB p€ajlbHOI'0 BPEMECHU
SIBISIETCSI KJIFOUEBBIM, TaK KaK Ha OCHOBAHHMU PE3yJbTATOB OICHKH PEIKHUMHBIX MApaMETPOB, MOJYYCHHBIX U3 ITOTO
MOJIYJIs, ONPENIENSIOTCS Oosiee EMKUE PEKUMHBIC MapaMeTphl, OTBEUYAOIIHNE 32 YCTOHYMBOCTh U HAAEKHOCTh PabOThI
SHeprocucteM. B Hacrosiee Bpemsl ISl OLICHHBAaHHS PEKHUMHBIX [MApaMETPOB IPUMEHSIOTCS HE TOJIBKO
TENICU3MEPEHUs, HO W CHHXPOHH3MPOBAHHBIC BEKTOPHBIC H3MEPEHUs, MOITOMY pa3BUTHE METOJOB OLCHUBAHHS
COCTOSIHHSL SIBISIETCSI aKTyalbHOM 3amadveil. [lpe/uiaraemplii MeTOJ| OLICHUBAHHS COCTOSHHS II03BOJISIET MOBBICHTH
TOYHOCTHb OLCHUBAHHA COCTOSHUA M KadC€CTBO IMPUHHUMACMbBIX IUCICTUYCPCKUX pemeHHﬁ. MCTOI[ 6a31/1pyeTcsI Ha
MaTeMaTHYECKOM armmapare meroma laycca-HproToHa W pacmupeHHoM ¢uibTpe KanmaHa m0pu COBMECTHOM
HUCIIOJIb30BAHUU MACCHUBOB TeHeI/I?:MepeHI/Iﬁ U CHHXPOHHM3HUPOBAHHBLIX BEKTOPHBIX HSMCPGHHﬁ. ITo pe3ylibTaTaM
OKCIICPUMEHTOB YCTAHOBJICHO, YTO IO CPABHCHUIO CO CTAaHJAAPTHBIM MCETOJIOM OLICHUBAHUA COCTOSAHUA, npeﬂnaraeMHﬁ
METOA MOBBIIIIACT TOYHOCTHL OLUCHUBAHHSA HAIPSKCHUA B y3J1aX CXEMbI U IEPETOKOB aKTUBHOU MOIIIHOCTHU B CBA35dX B
HOpPMAJIBHBIX M TIOC/I€aBapUHBIX peXuMax. Pa3paOoTaHHBIA aldrOpUTM IO3BOJSET BHEIPUTH METOA B MOJIYJIb
OIIEHUBAHHS COCTOSIHUS TPOTPAMMHBIX KOMILIEKCOB peanbHOro BpeMeHu. OnpeieNeHpl MepCreKTUBHbBIC HAITPABICHHS
Pa3BHUTHUSI METO/IOB OLICHUBAHUSI COCTOSIHUS B IMHAMUYECKUX PEKUMAX PA0OTHI SHEPTOCUCTEM.

KaioueBble cji0Ba: CHHTE3UPOBAHHBIM METOJ OLEHHBAHHS COCTOSHHS, MeToj I'aycca-HplOTOHA, pacIiIMpeHHBIN
¢bubTp KanmaHna, MacCHBBI TeJIeU3MEPEHUH, CHHXPOHH3UPOBAHHBIE BEKTOPHbBIE U3MEPEHHUSL.

Menuxkoe 3.A., Mazeppamosa T.M., Cagpapoea A.A.

Bakyymabl TeXHOJIOTHSIBIK KellleHai 6ackapy MinaeTi

DJIOY-ABT Tunreri KOHABIPFBIHBIH BaKyyMZbl OJIOTBIHIIA JKYPETIH TEXHOJIOTHSUIBIK MpPOLECTEpl KeUIeHAl 3epTTey
Heri3iHzxe O6ackapy oOBEKTICI peTiHJe KapacThIPBUIBII OTBIPFaH KYPHAENi TEXHOJOTHSUIBIK KEIICHHIH epeKIIeTiKTepiHe
tanaay okyprisipni. OcblFaH OalnaHBICTBI OacKapbUIaTBIH JKOHE Kipic Mapamerpliiepre IMIeKTey JKarJaiiapbiH
ecKepyiMeH 3epTTeleTiH OJOKTBHl OHTaWnmbsl Oackapy ece0Oi YIIH (QU3WKAIbIK HETI3IeNTeH MaTeMaTHUKaJIbIK
TYXKbIpbIMaMa 33ipiieH . KapacTeIpbuiFaH MPOLECTIH CAaHBIK JKOHE CanaliblK CHIATTAMaJapbIHBIH MaTeMaTHKAJbIK
MOJIeNnbJiepi MEH OJapAbIH T'PaIWeHTTIK OeifiMIeny aaropuTMIEpiH ecKepe OTBIPHIN, aTajfaH ONOKTHIH >KYMBICHIH
OHTaIIaHABIPY €ce0iH CaHMBIK IIenry yImH JlarpaHk KeOCUTKIIITEpiHiH KIACCUKAJBIK dfici KOJIaHbpuIanel. by amic
LIEKTeYJ PKcTpeMyM ecebiHeH Jlarpamx (QyHKIMSCHIH Kypy apKbUIbl IEKCi3 SKCTpeMyMIbl Tady ecebiHe aybIcyra
MYMKIHZIK Oepelii. ATanFaH 9/ic, COHal-aK YCHIHBUIFaH aJlrOPUTM MeH Oackapy npuniunrepi anram per 9JIOY-ABT
THUITET] MYHalIbl aFalIKpl ©HAEY KOHABIPFBICHIHBIH 3€PTTENIETIH BaKyyM bl OylorbiHa Komaansliasl. Kipic acep erymri
(baxTopiap/bIH CaHbl MEH CalachbHBIH KeH JAMAIa30HbIH/A ©3repyi )KarJaiblHaa j)KoHe TaHAaJIFaH MyHal eHIMIepiHiH
camachl Typajibl JKETKUTIKCI3 kKeaen akmapar OoyFaH Ke3je, 3epTTEeNIeTiH MPOLecTi fackapy alTOpUTMiH d3ipiey dici
MeH NPHUHIUNTEP] peTTey PEeKUMAEPIH algblH aja JKepriliKTi Ty3eTy.i jKeAell jKy3ere achlpyFra >KoHe OeHiMaemnrimt
OackapyAblH KaHa OHTAMIBI PEXKUMIEPIH TaHIAayFa MYMKIiHAIK Oepeni. byl eHAipicTiH SKOHOMHMKAIBIK THIMIUTITIH
apTThIpYyFa )KOHE AJIbIHFaH MAKCATThl OHIMJIEP/IIH CalachlHbIH €H XKOFaphl TYPAKTHUIBIFbIHA KOJI )KETKI3YTe oKele .
Kiar ce3nep: MareMaTHKaJIbIK MOJIENb, 6acKapy eceli, BaKyyMIIbl OJIOK, TEXHOJOTHSIIBIK MPOIiece, Mail hpaKIusiChl
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3agaya ynpasJjieHUs] BAKYYMHBIM T€XHOJIOTHYeCKHM KOMILJIEKCOM.

