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Dear authors and readers!
Dear Colleagues!

The prevalence of our scientific Journal in international citation bases continues to expand. On
December 15, 2020, an Official Confirmation and a Certificate were received that «Eurasian Physical
Technical Journal» was included in the indexing database of the Russian Science Citation Index (RSCI) on
the Web of Science platform!

In October 2020, the «Eurasian phys. tech. j.» was registered on the website eLibrary.ru, assigned
eLIBRARY ID: 73915 (www.elibrary.ru/title_about new.asp?id=73915).

Since May 2019 «Eurasian phys. tech. j.» has been indexed in the Scopus database. As December 7,
2020 Journal's CiteScoreTracker is 0.4 with a maximum percentile of 16% in Energy, https://www2.scopus.
com/sourceid /21100920795#tabs=0

These remarkable confirmations of international recognition were achieved thanks to our article authors,
who presented the results of scientific research on the most pressing problems of modern physics and
technology and due to the high-quality work of the editorial board members and experts who prepared
materials for publication. It should be noted that the implementation and formation of the «Eurasian phys.
tech.j.» as an international scientific journal with a non-zero impact factor in the Scopus database became
possible thanks to the support of our University, which fully provides funding for the publication.

By tradition, we congratulate happy birthday to our editors and experts.

Congratulations to Ernst Rafailovich Schrager, Doctor of Physics and Mathematics, Professor of Tomsk
National University, on his 80th birthday! Professor Shrager E.R. is a representative of the scientific
direction of combustion and gas dynamics. Author of over 250 works, among which there is a stamp "for
special use". Admiration is caused by such names as "... development of new high-energy materials and
technical solutions for promising hybrid engines for space purposes", methods for determining the
parameters of model engines ... solid-propellant rocket engines»... Professor Shrager E.R. are known as an
erudite professional, an experienced teacher, a scientific leader who has brought up more than one generation
of physicists and teachers, scientific personnel and engineers of many research centers in Russia, Kazakhstan
and other countries. Achievements Professor E.R. Schrager awarded with high state awards of the Russian
Federation. Professor E.R. Schrager is a member of the editorial board of the «Eurasian phys. tech. j.» since
2004, works on joint scientific projects. Thanks to his assistance, many employees of our Faculty became
holders of RFBR grants and had the opportunity to train and conduct research in TSU laboratories.

On the eve of Energy Day, December 21, we congratulated with 70" birthday Doctor of Physical and
Mathematical Sciences, Professor Yershina Ainakul Kapasovna. Professor Yershina A.K. is a laureate of the
first K.I. Satpayev prize. She is member of the National Committee on Theoretical and Applied Mechanics,
member of the Use of Renewable Energy Sources Committee of the Russian Union of Scientific and
Engineering Organizations, holder of the International Scholarship "Bolashak" and grant "The Best Teacher
of the University of the Republic of Kazakhstan". A.K. Yershina’s scientific interests are related to the
problems of wind power, she is one of the developers of the vertical-axial wind turbine, Bidarrieus-2. She is
author of over 120 scientific papers. Professor Yershina A.K. awarded with international and state awards,
including the Wilhelm Leibniz medal, the Silver medal "Ulagat" for a special contribution to the
development of the of Kazakh National Women’s Teacher Training University (Almaty), etc. Professor
Yershina A.K. for many years is an expert of the «Eurasian phys. tech. j.».

In accordance with the requirements for international scientific publications, the editorial board is
updated. In 2020, two leading scientists who previously published their papers in «Eurasian phys. tech.j.».

One of them is Doctor of Physical and Mathematical Sciences, Professor, Academician of the
International Engineering Academy, member of the Presidium of the National Engineering Academy of
Sciences of the Republic of Kazakhstan, Academician of the Russian Academy of Natural Sciences,
Academician and member of the Presidium of the Kazakhstan National Academy of Natural Sciences,
Kadyrzhanov Kairat Kamalovich, who celebrated his 75" anniversary on December 5. Professor
Kadyrzhanov K.K. is widely known as a specialist in the field of radiation physics of solids, elemental and
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phase-structural analysis of surface layers of materials, thermodynamics of layered solid-state structures, ion
implantation and ion-plasma deposition, radiation ecology and high-tech nuclear technologies. He passed the
way of formation from a teacher to the director of the Institute of Nuclear Physics of the National Nuclear
Center of the Republic of Kazakhstan. Since 1997 Kadyrzhanov K.K. is the head of radioecological research
of the former nuclear test sites territories and man-made objects in the west of Kazakhstan. Professor
Kadyrzhanov K K. is winner of the Academician Chokin Sh. Prize (2004), awarded the gold badge "Honored
Worker of the Nuclear Industry of the Kazakhstan", the Orden "Kurmet" (2008), "E.P.Slavsky” medal
(Russia), honored the State Prize of the Republic of Kazakhstan for Science and Technology (2009), ect. He
is member of the International Council for the Application of the Mossbauer Effect, etc.

The second new editor is Narimanova Gufana Nurlanbekovna, Candidate of Physical and Mathematical
Sciences, Professor, Dean of the Faculty of Innovative Technologies, Head of the Department of Innovation
Management, Tomsk University of Control Systems and Radioelectronics. She is author of the 80 scientific
publications. Professor Narimanova G.N. is an accredited expert in the field of state accreditation of the
Russian Federation educational institutions and scientific organizations in the following areas: physics,
mechatronics and robotics, management in technical systems. She is member of the Federal Educational and
Methodological Association in the system of higher education according to UGSN 27.00.00 "Management in
technical systems". Professor Narimanova G.N. for many years is an expert of «Eurasian phys. tech.j.». She
was a member of organizing committee of the international conference “Chaos and structures in nonlinear
systems” and organizer of the undergraduates educational program with the issuance of double diplomas of
E.A. Buketov Karaganda University and Tomsk University of Control Systems and Radioelectronics.

We wish health, prosperity and creative success! We hope that in the future, joint work in the editorial
board will contribute to strengthening international cooperation and improving the quality of our journal.

This issue has been present original scientific articles devoted to solving urgent problems of modern
technical physics. For example, the study of changes in the structural properties of nanoporous
semiconductors or ferrites under various conditions of heat treatment, the effect of the phase composition on
the properties of various films and coatings, etc. There are interesting results of modeling complex physical
and technical processes of convective heat transfer in a turbulent medium, heat and mass transfer at high
humidity, etc. The structure of cohomological models of electrodynamics and general theory of relativity, as
well as the problems of alternative energy and methods for solving modern engineering problems are
considered.

In addition, we inform You that on October 6, 2020 «Eurasian phys. tech. j.» is received a Certificate of
re-registration No.KZ50VPY 00027647 issued by Information Committee of the Ministry of Information and
Public Development of the Republic of Kazakhstan. According this since 2021 «Eurasian phys. tech. j.» will
be published quarterly.

We hope to see you more often among the authors in the next issues.

Respectfully,
Chief Editor, Saule E. Sakipova
Kazakhstan, December, 2020
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FORMATION OF MAGNETIC PROPERTIES OF FERRITES DURING
RADIATION-THERMAL SINTERING

Stary O'., Malyshev A.V.?, Lysenko E.N.2, Petrova A.?

'Czech Technical University in Prague, Prague, Czech Republic
*Tomsk Polytechnic University, 30 Lenin Avenue, 634050 Tomsk, Russia, ‘malyshev@tpu.ru

The results of a comparative analysis of the laws governing the formation of ferrite hysteresis loop
parameters sintered in thermal and radiation-thermal conditions were shown. The influence of radiation
exposure on the interconversion of microstructure defects and their content in ferrites, depending on the
duration and temperature of treatment, was established. Also, it was shown that recrystallization grain growth
under irradiation conditions is ahead of grain growth during thermal heating. The observed radiation effects
were associated with the effect of radiation on the microstructure. The magnetic parameters are uniquely
determined by the compaction of the sample.

Keywords: effects of radiation, ferrites, magnetic properties, microstructure, sintering, hysteresis loop, coercive
force, pore volume.

Introduction

The most universal requirement for the microstructure of ferrites is the condition for the maximum
density of the material and the equigranular structure [1, 2]. For comply with these requirements, at
economically reasonable firing times, several methods have been developed to increase the activity of
sintering processes. This is the two-stage introduction of the components, the addition of ferrite with a ferrite
powder of the same composition, the presence of a liquid phase, forced sintering, the application of
ultrasound to the sintering process [1, 3, 4-12].

In recent years, the effects of ionizing radiation fluxes in the preparation and modification of materials
were developed. In this case, the fundamental phenomenon of multiple increases in the synthesis of
multicomponent powder materials [13—15] and sintering [16-20] under radiation-thermal conditions was
discovered. The sintering processes of lithium titanium ferrites were most fully studied under such specific
conditions of the combined action of high temperatures and intense electron flows [21, 22]. The patterns of
compaction of ferrite compacts were established and a multiple increase in the compaction rate of lithium-
titanium ferrite compacts under such sintering conditions was shown [23, 24]. Moreover, almost all studies
concerned the study of the structural, phase, and mechanical properties of the materials thus obtained, i.e.
concerned such areas of science as sintering physics and powder metallurgy.

However, the main functional characteristics of ferrimagnets are their magnetic properties, and the
ultimate goal of any ferrite production technology is to achieve a given level of operational properties.
Therefore, control over the formation of the basic electromagnetic parameters is a prerequisite in the
development of new technological processes. On the other side, the processes of magnetization reversal and
electric transport in ferrites are closely related to the features of their microstructure. Therefore, the
regularities of change in electromagnetic characteristics can be used as a source of important information
about the nature of the processes occurring during sintering and, therefore, can help in a more in-depth
interpretation of the mechanisms of radiation-thermal sintering.

1. Object of study and experimental technique

In the present work powders of lithium-titanium ferrite synthesized from a mechanical mixture of
oxides and carbonates containing (wt.%) were used: Li,CO; - 11.2; TiO; - 18.65; ZnO - 7.6; MnCO; - 2.74;
the rest is Fe,Os. For prepare a press powder, a 10% solution of polyvinyl alcohol in an amount of 12 wt. %
of charge. Press samples in the form of tablets and ring cores with a thickness of 2 mm are made by cold
unilateral pressing. The optimum pressing pressure is selected experimentally. It was found that at pressing
pressures below 40 MPa, the press samples are characterized by a low density, and at pressing pressures of
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more than 250 MPa, the samples have cracks and delaminations (the phenomenon of repressing). Thus, the
most optimal pressing pressure, which provides an acceptable density of both raw and sintered samples, is in
the range (110-200) MPa.

The following pressing mode was used in the work: P = 130 MPa, the exposure time of the material
under pressure 1 min; and two modes of sintering of press samples: radiation-thermal (RT) and thermal (T).
RT-sintering was carried out by irradiating the samples with a pulsed electron beam with an energy of the
(1.5-2.0) MeV using the ILU-6 accelerator. The beam current in the pulse was (0.5-0.9) A, the irradiation
pulse duration was 500 us, the pulse repetition rate was (5—50) Hz, and the work piece heating rate was
1000 °C/min. The samples were irradiated in a box of lightweight fireclay with a bottom thickness of 15 mm.
On the irradiation side, the box was covered with a radiation-transparent tread of mass thickness 0.1 g cm .
The temperature was measured by a control sample placed close to the sintered blanks.

Sintering in thermal furnaces (T-sintering) was carried out in a preheated chamber electric furnace,
which ensured a heating rate comparable with the rate of radiation heating. The cell design and temperature
control technique are similar to those used in RT-sintering. Both sintering modes were carried out in air. The
magnetic characteristics of ferrites were measured by a standard method with an F 5063 ferrometer. The
magnitude of the magnetizing field was 5 Oersted (Oe) at a field frequency of 50 Hz. The degree of porosity
and grain size were studied on polished, polished and etched sections of sintered samples using an MBI-
15Us optical microscope. The kinetic dependencies of the hysteresis loop parameters B,,, B./B,, and H, of
ferrite samples calcined in the temperature range (1173-1373) K were studied.

2. Results and discussion

Figure 1 shows the kinetic dependencies of the saturation magnetic induction B,, for samples with a
sintering temperature of 1173, 1273, 1373 K. It can be seen that the B,, increases with increasing duration
and sintering temperature. Under conditions of radiation-thermal sintering, the absolute values of B,, exceed
the data obtained by thermal sintering. The maximum difference falls on the lower boundary of the sintering
temperature range: with increasing temperature, the effect of activating the change in B,, decreases.