Ha ocHOBE KOMIUIEKCHOTO MCCIIEIOBaHNS TEXHOJIOTHIECKUX IPOIECCOB, POTEKAIOIMINX B BAKYyMHOM OJIOKE yCTaHOBKH
tuna DJIOY-ABT, npoaHanu3upoBaHbl OCOOCHHOCTH PaCCMAaTPHBAEMOTO CI0KHOTO TEXHOJIOTHUECKOTO KOMITIEKCa KaK
00BeKTa ympasieHusA. B cBs3m ¢ 3TUM paszpaboraHa ¢u3mdeckn 0OOCHOBaHHAS MaTeMaTHuecKas (OPMYIIHPOBKA I
33724l ONTHMAIbHOTO YIIPABJICHHS HCCIEAYEMbIM OJOKOM C YIE€TOM OTPAaHHYHTENBHBIX YCIOBHI Ha yNPaBISIOLINE H
BXOAHBIE mapaMeTpbl. C yd4eTOM COCTaBJICHHBIX MAaTE€MAaTHYECKHX MOJENEH KOJIMYECTBEHHBIX M KaueCTBEHHBIX
XapaKTEepUCTUK PAacCMaTPHBAEMOro Ipoliecca W ajrOpuTMa HUX IPaJUeHTHOHM aJalTaliy AJIsl YUCICHHOTO PELICHUS
3a7a4d ONTUMH3aUMHM (YHKIMOHMPOBAHUS JAaHHOTO OJIOKA MCHONB3YeTCsl KIACCHYECKMH METOJ MHOXKHTEINeH
Jlarpanska, TO3BOJSIONIMK NEpPEeHTH OT 3aJauyd YCIOBHOTO SKCTpeMyMa K 3a/aue HaxOKAEHHS O0e3yCIOBHOTO
9KCTpEeMyMa JUIsl MOCTpOeHHOH QyHKmu Jlarpanxka. JlaHHBI METO/, a TaKXKe NPEJIOKEHHBIC AITOPUTM M TIPHHIHIIBI
yIpaBJIEeHUs BIIEpBbIE PUMEHEHBI JJIs1 BAKYYMHOT'O OJIOKa MCCIIelyeMOH YCTaHOBKM IEPBHYHON INepepaboTku HedTH
tuna 3JIOY-ABT. B ycnoBusx mMpOKOTo Auamna3oHa U3MEHEHHS BXOIHBIX BO3MYIIAIONMINX (PAKTOPOB MO KOTUIECTBY
U KadecTBy, a Talkke HEIOCTaTOYHOW ONepaTHBHOW HH(MOPMALMK O KauyecTBE BBIOPAHHBIX HE(PTENPOIYKTOB
MPEATOKEHHBIH METOA M HPUHLUIBI Pa3pabOTKH alrOpUTMa YNPaBICHHUS HCCIEAYEMBIM IIPOIECCOM IO3BOJITIOT
OTIEPaTHBHO TIPOBOJUTH IPEIBAPUTEILHYIO JOKAIBHYI0 KOPPEKIHIO PEXHMOB PETYIHPOBAaHHMA M ITOAO0P HOBBIX
ONTHMANBHBIX PEXHMOB aJaNTHBHOTO YNpPaBICHUs B HENOM. JlaHHOE OOCTOSATENHCTBO IPUBOIAMT K MOBBILICHHUIO
HKOHOMHYECKOH 3(P(PEKTUBHOCTH TPOU3BOJCTBA WU JOCTIDKCHHIO HAWOOJbIIEH CTaOMIBHOCTH KadecTBa IOIYYaeMbIX
LIEJIEBBIX IIPOTYKTOB.

KaioueBble ciioBa: MaTeMaTudeckas MOJENb, 33jada YNpPaBJICHHs, BaKyyMHBIH OJIOK, TEXHOJOTHYECKHH IpOIecC,
MacysiHasi ppakuusi.

Baxkmuibekos K.C., boukosa E.H., Koponv B.B., Mypywikun M.C., ’Kymaswcanoe b.3.

S mMana3oHbIHAAFbI HAHOCHYTHUKTIK KecKiH JepekTepiH Kadbuigay SDR ikep craHIMsiCHIHBIH Kofajay :KoHe
ecenrTey cunaTrraMajiapsbl.

Maxkanana S-auanasonsiaga JKep/ii KalIbIKTBIKTaH 30HATAYIBIH TOMEH OpONTAJIBIK HAHOCITYTHUKTEPI YIIiH aKImapaTThl
OepeTiH KoHe KaOBUTHAWTBIH JKEp CTAaHIMACHIH jko0anay, Kypy KOHE ChIHAK HOTIKenepi cumarranrad. lllemimHIH
epekmeniri - OarmapiraManaHaTeiH kianad matpunaiapeiHa (FPGA) merizmenren ombe0ar, apzan SDR anmapatTsix
wratopmanapbiH xoHe AD9361 cHAKTH 9nnTi KaOBUIHAFBIITAPIBl MalidaaHy. AKIApaTTeIH OepyIiH >KajIbl )KoHEe
A Jasbl XKbLUIIAMIBIFBI JkoHe KaxeTTi Eb/No KaTbiHACHI ecenTenre, MyHaarsl Eb-xabapnamanbiy Oip OUT SHEPTHSACHI,
No- DVB-S2 MODCOD cranmapTThlH CHUTHaIBIH KOATAy J>KOHC MOAYJSALMAIAY VINIH NaiJalaHbUIFaH Ke37e
9KBUBAJICHTTI 11y KyaThIHbIH CHEKTPIIIK THIFbI3ABIFBIHBIH MOHI.

Kiar ce3nepi: XKep crannuscel, OarnapiaMaiblK JKacakTaMaMeH aHbIKTalFaH paJuoCTaHIUs, HAHOCITY THHUK.

baxmuioexos K.C., boukoea E.H., Kopons B.B., Mypywikun M.C., Kymascanoe b.3.

IIpoexTnpoBanue u pacuyeTHble XapakTepucTuku SDR  HazeMHOil cTaHmMM npueMa AaHHBIX H300paKeHHUsI
HAHOCIYTHUKOB B S-AHamna3oHe.

B crarbe ommcaHbl pe3yiabTaThl MIPOCKTUPOBAHUS, CO3/AHHMA M HCIIBITAHWI 3€MHOM CTaHIMHU Iiepeladyd W IpHeMa
nHopmManmy 1T HU3KOOPOWTANIBHBIX HAHOCIYTHHKOB AWMCTAHIIMOHHOTO 30HIAMPOBaHMSA 3eMiM B S-AHMana3oHe.
OCO0EHHOCTBIO PELICHUs SABIIETCS HCIOIb30BaHNE YHUBEPCAJIBHBIX HEJOPOTHX ammaparHeiX miatdopm SDR Ha Oaze
MpOTpaMMHPYeMBIX BeHTWIBHBIX MaTpull (FPGA) W MHKpPOCXEMHBIX IMPHEMOIIEPEIATYNKOB, Takux kak AD9361.
Paccunrans! o0mias 1 rmojie3Hasi CKOPOCTH Iepeiadn JaHHBIX M HeoOxoaumoe cootHomreHne Eb/No, rne Eb — sneprus
onHoro Owrta coobmieHus, NO — 3HaueHHME CIEKTPaJbHON IUIOTHOCTH MOIIHOCTH 3KBHMBAJCHTHOIO IIyMa IIpH
WCIIOJIb30BAaHUH JUIsl KOJMPOBAHMS M MOIYJISIMK curHana crangaptr DVB-S2 MODCOD .

KiroueBble ciioBa: 3eMHast CTaHIUS, IPOrPaMMHO-OIIpeiessieMas PaJuoCTaHIUs, HAHOCITY THHK.

Hopaes U.K., Hopaesa O.T., Aiumxenos H.b., Cakunoe K.E.

Kemip ¢uioTanusichl KaJAbIKTaAPbIH THIHBIK 00J1aTTaH KacajFaH KyliMa 0acTapblH oKIIayJiay YIIiH naiaaiany.

Byn xyMmpIcTa KeMip (IOTAIMsIChl KAIIBIKTAPBIH THIHBIK OONAaTTaH jKacaJFaH COFy KyHMalapblHBIH Oac OeJirin
OKIIayJiay YIIIH QJICI3 3K30TEPMHMSUIBIK JKbUTYy OKIIAYJIAFbIll TOJNTHIPFBIII PETiH/AE MaifanaHy TXipuOeci YChIHBUFaH.
3eprrey HoTHXKENepi KeMip (uoTanusachl KaJJIbIKTapblH HEri3iHAeri Oip KOMIIOHEHTTI TOJITBIPFBIIITAPBI KOJJIaHYy
KYHMaHbIH XUMUSAJIBIK OIPTEKTINriH alTapibIKTal TOMEHAETYIe >KOHE JKaObIK HIeTy KyBICHIHBIH TY3UIyiHE BIKIaI
eTeTiHiH KepceTei. by, e3 Ke3erine, )KbUTy IIBIFBIHBIH €Ki ece a3alTyFa, mery OOpIbUIIAaKTHIFBIHBIH KyliMa JIeHeciHe
€Hy TepeHJITH TOMEHJIeTyTe, KOCTalap/blH JIMKBAMACHIH a3alTyFa, KyiiMa OachbIHBIH THIFBI3JBIFBIH apTTHIPYFa XKOHE
JKapam/Ibl OHIM IIBIFYBIHBIH XOFaphlIayblHa okeneai. bynan Oenek, KyiiMaHBIH Haigaiel 06JIiri THIFBI3 9pi MEeTalT eMec
KOCTIaJIapMeH a3 JIaCTaHaAbl. THIHBIK OONaTTaH jKacalFaH KyiMaHBIH 0ac GeiriHae THIFBI3 «Kemipi» 0ap xaObIK mery
KYBICBIHBIH TY31JIy 3aHJIBUIBIKTAPBIH 3€PTTEY HOTHIKECIH/E, KOKCIIA YHTAaKTapbl MEH KOMIp (IOTAMSICHI KaJlIbIKTaphl
CHUSIKTBI METAJLTYPrHsUIbIK OHJIPIC KAJIBIKTAphl HETI3IH/E 9JICi3 AK30TEPMUSIIBIK JKbIITY OKLIAYJAFbIII MaTepUasiap/ibl
KOJIJaHa OTBIPHII, )KOFAPhI CallaIbl ipi YCTAIBIK KyHMaIapblH KYIO0 TEXHOJOTHSICHIH 31piieyTe )KoHe eHT13yre MYMKIHAIK
Oepi.
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KinT ce3aep: mery KybIChl, )KbUTYy OKIIAYJIAFbII TONTBIPFBII, KylMa, THIHBIK 00JIaT, KOMip (IIOTAlMACH KAJIJIBIKTAPHI,
JIMKBALUSL.

Hopaee U.K., Hopaesa O.T., Aiimkenoe H.b., Cakunoe K.E.

Hcnonb3oBanue 0TX0A0B (huroTanum yrijs VIl yTellJIeHUsl FOJIOBHOM YaCTH KY30BHOIO CJAMTKA CIIOKOMHOM CTaJIM.
B nanHOI paboTe mpencTaBlieH OIBIT HCIOJIB30BAHHMS OTXOJOB (JIOTAIMHU YISl B KadecTBE CIAO03IK30TEPMUYECKHX
TETUION30JSIINOHHBIX 3aCBINOK [UIS yTEIUICHNS TOJIOBHOW YacTH Ky3HEUHBIX CIMTKOB CIIOKOMHOW cTamy. Pe3ympraTsl
HCCIIEJOBAaHMS AEMOHCTPHPYIOT, YTO MPUMEHEHNE OTHOKOMIIOHEHTHBIX 3aCBHIIIOK HA OCHOBE OTXOJOB (DIOTAIMH YIS
CHOCOOCTBYET 3HAUNTEIBHOMY CHIDKCHHIO XHMUYECKONH HEOJHOPOTHOCTH CIHWTKA, YTO NPHBOJUT K OOpPa30BaHMIO
3aKpBITOH yCaJO4YHOW PakOBUHBL. JTO, B CBOI OYepelb, CIOCOOCTBYET JABYKPATHOMY YMEHBIICHHIO TEILIONOTEPH,
CHIDKCHUIO TNTyOMHBI NMPOHHKHOBEHUS yCaJOYHOW PBIXJIOCTH B TEJO CIUTKA, YMEHBIICHUIO JIMKBALUIO IPHUMECEH,
YIUIOTHEHHIO T'OJIOBHOM YacTH CIMTKa M IOBBIMICHHIO BBIXOJA TOJAHOTO MpoayKTa. Kpome Toro, mpuObLIbHAsT 4acTh
CIIUTKa CTaHOBHUTCS OoJjiee IUIOTHOW W MEHee 3arps3HEHHOW HEeMeTaJUIMYeCKHMMHU BKIIOYeHUsIMH. M3ydenue
3aKOHOMEPHOCTEH (POPMUPOBAHUS 3aKPBITOM YCaJOYHOW PAaKOBHHBI C IUIOTHBIM «MOCTOM» B TOJIOBHOM YacTH CIIMTKa
CHOKOWHOHM CTanum MO3BOJIIO pa3paboTaTh W BHEAPUTH TEXHOJOTHIO PA3IMBKU KPYIHBIX Ky3HEYHBIX CIHTKOB
BBICOKOTO KauecTBa C MCIOIb30BAaHUEM CIa003K30TEPMUUYECKNX TETNIOM30JSIIMOHHBIX MaTepPUaloB HA OCHOBE OTXOJIOB
METaJLTyprHIeCcKOro PON3BOJICTBA, TAKHX KaK OTCEBBI KOKCHKA M OTXOABI (DIIOTAINN YT,

KaioueBble cjioBa - ycajoyHash paKOBHMHA, TEIUIOW3OJHMPYIOIMIAS 3achIKa, CINTOK, CIIOKOWHAs CTalb, OTXOZbI
(utoTanyy yrius, JINKBAIKS.

Pacynoe 3.H., Onexsep A.U., Pemuies E.I0., Boinaw C.A., Bopnauesa H.B., Coxonosea B.A., Manukoe B.H.
OpTYPJIi MaKcaTTarbl KYBIC OCHCHMMETPHUSUIBIK OOJIIIEeKTEepAiH KaO0BIPFACBIH JKYKApTy apKbUIBI €03y
TeXHOJIOTHSUIBIK MPolecTePiH :ko0aiay Ke3iHaeri Mogeabaey.

Kypmeni skykreme okarjaiiblHOa >KymbIc ICTeHTiH Oipkarap OyiipiMaap Oap, onapiasl JIOCTYpili  IITaMITay
ornepanysIapbIMeH JaibIHIay KaXETTI KacHeTTeplli KaMTamachl3 eTyre MYMKIHAIK OepMeiini, Oyl akaynapiblH Kell
Memepine okeneni. JKorapel OepikTikke wue OyHbIMAApAbl AalbIHAAYIBIH MYMKIH OarbITTapblHBIH Oipl -
TEXHOJIOTHSUIBIK TIPOLECKE KAPKBIHIBI IUIACTHKAIBIK JedopManus omiCTepiH eHridy, oJ KeJeMzi (TeH apHajbl
OYpBIITHIK TPEcTey, aifHBIMalbl KMMa apHAChl apKBUIBI OOWMJIBIK CHIFBIMAAY, IIIKI KOHTYp OOWBIHINA KaOBIpFaHBI
JKYKApTy apKbUIbI CO3Y) XoHE OCTTIK (TECIKTepIi MOpHAAY, POJUKTEPMEH HeMece IapiiapMeH alHaiIsIpy) OOTyBI
MYMKiH. JKyBIKTaaFaH MOHOTOHIBUIBIK KPHUTEPHUIH KOJNAAaHY TEXHUKACH, OHBIH KaOBIPFaHBI JKYKApTY apKBUIBI CO3Y
MBICAJBIHIA TEXHOJOTISUIBIK TTapaMeTpliepMeH OaiiaHbIChl KepceTinreH. [IporecTiH KybIKTadFaH MOHOTOHIBLTBIFBIH
KaMTaMachl3 €TETiH JKYKAPTY AapKbUIBI CO3YIBIH TEXHOJOTHAIBIK TapaMeTpiepiH (YHKemic jkaFgaimapbl MeH
nedopmanus A9pPEeKECiH) TaHgay MbICaibl KenTipiared. Horwkenep, aram aiTkaHaa, «aedopmanuss — KepHEy»
KHCBIFBIH HETI3/1 TYp/e TaHIayFa MyMKIHIIIK Oepeti.

KinT ce3mep: TeXHONOTHSIIBIK MpoLecC, KaObIPFaHbl XKYKapTy apKbUIbl CO3Y, KapKbIHIbI IUIACTUKAIBIK JIedopMmarusi,
KYBIKTaJIFAH MOHOTOH/IBLIBIK KPUTEPHIdi, KepHeyi-aedopMalysiiianFal KyH.