The saturation magnetic induction is determined by the crystal chemistry of the material and the relative
magnitude of nonmagnetic phases, including pores [25]. The influence of non-magnetic phases is associated
with the appearance of demagnetizing fields in their vicinity, and also, these phases do not contribute to the
magnetization of ferrite. The initial state of the sample can be considered as a set of magnetic particles
separated by air layers, i.e., as a magnetodielectric. This state is characterized by a large internal
demagnetizing factor N. It is also significant that the saturation magnetization of a magnetodielectric is
proportional not only to the saturation magnetization of particles but also to the volumetric filling coefficient

P/ _}FS = Pf s [6]. Therefore, the resulting saturation induction of the billet is characterized by small B,,.
According to Figure 1, it can be seen that the rearrangement of particles (reduction of the air gap) occurs
both at the stage of heating and in the isothermal sintering mode. Exposure to radiation also intensifies
particle rapprochement. It is characteristic that at the nonisothermal stage of sintering, the radiation effect
increases with temperature, and at the isothermal stage, it decreases. This can be seen from the transition
from the asymmetric curves / and ' (at T = 1173 K) to the almost symbate curves 3 and 3' (at T = 1373 K).
The initial values of B, (at T = 0), on the contrary, differ more from one another with increasing temperature.
Obviously, the polar differences in the temperature dependence of the radiation effect during heating and at
the isothermal sintering stage indicate a difference in the mechanisms of particle compaction at these stages.

Figure 2 shows the kinetic curves of the variation of the coefficient of squareness y = B,/B,, in the
temperature range (1173—1373) K. The existence of the time dependence of y indicates that during sintering,
partial elimination of defects that are the sources of magnetization reversal nuclei with a critical magnetic
field strength Hni < 0. Indeed, if there are nuclei for which the critical strength of the magnetic field is
caused not only by rotations of elementary magnetic moments in the direction of the axis of easy
magnetization but also an induction created by reverse magnetic domains. Therefore, elimination of defects —
sources of reverse magnetization domains during heat treatment — will increase Br and, accordingly, increase
v.H,; <0, then the difference between the saturation induction B,, and the residual induction B.,.

Of all the variety of sources of reverse magnetization domains fired under the conditions of our
experiment, the most probable are inclusions of side phases — intermediate synthesis products or unreacted
oxides. This is supported by a sign of the diffusion nature of firing, which consists in reducing the effect of
radiation stimulation of the process with an increase in sintering temperature (see Fig. 2).
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sintering.

The radiation effect of high-temperature self-diffusion in metals behaves in a similar way, which we
established under irradiation conditions identical to our experiment. Figure 3 shows the dependencies of the
change in the coercive force H, on the duration of sintering in radiation-thermal and thermal regimes. At 7' =
1173 K, the H. monotonically increases in the entire studied sintering time interval. At 7' = 1273 K, an
increase in H, at the initial stage of sintering becomes a decreasing dependence. The maximum time
dependence of H, in the conditions of our experiment falls on the sintering duration (12-17 min). At 7 =
1373 K, only a decreasing dependence of H. on sintering time is observed. According to existing ideas, the
coercive force H. is determined by averaging the braking forces arising from material defects. The greatest
resistance to displacements of domain walls is exerted by grain boundaries (Globus theory [26-28]), as well
as intragranular linear, planar, and volume inclusions (Kersten theory [29, 30], Neel [31, 32]).

At T =1173 K, an increase in H. is obviously due to a decrease in the internal demagnetizing factor N
due to compaction of the billet (with a corresponding increase in the effective magnetic field). As in the case
of B, the effect of radiation effects of compaction is clearly manifested at this temperature. At 1273 K, an
increase in /., at the initial stage of sintering is also due to compaction of the billet. However, upon reaching
a sufficient degree of compaction, changes in the intensity of the internal magnetic field no longer play a
noticeable role. From this moment in time, the changes in B,, are also relatively small (Fig. 1). A subsequent
decrease in H, can be associated with a recrystallization increase in grain size and a decrease in the volume
fraction of inclusions. At this stage, radiation effects are also clearly manifested. At T = 1373 K, the
necessary degree of compaction is achieved in the process of heating the billet for sintering. Therefore, in the
isothermal mode, only a decrease in H. is observed due to the above reasons.

It is characteristic that the radiation effects, depending on H, on the sintering duration at 1373 K, are not
explicitly expressed. At the same time, recrystallization grain growth under irradiation conditions is ahead of
grain growth during thermal heating. On this basis, the healing process of intragranular defect can be
considered a more probable reason for the decrease in H,. This process, obviously, has a diffusion character.
But, as discussed above, with increasing temperature, the intensity of diffusion processes weakly depends on
the effect of radiation. This fact is consistent with the assumptions made.

In discussing the above results, we ignored the possible direct effect of radiation on the formation of the
magnetic structure (for example, due to the effect on the cation distribution). The observed radiation effects
were associated with the effect of radiation on the microstructure. The validity of this approach is proved by
the data presented in Fig. 4, Fig. 5 and Fig. 6, where the dependencies of the magnetic parameters on the
pore volume are plotted. The parameters were taken from the data in Fig. 1, Fig. 2 and Fig. 3. The results are
depicted in Fig. 4, Fig. 5 and Fig. 6 show that the all parameters are uniquely determined by the compaction
of the ferrite samples. It also follows from the presented results that the role of stimulating factors
(temperature and radiation) in accelerating of sintering process is reduced.
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Conclusion

This investigation presents the results of a study of kinetic laws of formation of the parameters of the
hysteresis loop for ferrites sintered under thermal and radiation-thermal conditions. The scientific novelty of
the study is to determine the effect of radiation exposure on the mutual conversion of microstructure defects
and their content in ferrites, depending on the duration and temperature of treatment. The authors showed for
the first time that recrystallization grain growth under irradiation conditions is ahead of grain growth during
thermal heating. The observed radiation effects were associated with the effect of radiation on the ferrite
microstructure. In addition, it is reliably established that all magnetic parameters are uniquely determined by
the compaction of ferrite samples.
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The aim of present work is to synthesis and study the structural properties of Al doped Ni-Cd ferrites, series
by ceramic method. The samples are sintered at a temperature of 1100 C with sintering time of t=9, 11, 13, 15
hrs. The samples were characterized by X-ray diffraction, scanning electron microscope, energy dispersive X-
ray analysis and Fourier transform-Infrared. The single phase simple cubic spinel structure is confirmed by X-
ray diffraction patterns. The lattice parameter is found to be in the range of 8.478 A - 8.481 A. The uniform size
distribution is observed in the scanning electron microscope micrographs. The elemental analysis is done by
energy dispersive X-ray analysis confirming the presence of all the metal ions present in the ferrite formula.
Fourier transform-Infrared spectra showed two bands v; (581-582 ¢cm™) and v, (less than 400 cm™) which are
attributed to metal oxygen bond vibrations at tetrahedral and octahedral sites respectively.