Pacynoe 3.H., Onexeep A.H., Pemwes E.IO., Bounaw C.A., Bopnaueea H.B., Cokonosa B.A., Manuxoe B.H.
MopneaupoBanne mMpu MPOEKTHPOBAHHHM TEXHOJOTHYECKHX MPOIECCOB BBITHKKH ¢ YTOHEHHEM CTEHKH MOJBIX
0CecCHMMETPHYHBIX JeTajlell pa3INYHOr0 Ha3HAYEHH .

CymecTByeT LEeNbIA psiI U3ACIHA, padOTAOIINX B KPalHE TSHKEIBIX YCIOBHAX CIOXKHOTO HArpPY)KEHHS, M3TOTOBJICHUE
KOTOPBIX TPAJAUIIMOHHBIMU IITaMIOBOYHBIMH OIEpaIMsIMHA HE II03BOJIET O0ECHeYuTh TpeOyemble CBOWCTBA, YTO
MPUBOAUT K OONBIIOMY KonmdecTBY Opaka. OZHMM M3 BO3MOXHBIX HAlpaBICHUH [UII W3TOTOBICHHS HW3ICITUI
MOBBIMICHHON MPOYHOCTH SBIISICTCS BHEAPCHHE B TEXHOJOTHUYCCKHHA MPOIECC CIOCOOOB WHTCHCHUBHOW IIACTHYECKOM
nedbopmanuy, KOTOpas MOXET ObITh, Kak 0O0BeMHOW (paBHOKaHAJIbHOE YIJIOBOE IIPECCOBAHUE, MPOJOJIBHOE
BBIJIaBJIMBAaHUE Yepe3 KaHaJl ePeMEHHOI0 CEYCHHUS, BBITSDKKA C YTOHEHHEM CTEHKH 10 BHYTPEHHEMY KOHTYpY), TaKk U
MTOBEPXHOCTHOH (JOPHOBAaHHWE OTBEPCTHIl, OOKaTKa POJMKAMM WIM Iapukamu). llokazaHa TeXHHUKAa NPHUMEHEHU
KpUTepus I'lpI/I6J'[I/I)KeHHOI\/’I MOHOTOHHOCTH, €ro CBA3b C TEXHOJOTHYCCKHMU IMMapaMe€TpaMHd Ha MNPUMEPE BBITAXKKH C
yTOHEHHEM CTeHKH. llpuBemeH mpuMep mMoa00pa TEXHOIOTHYECKHX MapaMeTpoB (YCIOBHHA TPEHHS M CTETIEHH
nedopManri) BBITSDKKH C yTOHEHHEM, O00ECIeUMBAIONIMX MPHOIMKEHHYI0 MOHOTOHHOCTH Tporiecca. Pe3ymbraTsl
MTO3BOJISIOT, B YACTHOCTH, 0OOCHOBAHHO BBIOUPATh KPUBYIO «Ae(OopMAaIisi — HAMIPSDKECHIEY.

KaroueBble cioBa: TeXHONOTMYECKHH TIPOILECC, BHITSKKA C YTOHCHHEM CTCHKH, WHTCHCHBHAS IUIACTHYCCKAs
nedopmanus, KpUTepuil pUOIMKSCHHOW MOHOTOHHOCTH, HAMIPSKEHHO -1e(DOPMUPOBAHHOE COCTOSIHHUE.

Hycynébekoe b. P., Owanos E. 3., Osuapoeé M. C., Konvipoaesa A.

Jpoccenb caHbLIAYIapbl APKBLIBI CHIFBLIFAH Ke3/le CYHBIKTHIKTHIH aFbIHBI MEH TEMIIEPATYPACHIH aHBIKTAY.
Makanaga CYHBIKTBIKTApAbl JPOCCENh CaHbUIAYJaphl apKbUIBI UTEPY Ke3iHJEe »KacalFaH CTEHITETI 3epTXaHAIBIK
3epTTeyNepIiH HOTIDKeNepl KenTipinreH. Jpoccens caHpUIaydapsl apKbUIBI CYHBIKTHIK aFbIHBI CaHBLIAY AHAMETPI,
CaHpLIAY aJIIBIHIAFBI CYHBIKTBHIK KbICHIMBI, CYHBIKTBIKTBIH TYTKBIPJIBIFGI, CAHBLIAY aJIIbIHIAFbl APHAHBIH Y3BIHIBIFBl MCH
minTiHi cuskTel OipHemie dakTopiapra OailaHBICTBI eKeHi Oenrimi. JIpoccenpaik caHbUIAybl apKbLIbI HTEPY Ke3iHme
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KbICHIMHBIH TOMEHJICYl JKOHE CYWBIKTBIKTBIH KO3Faly >KbUIIAMIBIFBIHBIH JKOFapbulaybl Oaiikanaabl. bynm OHbBIH
KUHETHKAJIBIK SHEPTUSCHIHBIH KOFapbUIayblHA OKeNei, CONaH KeWiH CYHBIKTBIK MOJIEKyJIaJaphl apachbIHAAFb! YHKeIicke
OaifaHBICTBI XKBUTy SHEPrusichbiHa aiHananpl. OchUIalIna, CYHBIKTBIKTBI IPOCCEINBACY Ke3iHIEe OHBIH TeMIepaTypachl
KeTepineni. by mpuHIUNTI XKBUTBITY Kylenepi, ©HIIPICTIK IpomecTep HeMece 3ePTXaHANBIK 3epTTeyJep CHAKTHI
OpTYpIi KyHenepaeri opTypili CYHBIKTBIKTAap Il KBUIBITY YIIiH HaiganaHyra 00ma sl

Kint ce3aepi: CYMBIKTBIK aFbIHBIL, ApOCCETb CaHBUIAYJIAPHI, THAPABIMKAIBIK Ta3apTy KYHelepi, JKbUTy IHEPTHSCHIH
TYPIACHAIPY.

Hycynébekoe b.P., Owmanos E.3., O¢uapoe M.C., Konvipoaeea A.

OmnpenesieHne pacxoaa H TEMIIEPATYPHI ;KMIKOCTH NPH ee NMPOJABINBAHMH Yepe3 ApoccejbHbIe 0TBEPCTHSI.

B crathe mpuBeIEHBI pe3yNbTaThl Ja0OPATOPHBIXX HCCICIOBAHHMN Ha Pa3paOOTAHHOM CTCHJC IPH MPOJaBIMBAHUU
KHUIKOCTEH 4epe3 APOCcCesIbHbIE OTBEPCTHS. VI3BECTHO, YTO PAacXO/ KUIKOCTH Yepe3 JPOCCENIbHbIE OTBEPCTUS 3aBUCUT
OT HECKONBKHX (AKTOPOB, TaKMX KaK JHAMETP OTBEPCTHsA, MABICHHWE MXHIKOCTH IEpel] OTBEPCTHEM, BS3KOCTh
KHUIKOCTH, JUIMHA W (opMa KaHama mepex orBepctueM. llpm  MpomaBIMBaHHM dYepe3 IPOCCENbHOE OTBEPCTHE,
MIPOUCXOIUT CHIDKCHHE JaBJICHUS M yBEIMYEHUE CKOPOCTH NBIKCHHUS JKUAKOCTH. DTO MPHUBOIHUT K TOBBIIICHHUIO €€
KWHETHYECKON SHEPTHH, KOTOpas 3aTeM IpeoOpa3yeTcs B TEIUIOBYIO JHEPTHI0 W3-3a TPEHHS MEXIY MOJEKyIaMu
XKHUIKOCTH. TakuM 0o0pa3oM, TpPH JPOCCETHPOBAHUH JKAIAKOCTH IPOUCXOAWT MOBEHIIMICHHE €€ TeMIepaTypbl. JTOT
TIPUHITUIT MOKET OBITh MCTIONB30BaH IS HArpeBa Pa3MYHBIX KUIKOCTEH B Pa3IMYHBIX CHCTEMaX, TAKUX KaK CHCTEMBI
OTOILICHHS, IPOMBILIJIEHHBIC MPOLIECCHI WK JJa00PAaTOPHBIE UCCIIET0BAHUS .

KaioueBble cjioBa: pacxof KHIKOCTH, APOCCENbHBIE OTBEPCTHUS, IHPABINYECKIE CUCTEMbI OYHUCTKH, PeoOpa3oBaHue
TEIJIOBOU 3HEPIUHU.

Inyang E.P., Nwachukwu I. M., Ekechukwu C.C., Ekong I.B., William E.S., Lawal K.M. , Simon J., Momoh K.O.,
Oyelami O.A.

Kepi kBagparsi IOkaBa mnoTeHOHANBbl KJIACHIHBIH AHAJIMTHKAJIBIK IIeliMi JKOHEe OHBIH KBaHTTBIK-
MEXaHHKAJBIK Kylejepre KOJIAHBLIYBI.

Byn 3eprreyne pagmanael lpenuarep TeHACYiH aHATUTHKAJIBIK [ICTTY YIIiH HAKTHI KBaHTTAy epekeci KOJJaHBLUIIHI,
aTam alTKaHza, Kepi kBagpaTel FOKkaBa MOTEHITHABI KJIAaChIHA XKYTiHIII. Byt oic apKeUTe! ayblp Me30HIApIBIH, COHBIH
immiHAe YapMOHUI MeH OOTTOMOHMUIIH, PHEPTUSHBIH MCEHIIIKTI MOHIEpPIiH MalanaHa OTBIPHIN, KBAHTTHIK KYHIIEp
ayKBIMBIHIAFBl MAacCaJbIK CHEKTpiIepi coTTi OOomKaHIB. DKCICPUMEHTTIK JepeKTepMeH jkoHe Oacka 3epTTeyIepIiH
HOTHKEJIEPIMEH CallbICThIpFaH i, OyJ1 MoJiesb eH skorapbl Kareinik 0.0065 I'9B Gona oThIpsIN, TaMala JaJaiK KOPCETTi.
[MoreHan MoJelti ecenteysepi KelIeNeTy KoHe MaTeMaTHKAIBIK JOJIIKKe KOJ XKETKi3y YIIiH Oenriii mekapaibiK
mIapTTap/ibl KojjaHa OThIpbiN, Kparnep noTeHUManblHa KenTipiigi. AJIBIHFAH DHEPTHSUIBIK CIIEKTPAl mNaijanaHa
oThIphin, Oy 3eprrey a3oT (N2) xoHe cyteri (Hz) CHSAKTBI TOMOSIPOJIBI €Ki aTOMIbI MOJCKYJIaaapiblH SHEpPrus
CHEKTpJIEpiH 3epTTey YIIIH KeHeHTiImi. 3epTTeyiH Oip MaHbI3/bl JKaHAJBIFBl - HETi3rl KBAHT CaHbl TYPaKThl OOJIFaH
Ke3Jie, OYpBIIITHIK MOMEHTTIH KBaHT CaHbl apTKaH CailblH 3HEPrHs CIEKTP/AIH TOMEHIEHTIHI aHbIKTaAbl. COJ CHSKTHI,
OYpHIIITHIK MOMEHT KBAaHT CaHBIHBIH ©3repyi Ke3iHAe SHEprus CHEKTpl JKyHemi Typhe as3asabl. DJIEKTPOHHBIH
KHHETHKAIBIK JKOHE NOTCHIMANIBIK SHEPTHsIIaphl apachlHAAFbl KYpAETl e3apa opekeT Oyl TeMEHICY YpIiCiH
TyOBIpaJbl, ocipece OYPBHINTHIK MOMEHT KBAaHT CAHBIHBIH apTybl Ke3iHIe €Ki aToMIbl MOJeKyilaga. OJEKTPOH
OpOHUTACHIHBIH Y3apybl KOHE SAPOJAH KAIIBIKTHIFBIHBIH apTybl SHEPTUs OallaHCHIH BIFBICTHIPHIN, OYJ1 3HEPTHUSIIAP.IBIH
apachIHIAFbI TeTIe-TCHIIKTI ©3repTeli, HOTI)KECIH/IE SJHEPTUs CIIEKTPiHiH XKYHell Typ/e TOMEeHACYiHe dKeIe .

Kiar ce3mep: Ulpeauarep TeHIeyi; KBaHTTAIyIbIH HAaKTHl €pe)keci; TOMOSIPONBI €Ki aTOMIBI MOJIEKYJANap; ayblp
Me3oHaap; KOkaBaHbIH Kepi KBapaT MOTEHIIMAIBIHBIH KJIAChI.

Inyang E.P., Nwachukwu I. M., Ekechukwu C.C., Ekong I.B., William E.S., Lawal K.M. , Simon J., Momoh K.O.,
Oyelami O.A.

AHATUTHYECKOE pelieHHne Kacca 00paTHO KBAaAPaTHYHOro norennuasa FOkaBbl ¢ NpUMeHEHHEM K KBAHTOBO-
MEXaHHUYEeCKUM CHCTeMAaM.

B nmanHOM wWCCIeJOBaHWUM TPHUMEHEH IOAXOJ TOYHOTO IIPAaBHIa KBAHTOBAHUSA I AHAJIUTUYECKOTO PEIICHUS
pamuaneHOTO ypaBHeHus lllpemuHrepa, B YacTHOCTH, OOpamiasch K KiIacCy OOpaTHO KBaJIpaTUYHOTO ITOTEHIMAla
IOkaBpl. C mOMOMIIBEO 3TOTO0 METOJAa YCIEIIHO MpEeACKa3aHbl MAacCOBBIC CIIEKTPHI TSDKEIBIX ME30HOB, BKIIIOYAs
4apMOHUI W OOTTOMOHHWIA, B JUana30HEe KBAaHTOBBIX COCTOSHHIA, HCITONB3ys COOCTBCHHBIC 3HaueHHs »Hepruu. [lo
CpPaBHEHHUIO C SKCICPUMCHTAJbHBIMH JaHHBIMH W BBIBOJAMH JAPYTHX HCCICAOBATENCH MTaHHAsS MOJENb IIOKazaja
3aMeuaTeNIbHYI0 CTETeHb TOYHOCTH ¢ MakcuManbHOW omuOkoit 0.0065 I'»B. TloTeHIManbHYI0 MOJETh CBEACHA K
notennuany Kparmepa, yToOsl erie 0oJbllle YCKOPUTh HAIIM BBEIYUCICHHS, U 00ECTIeYUTh MAaTEMaTHIECKYI0 TOUHOCTD,
HAJOXUB OIpPENCICHHbIE TIpaHU4YHble YyCIOBUA. [cnonb3ys IOJNY4YEHHBI 3SHEPreTUYECKHM CHEKTp, [JaHHOE
HCCIIEAOBAHUE paCHIMPEHO, ‘{TOGBI N3YYUTh SHEPrETHUCCKUEC CIICKTPHI TOMOSJACPHBIX ABYXATOMHBIX MOJICKYJI, TaKHUX
kak a3or (N2) m Bomopon (Hz). OmgHumM w3 3aMedaTeNbHBIX OTKPHITHA OBLJIO TO, YTO JHEPTETHYECKUN CIEKTP
YMEHBIIAJICS 10 MEPE YBEIUYCHHS KBAHTOBOI'O YMCIIa YIJIOBOIO MOMEHTA B CiIydae, KOI[a IIABHOE KBAHTOBOE YHCJIO
0CTaBAIOCh (PMKCHPOBAHHBIM. AHAJOTHYHBIM 00pa30M IHEPreTHUYCCKHUIA CICKTpP MOCICAOBATEIbHO YMEHBIIACTCS MPH
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W3MEHEHUU KBAHTOBOTO 4HCIa YIJIOBOrO MoMeHTa. CloXKHOe B3aUMOJEUCTBHE MEXAY KHUHETHYECKOW U
MOTEHIIUATILHONU SHEPTUSMU HJIEKTPOHA BBI3BIBAET ATY TEHACHLUIO K YMEHBIICHUIO B YHEPTETUUECKOM CIEKTPE M0 MeEpe
YBEIMYEHUS! KBAaHTOBOI'O YKCIA YIJIOBOTO MOMEHTa B JBYXaTOMHOM MOJEKyJie. ODHEPreTHYECKUd CIEeKTp
CHCTEMAaTHYECKH YMEHBIIIAETCS 10 Mepe YUIMHEHHS OpOWTHI 3JIEKTPOHA W YBEIHYCHHS €Tr0 PAcCTOSHHUS OT spa,
cMmemmas 0amaHc MEXITy STUMH YHEPTUAMH.