Keywords: X-ray diffraction, scanning electron microscope, energy dispersive X-ray analysis, Fourier
transform-Infrared

Introduction

Ferrites are an attractive class of research materials because of their comprehensive physical properties
and application in advanced technology. Modification of their structure has been shown to play an important
role in the optimization of their structural, optical and electrical properties [1-2]. Cubic spinel ferrites are
chemical compounds with the formula of AB,O,, where A and B represent various metal cat-ions, usually
including iron. In the normal spinel structure, the 8 divalent metal ions go into the A sites, and the 16
trivalent iron ions have preference for B sites [1]. Among the magnetic materials that have found broad
practical application in technology, ferrites deserve attention [2].

Cobalt ferrite (CoFe,0Q,) has attracted much attention owing to its excellent properties, such as its
relatively high saturation magnetization (M), high coercivity (H.), magnetic anisotropy, good chemical
stability and good catalytic activity. Its physical properties are strongly dependent on the cation distribution
among the tetrahedral (A) and the octahedral (B) sites in the crystal lattice. Depending upon the distribution
of the various cat-ion substituents over tetrahedral and octahedral sites, its magnetic and electrical properties
can be modified according to the research interest [3].

Spinel ferrite is known to be good candidate for magnetic recording and microwave applications [4].
Nano-sized grains of ferrite are being applied in permanent magnets [5], magnetic drug delivery [6], and
high-density information storage [7]. Soft magnetic material have a widespread applications in recording
heads, antenna rods, loading coils, microwave devices, core material for power transformers due to their high
resistivity and low eddy current losses [8]. Ferrite materials can be prepared by numbers of methods such
different routes like co-precipitation [9],solid state reaction [10-11], citrate precursor [12], sol—gel and auto-
combustion [13], ball milling [14] hydrothermal [15].

This paper presents the influence of sintering time with the general chemical formula
Nig5CdgsAlg1Fe; 904 series which are prepared by ceramic method. Using X-ray diffraction (XRD), scanning
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electron microscope (SEM), energy dispersive X-ray analysis (EDAX) and Fourier transform-Infrared (FT-
IR) analysis, detailed structural and mechanical properties of crystalline Ni-Cd-Al spinel ferrites reported in
this paper.

1. Experiments

In photo acoustic effect, interaction of electromagnetic radiation with matter generates sound. This
effect consists of the absorption of incident radiation by target molecule. Photo acoustic effect is popular due
to a minimal sample preparation during execution, the ability to examine scattering and opaque sample [12]
along with the capability to access depth profile [13]. The ferrites with general chemical formula
NigsCdg sAly 1 Fe; 9O4 were synthesized by ceramic method using AR grade Nickel oxide, Cadmium oxide,
and Ferric oxide in molar preparation and mixed mechanically in agate motor in acetone medium as shown
in Fig.1. Then the ferrites were pre sintered with temperature constant 1100°c for different time 9 hours, 11
hours, 13 hours, and 15 hours.

to

* N1O, *Pellets are prepared

* CdO, e End producti using 20% PVA as
« AL, O; 'nt Plg E[IC 15 binder at 5 ton pressure
: Y ?11110((3]1?3 f?cl)l' . *Pellets are sintered at

mm‘!:ar acetone Pellets are used for

e XRD, SEM-EDAX, FTIR
characterizations

Fig.1. Flow chart of synthesis of ferrite samples using ceramic method.

The pre sintered powders were subjected to hard milling process in acetone medium. One or two drops
of PVA solution of 20% concentration was added as binder. All the samples were pressed into two pellets of
lem in diameter and 0.2 cm in height by applying a pressure of about 5Stons/square inch for 5 minutes. The
pellets were subjected to final sintering at 1100°c for 15 hours.

The Structural characterization of the ferrite pellets is carried out the X-ray diffraction patterns of the
samples have been obtained on Bruker AXS D8 Advance Diffractometer (XRD), (with Cu-K, radiation,
wavelength, /= 1.5406 A), the SEM-EDAX spectrographs of the samples have been obtained on JEOL
Model JSM - 6390LV and the FTIR of the samples have been obtained on Thermo Nicolet, Avatar 370.

2. Results and Discussion
2.1. X-ray diffraction (XRD) analysis

XRD patterns of the NigsCdysAlg1Fe; 904 (=9, 11, 13, 15 hrs) ferrite series is shown in Fig.2. The
peaks matched well with those from the Joint Committee on Powder Diffraction Standards (JCPDS) card
n0.00-022-1086. The reflections observed from the planes (220), (311), (400), (422), (511), (440) and (533)
for the samples confirm the formation of a cubic spinel structure.

The lattice parameter of all the samples was calculated and the values are given in Table 1. The lattice
parameter was found to remain constant. The hopping length; the bond length, ionic radii and the value of X-
ray density (Ax) and stacking fault coefficient were calculated elsewhere [10, 11] and the values are
tabulated in Table 1. The actual density is calculated using standard method. The values are tabulated in
Table 1.
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Fig.2. XRD graph of Nij sCd, sAly ;Fe; ¢O4ferrite synthesized by ceramic method.

Table 1 - Calculated values of lattice parameter, volume of unit cell, hopping length, bond length, ionic radii,
stacking fault coefficient, x-ray density, actual density and porosity.