KiroueBble cioBa: ypasHenue lllpenuarepa; TouHOE MPABIIO KBAHTOBAHUS, TOMOSICPHBIE TBYXaTOMHBIC MOJIEKYIIHI,
TSDKEITBIE ME30HBI; KJIacc 00paTHO KBaApaTHIHBIX MOTEHIHAaI0B FOKaBEI.

Toxkmapoaiiynet O., baiicapuee M., Kaiima A., [yiicebaes T.C., Hopaes H X., Cepurxoe T.M., Hopaumos M .K.,
Xanues b .A., Tezexoaii EJK., ’Kamovin A.H., Hypasxce H., Cyzypoexosa I' K.

blethik KadbIpFadbl ra3 ¢azachblHaH XHMHUSJIBIK TYHABIPY neminge cunrtesgenaren GaN skapreiiaii eTKi3rim
MaTepHaJbIH NaiilajlaHy apKbUIbI OOSIFBINIKA ce3iMTajJ KYH OaTapesilapbIHAAFbl JHEPTHAHBI TYPJEHAIPY
THIMALTICiH apTTHIPY.

Bbyn 3eprreyne candup jxoHe KpEeMHHUIl TOCEHIIITEpiH/e IUIa3MaHblH KoMeriMeH Oy (a3acblHAaH XUMUSJIBIK TYHABIPY
omiciMeH KeJeci Oenrini mapamMeTpiepiH, SFHHU, MBIFbIC kKepHeyi 150 Bt, N» ra3 aFbIHBIHBIH JKBUIIaMABIFE MUHYTHIHA
60 cTaHmapT TEKIIe CAaHTHMETp, KaMmepa KbICHIMBI 2,48 chiHam OaraHAchl MHJUIMMETPI >KOHE CHHTE3 YaKbIThl 2 carat
GaN cuHTe3gey HoTmKenepi TankpUIaHAel. CkaHepneymri 3MeKTpoHmel MuKpockonm (COM), KaphIKTBHIH
KOMOMHAIMAJIBIK IIAIIBIPAYbl JKOHE SHEPTHs TUCICPCHSIIBIK PEHTICH COyJeNepi 9ficTepiMeH alblHFaH CHIIaTTaManap
GaN-HiH CTeXHOMETPHSIIBIK eMeC KYPBUIBIMBIH JKOHE KYpaMbIHIa aiikplH (Ga 3JeMeHTiHIH 0acChIMIBUIBIFBIH KOPCETTI.
Tecenim OetiHiH Mopdonorusicbin COM-Tannay apkpUibl 0y (a3achlHAH XHMHUSUIBIK TYHIBIPY HPOIECIHIH aFaIiksl
Ke3€Hi OOJIBIN TaObUIATHIH IIAFBIH apajIapablH O0ap eKeHIr alKelHAamabl. JKYMBICTa, COHIal-aK, OOSsFBIIIKA Ce3iMTall
KYH 3neMeHTTepiHiH doTtoaHoasiHa GaN Kocy ocepiiepi 3eprrennmi. 3eprrey Oapwichinga TiO, matpumaceinga GaN
YHTaFbIHBIH OHTAMJIBI MOJIIIEp] KOPCETUIAI. AJFalIKbl SKCIIEpUMEHTTEepIe KoMMepLsuTblK GaN yHTarbl KOJIIaHBLIBII,
MaccaliblK MaiibI30€H OHTAMIIBI KYpaM aHBIKTAJIbl. 3ePTTEY YIIiH TOPT TYPJIi MacCalbIK Haibi3 Tanmaiasi: 10 %, 20 %,
30 % xone 40 %. Onapabiz apacbiaga 20 % GaN eH xKoFapbl SHEPTUSHBI TYPJICHIAIpY THUiMIUIiTiHe 1e 6omnabl — 0,75%.
TonbIKTEIK K03 dunmenTiHiH MonAepi GaN MaccalbIK yieci apTKaH caiblH TOMEHAEY TeHICHIUACHIH KOPCETTI.

KinT ce3nepi: KyaTrTsl TypieHAipy, ®KapThliai eTkisrimr, Marpuna, Ti0,, GaN.

Toxkmapéoaiynet O., baiicapues M., Kaiima A., /lyiicebaee T.C., Hopaee H.X., Cepuxos T.M., Hopaumos M.K.,
Xanuee b.A., Tezexoan E.JK., ZKamowvin A.H., Hypasxce H., Cyzypoexosa I'.K.

[oBbimenue 3¢ ¢GeKTHBHOCTH NPeoOPA30BAHUSI IHEPIMU B COJHEYHBIX 3JIeMEHTaX, YYBCTBUTEJbHBIX K
KPacUTeJIsIM, 32 CYeT HCHO0JIb30BaHHA MOJYNPOBOAHHKOBOro marepuasa GaN, CHHTe3NPOBAaHHOIO B INe4YH
XMMHUYECKOT0 OCAXK/IEHUs U3 ra30Boii (a3l ¢ ropsiYMMH CTEHKAMU.

B sToM nccnenoBaHuu 00CyKAal0TCs pe3ysibTaThl cuHTe3a GaN METOIOM XMMHYECKOTO OCaXICHHUS U3 ra30BoM (a3bl C
HCIIOJIb30BAHUCM I1JIa3MBbI HA CaH(I)HpOBI)IX 1 KPEMHHUEBBIX MMOAJIOXKKAX C MCIIOJIB30BaAHUEM OIIPEACIICHHBIX MapaMeTPOB:
mpsiMoe BbIxojgHOe HampspkeHue 150 BT, pacxon rasa Nz 60 cTaHZapTHBIX KyOWYeCKHX CAaHTHMETPOB B MHUHYTY,
JaBieHue B kamepe 2,48 MM PT.CT. ¥ BpeMs cuHTe3a 2 yaca. OnpesienieHrne XapakTepUCTUK C TIOMOIIBIO CKAaHUPYIOIIETO
IEKTPOHHOTO MHKpockona (COM), KOMOMHAIIMOHHOTO PacCesHHs CBETa W YHEPrOAMCIEPCHOHHOIO PEHTT€HOBCKOTO
M3ITyYeHHs BBISIBUIIO HecTeXnoMerpuiyeckoe oopasoBanne GaN ¢ sBHbIM npeobnaganneM Ga B coctaBe. COM-aHanmm3
MOP(OJIOTHH MMOBEPXHOCTH MOJIOKKH BBISIBHII HAJIMYHE HEOOIBIINX OCTPOBKOB, KOTOPBIE CUUTAIOTCS TEPBBIM 3TAallOM
Iporecca XMMUYECKOTO OCaXJICHNS U3 Ta30Boi (asbl. B nccnenoBanny takke u3ydens! 3¢ ¢dexTsl BkaroueHnss GaN B
(OTOAHO CONHEYHBIX 3JEMEHTOB, UYYBCTBHTENBHBIX K KpacuTemro. B Xoie wucciemoBaHus OBUIO OINpEIeEreHO
ontuManbHoe KonmdecTBo mopomka GaN B martpune TiO,. B mepBoHauasibHBIX SKCIIEPUMEHTAaX HCIIOIb30BAJICS
KoMMepyeckuii mopomok GaN Juis ompeleseHus ONTHMAJIbHOTO IIPOLEHTHOrO cojepaHus 1o macce. Jlis
HCCIICI0BaHMs ObLIM BRIOPAHBI YETHIPE Pa3IMUYHBIX BECOBBIX mporieHTa (Mac.%) GaN: 10 %, 20 %, 30 % u 40 %. Cpeau
uux GaN ¢ 20 % umen camyro BBICOKYIO 3P eKTUBHOCTE peoOpazoBanus sueprun - 0,75%. 3nauenus ko duipenta
3aMOTHeHHS UMENH TEHACHIINIO K CHIDKEHHUIO TI0 Mepe yBennueHus: MmaccoBoi gomm GaN.

Kunrouesble ciioBa: npeobpa3oBaHHe MOITHOCTH, TOTYTIPOBOAHUK, MaTpuia, 110, GaN.

Llyzaesa T.7K., Cnusax-Jlaspoe U.D., Ceitmen A.b., Tpyouyvin A.A.

OTKirim fJeHrejiek NWJIMHAP HeriziHae JJIeKTPCTATHKAJIBIK MYJbTHIOIbL KYHeJepiHiH NOTeHHHAJIbIH
AHATNTHKAJIBIK CHIIATTAY.

Jlon ¢u3uKanbIK j)koHEe MaTeMaTHKAIbIK TEOPUsUIApFa HETi3/IeNITeH JKOHE KAaKCAPThUIFaH aHAIMTUKAIBIK MYMKIHIIKTEp1
0ap KypbUIFbLIap/bl jk00aslayFa >KoHE ecenTeyre MYMKIHZIK OepeTiH ecenTey TeXHOJOTHSIApPBIHBIH MYMKIHIIKTEPiH
maiiiamaHaTelH MacC-CIIEKTPOMETPIIepAiH (U3UKANBIK JXKOHE aCHaNThIK CHIIATTaMalapblH €CENTey SIICTepiH a3ipiey
KOPIYCKYJAJBIK ONTHKA MEH FBUJIBIMHU acIiall jkKacayablH 63eKTi ece0i 00bin Tabblianbl. JKyYMBICTa OTKI3TIII JOHTeIeK
LIIMHAP HETi3iHIe MYJBTHIIONBIIK XYHEIepAiH JeKTPCTAaTHKAJIBIK OPICiH ecenTey oMici YCHIHBUIIBL OJIC Kypei
aiHBIMaNIBl (DYHKIMSIIAP TEOPHACHIHBIH OMICTEPiH KOJIIAHYFa HETI3[eNTreH. DNEeKTPOATAp apachIHAAFbl IIEKCi3 Tap
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caHplIayJlap YIIIH KB3JIPyHOJIb OpICIHIH 3JIEKTPCTaTUKAIBIK MOTCHIMAJbl YIIiH aHAJIUTHUKAIBIK OPHEKTEp TaOBbUIIBI.
[ToTeHuMan TyBIHABUIAPHI YIIIH AaHAIUTHKAIBIK OPHEKTEpP albIHABL. DJIEKTPOATAp apachbIHAAFH CaHBLIAYJIApIbIH IEKTi
IIAMAaCBIHBIH Opic KOH(UTYPAIMSICEIHA 9CEPiH 3epTTey Kyprizinai. O YIIiH meKapanblK IeMeHTTep daiciMer Jlammac
TEHJICYiH KaHAFaTTaHIBIPATBIH O KA3BIKTHIK OJJEKTP OpICTepiH CaHABIK MOIENBICY OpBIHAANABL.  OpicTiH
ANEKTPCTATHKAIBIK MOTEHIMAIBIH eCeNTey €Ki Ke3eH e KYPTi3iimi. AMAbBIMEeH Oenrimi mekapaiblK HOTeHIHANIE 0oy
OOMBIHIIA TIEKapaJaFrsl 3apsATHIH Tapalybl €celTelNal, sIFHU «Kepi» ecen meminai. ComaH KeliH TaObUFaH 3apsaThl
0oy MOHIEpiH jkKoHEe OepilireH MOTeHIMaJ MOHICPiH KOJAaHA OTHIPHIN, «Tikenei» ecem miemrinai. byn ecemnTi mremnry
YILUiH TY3Y CBHI3BIKTHI LI€Kapajapbl 0ap 3J1eKTPOHABI-ONTUKAIBIK XyHenep (DOX) yuriH epicti MonenbaeyIiH )KOFapbl
JISJIITIH KAMTaMachl3 €TETiH CHHTYJISPIIBIK JKOHE KBa3HCHUHTYIISAPIIBIK SApOJIapbl 0ap MHTErpaNbIK TeHICYIepAl Menry
onici xacanapl. Ecentey kareci TeK NOHIeNEKTey KaTelliKTepiMeH aHbIKTanaabl. KHCBHIK CBI3BIKTHI IIeKapanapbl Oap
AJIEKTPOH/BI-ONTHKAJIBIK JKYHeJIep YIIIH OJ 3JIEKTPOHABI-ONTHUKAIBIK JKYHENEpAiH IIeKapajapblH TY3Y CBI3BIK
CErMEHTTEPIMEH KYBIKTay JQJIAINIMEH aHBIKTalaabl. DJIEKTPOH/BI-ONTHKAIBIK JKYHEHI KYpaWTBIH eKiHII perTTi
TEOMETPHSITBIK KHCHIKTapAbI 06Ty Ke3iHae ojlap OYpHIMITHIK MIaMackl O0ip rpaxycka AeHiHTi qoranapra OemiHesi.

Kiar ce3aepi: kemmoxrocTi JXy#e, MOTEHIMAN, OTKITIMI [MOHreNeK NWIMHAP, SKBUNOTEHIHAIIBIK CBHI3BIKTAP,
AHTHPE30HAHC KYHeci.

Lllyzaesa T.7K., Cnusax-Jlaspoe U.®D., Ceitmen A.b., Tpyouyvin A.A.

AHaJuTHYeCKOe ONMUCAHNe MOTEHINAJIA YJIEKTPOCTATHYECKHX MY/JIbTHIIOJbHBIX CHCTEM HA 0CHOBE MPOBOASIIIET 0
KPYroBOro HWJIMH/IpA.

Pa3paboTka MeTomOB pacyera (PU3MYCCKMX W MPHOOPHBIX XapaKTEPUCTHK MAacC-CIIEKTPOMETPOB, OCHOBAaHHBIX Ha
KOPPEKTHBIX (PH3MUCCKUX M MATEMATHYCCKHX TCOPHUSIX M UCIIOJB3YIOIIAX BO3POCIINX BO3MOKHOCTH BBIYHUCIUTEIILHBIX
TEXHOJIOTUH, KOTOpHIE IMO3BOJIIIOT MPOEKTUPOBATh M PACCUUTHIBATH MPHUOOPHI C YIyYIIEHHBIMH AHATUTHUYECKUMHU
BO3MOXHOCTSIMHU, SIBJISIETCS aKTYaJIbHOH 3a7iaueil KOPITyCKYJIAPHOW ONTUKH M HAYYHOTO MPUOOPOCTPOCHHUSI.

B pabote paszpaboraH MeTOa pacueTa JICKTPOCTATHYCCKOTO IMOJIST MYJBTHUIIOIBHBIX CHCTEM Ha OCHOBE MPOBOISIICTO
KPYTOBOTO LIIMHApa. MeToll OCHOBAaH Ha HCIOJB30BAHWU METOJOB TEOPUH (DYHKIHMA KOMIDICKCHOH MepeMEHHOM
(TOKII). HaiineHpl aHATUTHYECKHE BRIPAYKCHHUS IS SJICKTPOCTATHYECKOTO TIOTCHIINAIA TIOJIS KBaPYTIOIBHOW CHCTEMBI
UIA  ciydas OECKOHEYHO Y3KHX 3a30pOB MEXIy OJJeKTpomaMu. [loiydeHBl aHANMUTHYECKHE BBIPAXKCHHS IS
MIPOU3BOHBIX MOTeHIHANA. [IpoBeIeHO UCClefoBaHNEe BIMSTHAS KOHEYHOW BETHMUYMHEI 3a30POB MEKIY JIEKTPOJAaMHU Ha
KOHuryparmutoo moisd. JlJIsg STOro BBITOTHEHHO YHCICHHOE MOJICIHUPOBAHMS IUIAHAPHBIX SICKTPHUYCCKUX TIONEH,
VAOBIETBOPSIONINX ypaBHeHUIo Jlammaca, METOJOM TpaHUYHBIX BJIEMEHTOB. BBIYUCIEHHE 5SIEKTPOCTATHYECKOTO
MOTEHIIMaJa TOJs MPOBOAMIOCH B JBa dTama. CHauajga pacCUMTHIBAIOCH paclpe/iesieHue 3apsjaa Ha TpaHUIle I0
W3BECTHOMY TPaHMYHOMY paclpeelieHHI0 TMOTEeHIMala, TO eCTh pemanach «oOpaTHas» 3amava. 3aTeM C
WCTIONIb30BaHUEM HAWIEHHBIX 3HAYEHWN paclpeiefieHus] 3apsjia W 3aJlaHHBIX 3HAUYCHUU TIOTEHIMalla pelanach
«mpsiMas» 3ajada. Jlyisg pemieHust dToW 3ajadd Obul pa3pa0oTaH METOJ PEIICHUs WHTETPANBbHBIX YpaBHEHHUH C
CHUHTYJISIPHBIMH W KBa3HCHUHTYJISIPHBIMHU SpaMH OOECTEUYMBAIOIINN BBICOKYI0 TOYHOCTH MOJCITUPOBAHUS TOJS: IS
anekTpoHHO-onTHYeckux cucteM (DOC) ¢ mpsMONUHEHHBIME TpaHuIaMu. OmHOKa BRIYHCICHHUS OMpPENeIeTCs JTHITh
OIUOKAMH OKPYTIEHUsS. sl 3JeKTPOHHO-ONTHYECKUX CHCTEM C KPHUBOJMHEHHBIMHU TPaHUIAMH, OHA OIIPEIEIACTCS
TOYHOCTBIO ANIPOKCHMAIIUH TPAHUIBI 3JICKTPOHHO-ONTUICCKUX CHCTEM OTpe3KaMH HpsMBIX JuHUH. [Ipu pasoueHnn
TCOMETPHUYECKUX KPHUBBIX BTOPOTO TMOPSAKA, 00Pa3yIOMUX JIIEKTPOHHO ONTHYECKYIO CHCTEMY, OHH Pa30MBAIOTCS Ha
JIyTH C YTIIOBOW BEIMYMHOW IO OJHOTO rpajyca.