Sintering time (t) 9 hr 11 hr 13 hr 15 hr
Lattice parameter a (A) 8.48 8.47 8.48 8.48
Volume of unit cell V (107 m™) 609 608 609 610
Hopping length L, (A) 3.67 3.67 3.67 3.67
Hopping length Lg (A) 3.00 3.00 3.00 3.00
Bond Length A-O (A) 1.94 1.94 1.94 1.94
Bond length B-O (A) 2.06 2.06 2.06 2.06
Ionic Radii 15 (A) 0.59 0.59 0.59 0.59
Tonic Radii rg (A) 0.71 0.71 0.71 0.71
Stacking fault coefficient o (107) 0.43 0.45 0.36 0.53
x-ray density Ax (gr/cm’) 5.63 5.64 5.63 5.63
Actual density d, (gr/cm?) 4.38 3.51 3.82 3.76
Porosity (%) 22.24 37.67 32.17 33.25

The crystallite size of ferrite samples was calculated by using Debye-Scherrer [10, 11] equation
D=0.9- /1/ B, cos@, where D is the crystallite size, Bp is pure diffraction broadening given by the full
width half maximum (FWHM) of the peaks, A is the wavelength of the radiation used, 6 is the angle of
diffraction. The Dislocation density calculated using two different formulas p, =1/D*, p, =15€/aD and

micro-strain calculated using € = £ cos 9/ 4 are also tabulated in Table 2.

Table 2 - Calculated values of crystallite size, micro strain and dislocation density using WH plots, SSP and
standard formula.

Crystallite size (in A) Micro strain (107) Dislocation Se“my
(p) (107)
Sinterin From Micro Micro strain From
. ne From From strain e=2*sqrt formula p=1/D? _

time t in WH B . B p=15¢/aD

hr graph SSp formula e=slope/4 (intercept) e=Pcosb/4
(WH) (SSP)

9 835 651 522 0.61 4.43 0.67 3.84 2.28
11 766 700 439 0.84 7.40 0.81 5.55 3.26
13 462 415 457 0.11 1.81 0.80 5.61 3.09
15 510 501 503 0.05 1.76 0.70 4.22 2.47
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2.2. Williamson Hall (WH) plot and Size-Strain (SS) Plot Method

The distinct 8 dependencies of size and strain broadening of the diffraction lines laid the basis
for Williamson and Hall method (WH). An additional component [, =4&tan € to the Scherrer

equation results in WH equation f3,,, cosé = KTA +4¢esind, [11, 16].

The WH plOtS for the Ni0.5Cd0.5Alo.1Fel.904 (t= 9, 11, 13, 15 hI'S) are shown Flg 3 (a-d).
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Fig.3. WH plots of Ni, 5Cd sAly Fe; 9O, ferrite series synthesized by ceramic method.

Using the slope and intercept values of the graph of Bcos® with respect to sin0; the value of crystallite
size and microstrain are calculated and are tabulated in the Table 2.

The SS plot is a tool to understand the isotropic nature and micro-strain contribution. The SS plots of
NipsCdgsAlg1Fe; 904 (t= 9, 11, 13, 15 hrs) ferrite series is shown in Fig. 4 (a-d). In this approximation,
crystallite size and  strain are having a  relation given by  the equation

2
(d, B cosé’)z:%(dfkl » COSQH(;] where K is a constant [11, 17-18]. The calculated value of

crystallite size and microstrain are tabulated in the Table 2. The microstrain is observed to be decreasing
with increase in sintering time. The crystallite size is observed to be steady. All the samples showed the
dislocation density in the range of 10'*.

2.3. Scanning electron microscope studies

The SEM micrographs of NiysCdgsAly Fe; 904 (t=9, 11, 13, 15 hrs) series are shown in the Fig. 5(a-d).
The images show uniform distribution of the grains with uniform grain size of the order of 1 um. The grains
are having octahedral and tetrahedral structures showing very sharp boundary growth. The grain size
increased with increase in the sintering time.
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Fig.4. SS plots of Nig sCdy sAlq jFe; 9O4ferrite series synthesized by ceramic method.

The elemental analysis is done by EDAX analysis and the diffraction spectra of

NipsCdosAlp 1 Fe; 904 (t=9, 11, 13, 15 hrs) series are shown in Fig. 6, a-d.
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Fig. 5. SEM micrographs of Ni, 5Cdy sAly ;Fe; 9O, ferrite series synthesized by ceramic method.
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2.4. Energy dispersive X-ray analysis studies

Fig. 6. EDAX of Niy 5Cd, sAly ;Fe; 9O, ferrite series synthesized by ceramic method.

The spectra confirming the presence of all the metal ions present in the ferrite formula and the
atomic proportion tabulated in Table 3.

Table 3 - Initial values of atomic proportions of metal ions taken by stoichio-metric proportion and observed
values using EDAX analysis of in the samples of Niy sCdy sAly Fe; 9O, ferrite series with sintering time t=9, 11, 13, 15
hrs.

. Observed atomic proportion using Stoichiometric composition taken
0,
Weight (%) EDAX for synthesis
_ t=11 t=13 t=15 _ B t=13 t=15 _ t=11 t=13 t=15
t=9 hr hr hr hr t=9hr | t=11hr hr hr t=9 hr hr hr hr
O | 2521 | 2533 | 25.53 | 25.71 4.056 3.850 3.836 | 3.890 4 4 4 4

Al | 0.52 1.04 1.27 0.46 0.049 0.093 0.113 | 0.041 0.1 0.1 0.1 0.1

Fe | 4544 | 52.54 | 53.53 | 53.87 2.094 2.288 2.304 | 2.335 1.9 1.9 1.9 1.9

Ni | 13.52 | 17.17 | 16.74 | 15.39 0.593 0.711 0.685 | 0.635 0.5 0.5 0.5 0.5

Cd | 9.07 2.64 2.93 4.57 0.208 0.057 0.062 | 0.099 0.5 0.5 0.5 0.5

Tot | 93.76 | 98.72 100 100 7.000 7 7 7 7 7 7 7

2.5. Fourier transform infrared (FT-IR) studies

The FT-IR spectra of NipsCdy sAlyFe; 904 ferrite series with sintering time t=9, 11, 13, 15 hrs
Fig. 7. The transmittance spectra showed two peaks for all the samples of the series. The first peak
v; (568-580 cm™) corresponds to the tetrahedral metal oxygen bond and second peak v, (near 400
cm’™") corresponds to octahedral metal oxygen bond in the ferrite structure [19].
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Fig.7. FTIR spectra of Niy sCdg sAlg 1 Fe, 9O, ferrite series synthesized by ceramic method.

Conclusion

The NiysCdgsAly Fe; 004 ferrite series with sintering time t=9, 11, 13, 15 hrs are successfully
synthesized by ceramic method. The XRD studies confirm the single phase cubic spinel structure of the
samples. The lattice parameter (8.47 A - 8.48 A) remains almost constant with increase in sintering
temperature. Stacking fault coefficient observed to be very low, affirming the XRD peak position are at the
expected value. The crystallite size is calculated using three different methods showed almost constancy
(~50 nm) with increase in the sintering time. The SEM images show uniform size of the grains of size of the
range of 1um. The octahedral and tetrahedral structures are observed in morphology study. The grain size
increased with increase in the sintering time. The EDAX studies confirm the presence of all the metal ions
used in synthesis. The FTIR studies show two peaks v;(581-582 cm™) and v,(less than 400 cm™) confirming
the presence of octahedral and tetrahedral positions inside the structure.
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The work is devoted to the study of the efficiency of shielding the radiation exposure of heavy ions depending
on the phase composition of Cu-Bi coatings. As a method of producing protective coatings, an electrochemical
deposition method was used. The change in phase composition was carried out by varying the applied potentials
difference during deposition. The study found that the change in phase composition leads to an increase in
coating density, as a result of the dominance of the CuBi,O, phase and an increase in the structural ordering
degree. During shielding efficiency tests, it was found that the greatest decrease in the degree of crystallinity is
observed for copper coatings, for which the amorphization of the structure at the maximum irradiation fluence
didn’t exceed 12 %, while for coatings based on CuBi,O, the value of amorphization was no more than 1.2 % of
initial value. Amorphization and fragmentation of grains at high radiation doses leads to a decrease in the
shielding efficiency, as well as an increase in the value of the deviation AU.

Keywords: protective coatings, shielding, ionizing radiation, heavy ions, radiation resistance.

Introduction

The rapid development of technologies in the field of nuclear energy and reactor building is inextricably
linked to the problem of radiation safety and protection against the negative impact of ionizing radiation [1-
3]. In the transition to the widespread use of microelectronic devices, as well as the reduction in the size of
semiconductor chips, their resistance to the destabilizing effects of ionizing radiation plays a large role.
Reduction of mass-dimensional dimensions of microelectronic devices led to a sharp decrease in the level of
natural protection against ionizing radiation [4, 5]. At the same time, a negative impact that leads to
destabilization of performance and failure can lead to both long-term irradiation and a single cascade of
secondary dislodged particles caused by the collision of a heavy ion [6-10]. Radiation-resistant materials
based on nitrides [11-13], carbides [14, 15] or nanostructured films and coatings are used as the most
common methods of protection against ionizing radiation.

The most promising solution to the problem of maintaining the stability of microelectronic devices
operating in conditions of high radiation background is the use of composite protective coatings of complex
composition [16-20]. The choice of protective coatings is based on the principles of preservation of physical,
chemical and mechanical properties as a result of prolonged exposure to external factors and loads [21-24].
Moreover, it should be noted that in most cases it is impossible to create a protective coating capable of
protecting against all types of exposure, but at the same time it is possible to significantly reduce one or
another type of radiation that can cause the greatest negative impact on performance [25-27].

The purpose of this work is to study the possibility of using Cu-Bi films for protection against heavy
ions, as well as the effect of the phase composition on the efficiency of shielding and weakening the negative
impact on microelectronic circuits. Copper-bismuth (Cu-Bi) - based coatings were selected as research
objects to determine the effect of the crystal structure, including the phase composition of the synthesized
coatings, as well as surface morphology (grain size) on the shielding efficiency [28,29]. The choice of this
type of coating is due to the possibility of obtaining coatings with different phase compositions, including
both two-phase and single-phase coatings. The change in phase composition, and hence crystal structure, can
have a significant impact on shielding efficiency by varying coating density as well as absorption capacity
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and affecting energy losses. The change in grain size has a great effect on dislocation density, which can also
lead to strengthening of coatings and reduction of radiation damage.

1. Experimental part

As a method of obtaining protective coatings, the method of electrochemical deposition from electrolyte
solutions was chosen: CuSO,;-5H,0 (238 g/l), Biy(SO4); (10 g/l), H,SO4 (21 g/1) [28,29]. The applied
potentials difference for deposition was varied from 1.5 V to 2.0 V. The change in the applied potentials
difference is due to the possibility of varying the phase composition of the synthesized coatings.

Evaluation of structural changes and phase composition of the synthesized samples was carried out
using the method of X-ray phase analysis performed on a D8 Advance ECO X-ray diffractometer.

Xe”*" ions with an energy of 230 MeV and fluences of 10" — 10" jons/cm® were selected for shielding
efficiency tests. The irradiation was performed on a DC-60 heavy ion accelerator [12]. The choice of
fluences is due to the possibility of modeling the effects of overlapping defect areas that occur during
irradiation. With the selected energy of incident ions, the path length in the selected materials for testing
exceeds 12-20 um, depending on the type of ions, comparable to the thickness of the films.

The efficiency of shielding radiation damage caused by ionizing radiation will be assessed according to
the method of determining the preservation of the performance of microcircuits by measuring deviations in
volt-ampere characteristics before and after irradiation. The threshold value AU, which is characteristic of
critical malfunctions of the microcircuits, will be selected as 0.1 V. Deviation of the volt-ampere
characteristic above the threshold value leads to deterioration of the microcircuit and its further failure.

2. Results and discussion

Table 1 shows the initial data of the test coatings that were used to test the absorption efficiency. The
thickness of the protective coatings was 10 um. As can be seen from the data presented in Table 1, by
changing the synthesis conditions, in particular the applied potential difference, it is possible to control the
phase composition of the synthesized coatings to obtain both single-phase coatings consisting of copper or
CuBi,0, and a mixed composition. At the same time, the change in phase composition leads to an increase in
the density of the coatings, as a result of the dominance of the CuBi,0, phase and an increase in the degree
of structural ordering (degree of crystallinity). However, in the case where the CuBi,0, phases in the coating
composition become larger, an increase in grain size is observed, and thereby a decrease in dislocation
density.