KiroueBble cjI0Ba: MHOTOIONIOCHAS CHCTEMa, MOTEHIHAN, MPOBOISIINA KPYTrOBOH IMIIMHIApP, SKBHITOTCHIIMAIHHEIC
JIMHUY, aHTUPE30HAHCHAS CUCTEMA.

bumypsaee C.b, Cayvimoexoea 3.C.

A¥iHAIMAaJIbl CHMMETPHUSJIbI JIEKTPCTATHKAJBIK aliHAJApAbIH TOFBICTAY CANACHIHA 3JIEKTPOA-apPAJIbIK CAHBLIAY
eHiHiH dcepi.

OIeKTPOATAPHI SHi MIEKTI CaHpIIayIapMeH OOJiHIeH quaMeTpiiepi Oipaei KoakCHanabl TUIHHAPIEP OO TaObUIaTHIH
alfHaJIMaJIbl CUMMETPHSIIBI 3JIEKTPCTATHKANIBIK alHaJlap/blH TOFBICTAY CalachlHA JJIEKTPOJ-apaiblK CaHbUIAy EHIHIH
acepi 3eprrenai. MyHzaail aifiHanapaarsl OCHTIK NOTEHIMAT TapallybIHBIH MOHIEPIH JOJI CAHJBIK €CENTeyre bIHFaIIbI
(opmMynanap yChIHbUIFaH. AJIBIHFaH (pOopMyJaap HeTi3iHze, 3JIeKTPOA-apallblK CaHbUIAY €HIH €CKepe OTHIPHIM, CaHIbIK
ecenTeyliep apKbliIbl 3apsITaiFraH OelIeKTep IIOFBIHBIH KEHICTIKTIK TOFBICTAybIMEH YIIY-YaKBITTBIK XPOMAaTHKAJIBIK
abeppauusiiapabl, cdepanblK >OHE OCBTIK XPOMAaTHKAIbIK KEHICTIKTIK abeppaunusuiapisl SKOOAbl Oip Mesrinne
KaMTaMachl3 €TETiH €Ki oHEe YIII 3JIEKTPOATHI aifHaIapAbIH T€OMETPUSIIBIK JKOHE JEKTPIIK IMapaMeTpiiepi aHbIKTaJIbI.
Byn aGeppanusiiap CoMKeCiHIIE YIIy-YaKbITTBIK MAacC-CIIEKTPOMETPIIEPIIH KOHE AIIEKTPOHABIK MHUKPOCKOMITAP.IBIH
aXpIpaTy KaOlleTiHe ocep €Ty TYPFBICBIHAH €H MaHBI3AbIapbl Ooybin  TaObuIambl. L[MAMHIPITIK 3IEKTPOATHI
ANEKTPCTATHKAIBIK aifHANapAblH TOFBICTAY CAaIlaChblHA AJIEKTPOA-apajiblK CaHBUIAY CHiHIH aHTapIIbIKTail ocep eTeTiHi
KOPCETUITeH.

Kinar ce3aepi: yiry yakbITTBIK Macc-CIEKTPOMETP, DJEKTPOHIBIK MUKPOCKOTM, JJIEKTPCTATUKAIBIK aifHa, KeHiCTIKTiK-
YaKbITTBIK TOFBICTAY, cepalblk abeppaliys, OChbTIK XpOMaTHKAJIBIK adeppariys.
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bumypsaee C.b, Cayvimébexoea 3.C.

Bausinue MHMPHHBI MEKIIEKTPOIHOTO 3a30pa Ha Ka4vyecTBO (JOKYCHMPOBKH 3JEeKTPOCTATHYECKHX 3epKaj C
BpalaTeJbHOH CUMMeTpHeii.

HccrnenoBaHo BIHSHUE MIMPUHBI MEXDICKTPOIHOTO 3a30pa Ha Ka4eCTBO (POKYCHPOBKH IIEKTPOCTATUICCKUX 3EPKaN C
BpamaTeIbHOH CHMMETPHEH, 3JEKTPOIaMH KOTOPBIX CIIy>KaT COOCHBIC IWMJIMHIPHI PAaBHOTO THAMETpPa, pa3JelieHHBIC
3a30paMy KOHEYHOH MUpHHEL. [Ipenioxkensr popMyInbl, yA0OHBIE I YUCICHHOTO pacdeTa TOYHBIX 3HAYCHHUH 0CEBOTO
pactpeneneHus MOTCHIMANA B TaKUX 3epKayiaXx. Ha OCHOBaHUM TONyYeHHBIX (HOPMYIN IMyTeM YHUCICHHBIX PacdeToOB
OTIpEe/IeIeHBl TEOMETPUIECKHE U JIIEKTPHICCKHE TMapaMeTpPhl IBYX- W TPEX-3JIEKTPOIAHBIX 3epKail MpH ydeTe IIHPUHEI
MEXIJIEKTPOAHOTO 3a30pa, 00ECHeYHBaIOIINE IPOCTPAHCTBEHHYIO (DOKYCHPOBKY ITyYKOB 3apsDKCHHBIX —YaCTHIL
OIHOBPEMEHHO C YCTpPaHEHHEM BpEMSAINPOJETHBIX XPOMAaTHYECKUX abeppanuii W cepuyeckoil H  OCEBOii
XPOMAaTHYECKOH INPOCTPAHCTBEHHBIX abeppalyii, HauOoiee BAXKHBIX C TOYKU 3PEHHs BIMSHHSA Ha pPa3pelIaiollyro
CHOCOOHOCTh BPEMSIPOJIETHBIX MacC-CIIEKTPOMETPOB M AJIEKTPOHHBIX MHKPOCKOIIOB COOTBETCTBEHHO. [lokazaHo, 4To
LIMPUHA MEXAIIEKTPOAHOTO 3a30pa OKa3bIBAET 3HAYUTENILHOE BIMSHIE Ha Ka4eCTBO (POKYCHUPOBKH DIIEKTPOCTATHYECKHUX
3epKaJl C NIIHHIPUICCKAMH SJICKTPOJaMH.

KiroueBble cjioBa: BPeMAIIPOIECTHBIH Macc-CIIEKTPOMETP, JIEKTPOHHBIH MHUKPOCKOI, 3JIEKTPOCTATHIECKOE 3epKajo,
MIPOCTPAHCTBEHHO-BpEeMsApoIeTHAs (POKYCHPOBKA, cheprueckas abeppalius, 0ceBas XpoMaTHIecKas abepparusi.