Table 1 - Initial sample data.

Conditions for | Phase composition, Average crystallite Density, Crystallinity Dislocation
obtaining phase ratio size, nm g/em’ degree, % density, 10" cm™
5V Cu—FCC- 100 % 73.5 9.17 81.2 0.185
Cu—-FCC-75%
1.6V CuBi,0, — HCP — 78.3 11.42 85.3 0.163
25 %
Cu—-FCC-25%
1.75V CuBi,0, — HCP — 84.5 12.44 88.3 0.141
75 %
CuBi,04 — HCP —
20V 100 % 96.3 12.48 89.7 0.108

To assess the effect of phase composition and crystal structure on shielding efficiency, Xe*" ions with
an energy of 230 MeV and fluences of 1x10"*-10" ion/cm” were selected as ionizing radiation. Evaluation of
efficiency of radiation damage shielding caused by ionizing radiation was carried out according to the
method of determining serviceability of microcircuits by measuring deviations of volt-ampere characteristics
before and after irradiation. The threshold value AU, which is characteristic of critical malfunctions of the
microcircuits, was selected as 0.1 V. Deviation of the volt-ampere characteristic above the threshold value
leads to deterioration of the microcircuit and its further failure. Figure 1 shows experimental data of AU
value change depending on irradiation dose for all tested coating samples.
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Fig.1. Data on changes in the value of AU depending on the radiation dose

As can be seen from the presented data, at a radiation dose of 1013 ion/cm?, all the tested protective
coatings show a high level of absorption of radiation damage, and the deviation AU does not exceed 0.05-
0.06 V. However, an increase in the radiation dose leads to a significant change in the behavior of AU for the
studied coatings. For coatings with a crystalline structure characteristic of copper, as well as with a large
content of the Cu-FCC phase in the structure, a decrease in absorption efficiency is observed, and an increase
in AU value that exceeds the threshold value. Further increase of irradiation dose results in deviation of AU
value being more than 0.15-0.17 V, which indicates sharp decrease of absorption capacity of coatings and
deterioration of protection degree.

For coatings dominated by the CuBi,O,4 phase, as well as single-phase coatings based on CuBi,0,, the
deviation of AU is significantly lower than for copper coatings, indicating a higher degree of resistance to
radiation damage and a high degree of absorption of radiation damage. Figure 2 shows a graph for evaluating
the efficiency of reducing radiation damage at maximum irradiation fluence, which was calculated as a result
of a comparative analysis with the deviation of the AU value for microcircuits without protective coatings.

Shielding efficiency

T T T T T T T T T T T
0 20 40 60 80 100

Content of CuBi,O, phase in coatings

Fig.2. Graph of radiation damage reduction efficiency assessment at maximum radiation fluence.

As can be seen from the data presented, coatings based on CuBi,0O, for which the value of the shielding
efficiency was 6.96 are most effective. The increase in shielding efficiency for coatings is CuBi,O4
associated with high radiation resistance to radiation damage, as well as resistance of the crystal structure to
degradation and amorphization as a result of irradiation. Figure 3 shows the data of changes in the value of
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the degree of structural ordering as a result of irradiation, as well as an estimate of the change in grain sizes

and dislocation density (see Figure 4).
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Fig.3. Dynamics of changes in the degree of crystallinity of the coatings under study depending on the radiation
dose

As can be seen from the data presented, the greatest decrease in crystallinity is observed for copper
coatings, for which amorphization of the structure at maximum irradiation fluence was more than 12 %,
while for coatings based on CuBi,O,, the value of amorphization didn’t exceed 1.2 % of the initial value. A
high degree of amorphization for copper coatings leads to disordering of the crystal structure, large
deformations of the crystal lattice, crushing of crystallites and an increase in dislocation density. According
to the presented dependences, the change in the grain size for coatings containing CuBi204 with an increase
in the radiation dose is less pronounced than for copper coatings. At the same time, an increase in the

radiation dose leads to the processes of grain fragmentation, thereby increasing the dislocation density of
defects.
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Fig.4. Graphs of changes in structural parameters: a) Change of grain size depending on radiation dose;
b) Change of dislocation density depending on radiation dose.

Thus, during the study, it was found that a change in the crystal structure, including the phase
composition of synthesized coatings, leads to an increase in the efficiency of shielding ionizing radiation, as
well as a decrease in the degree of amorphization of coatings as a result of the accumulation of radiation
damage. The amorphization and crushing of grains at high radiation doses leads to a decrease in the shielding
efficiency, as well as an increase in the deviation AU. It has been found that coatings based on CuBi,O, have
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the best radiation resistance to degradation and amorphization, as well as the efficiency of shielding from
ionizing radiation.

Conclusion

During the study, it was found that a change in the crystal structure, including the phase composition of
the synthesized coatings. This change leads to an increase in the shielding efficiency of ionizing radiation, as
well as a decrease in the degree of amorphization of coatings as a result of the accumulation of radiation
damage. Amorphization and fragmentation of grains at high radiation doses leads to a decrease in the
shielding efficiency, as well as an increase in the value of the deviation AU. It was found that the best
radiation resistance to degradation and amorphization, as well as the efficiency of shielding from ionizing
radiation, is possessed by CuBi,04-based coatings. In the future, studies to compare the shielding efficiency
of synthesized coatings with commercial analogues based on silicon carbide, titanium nitride, aluminum
nitride and tungsten oxide will be carried out.

REFERENCES

1 Sayyed M. L. et al. Physical, structural, optical and gamma radiation shielding properties of borate glasses
containing heavy metals (Bi203/MoO3). Journal of Non-Crystalline Solids, 2019, Vol.507, pp. 30 — 37.

2 Ryskulov A. E. et al. The effect of Nil2+ heavy ion irradiation on the optical and structural properties of
BeO ceramics. Ceramics International, 2020, Vol. 46(4), pp. 4065 —4070.

3 Kurudirek M. Heavy metal borate glasses: potential use for radiation shielding. Journal of Alloys and
Compounds, 2017, Vol. 727, pp. 1227 — 1236.

4  Kumar A. et al. Physical, structural, optical and gamma ray shielding behavior of (20+ x) PbO-10 BaO-10
Na20-10 MgO—(50-x) B203 glasses. Physica B: Condensed Matter, 2019, Vol. 552, pp. 110 — 118.

5 Kozlovskiy A. et al. Structure and corrosion properties of thin TiO2 films obtained by magnetron sputtering.
Vacuum, 2019, Vol. 164, pp. 224 —232.

6  Zdorovets M. V. and Kozlovskiy A. L. Argon ion irradiation effect on Zn nanotubes. Journal of Materials
Science: Materials in Electronics, 2018, Vol. 29(5), pp. 3621 — 3630.

7  Raghuvanshi S. et al. Dual control on structure and magnetic properties of Mg ferrite: role of swift heavy ion
irradiation. Journal of Magnetism and Magnetic Materials, 2019, Vol. 471, pp. 521 — 528.

8  Kozlovskiy A. et al. Investigation of the influence of irradiation with Fe+ 7 ions on structural properties of
AIN ceramics. Materials Research Express, 2018, Vol. 5(6), pp. 065502.

9  Mirzayev Matlab N. et al. Thermophysical behavior of boron nitride and boron trioxide ceramics compounds
with high energy electron fluence and swift heavy ion irradiated. Journal of Alloys and Compounds, 2020, Vol. 834,
pp-155119.

10 Rammah Y. S, et al. FTIR, electronic polarizability and shielding parameters of B203 glasses doped with
SnO2. Applied Physics A, 2018, Vol. 124(9), p. 650.

11  Kozlovskiy A. et al. Optical and structural properties of AIN ceramics irradiated with heavy ions. Optical
Materials, 2019, Vol. 91, pp. 130 — 137.

12 Kozlovskiy A. et al. Dynamics of changes in structural properties of AIN ceramics after Xe+ 22 ion
irradiation. Vacuum, 2018, Vol. 155, pp. 412 —422.

13 Kozlovskiy A. L. et al. Radiation resistance of thin TiN films as a result of irradiation with low-energy
Kr14+ ions. Ceramics International, 2020, Vol. 46(6), pp. 7970 — 7976.

14 Tunhuma S. M. et al. Defects in swift heavy ion irradiated n-4H-SiC. Nuclear Instruments and Methods in
Physics Research Section B: Beam Interactions with Materials and Atoms, 2019, Vol. 460, pp. 119 — 124.

15 Zdorovets M.V, Kurlov A.S. and Kozlovskiy A. L. Radiation defects upon irradiation with Kr14+ ions of
TaCo0. 81 ceramics. Surface and Coatings Technology, 2020, Vol. 386, pp. 125499.

16 Tinishbaeva K. et al. Implantation of low-energy Ni 12+ ions to change structural and strength characteristics
of ceramics based on SiC. Journal of Materials Science: Materials in Electronics, 2020. Vol. 31(3), pp. 2246 — 2256.

17 Zdorovets M. V., Kozlovskiy A. L. The effect of lithium doping on the ferroelectric properties of LST
ceramics. Ceramics International, 2020, Vol. 46(10), pp. 14548 — 14557.

18 Tekin H. O. et al. The investigation of gamma-ray and neutron shielding parameters of Na,0O-CaO-P205-
SiO, bioactive glasses using MCNPX code. Results in Physics, 2019, Vol. 12, pp. 1797 — 1804.

19 Rammah Y. S. et al. Optical properties and gamma-shielding features of bismuth borate glasses. Applied
Physics A, 2018, Vol. 124(12), pp. 832.

20 Chung Cheng-Kai et al. Thermodynamic and structural evolution of mechanically milled and swift heavy ion
irradiated Er2Ti207 pyrochlore. Acta Materialia, 2019, Vol. 181, pp. 309-317.

21 Shlimas D. 1., Zdorovets M. V. and Kozlovskiy A. L. Synthesis and resistance to helium swelling of Li 2 TiO
3 ceramics. Journal of Materials Science: Materials in Electronics, 2020, Vol. 31(15), pp. 12903-12912.



24 1SSN 1811-1165 (Print), 2413-2179 (Online) Eurasian Physical Technical Joumal, 2020, V0l.17,No.2 (34)

22 Tekin H. O. et al. Characterization of SiO,—PbO-CdO-Ga,0; glasses for comprehensive nuclear shielding
performance: Alpha, proton, gamma, neutron radiation. Ceramics International, 2019, Vol. 45(15), pp. 19206 — 19222.

23  Gladkikh T. et al. Changes in optical and structural properties of AIN after irradiation with C2+ ions of 40
keV. Vacuum, 2019, Vol. 161, pp. 103 — 110.

24 Kumar Ashok. Gamma ray shielding properties of PbO-Li20-B203 glasses. Radiation Physics and
Chemistry, 2017, Vol. 136, pp. 50 — 53.

25 Kozlovskiy A. et al. Influence of He-ion irradiation of ceramic AIN. Vacuum, 2019, Vol. 163, pp. 45 —51.

26 Rammah Y. S. et al. Synthesis, physical, structural and shielding properties of newly developed B 2 O 3—
ZnO-PbO-Fe, O; glasses using Geant4 code and WinXCOM program. Applied Physics A, 2019, Vol. 125(8), p. 523.

27 Gaikwad D. K. et al. Gamma ray shielding properties of TeO,-ZnF,-As203-Sm20; glasses. Journal of
Alloys and Compound, 2018, Vol. 765, pp. 451 — 458.

28 Kozlovskiy A. L., Zdorovets M. V. Synthesis, structural, strength and corrosion properties of thin films of the
type CuX (X= Bi, Mg, Ni). Journal of Materials Science: Materials in Electronics, 2019, Vol. 30(12), pp. 11819 —
11832.

29 Kadyrzhanov K. K. et al. Research of the shielding effect and radiation resistance of composite CuBi, Oy4
films as well as their practical applications. Journal of Materials Science: Materials in Electronics, 2020, Vol. 31(14),
pp- 11729-11740.

Article accepted for publication 24.10.2020



Materials science. 25

DOI 10.31489/2020N02/25-30
UDC: 621.785
NITROGENING HYDRAULIC CYLINDER RODS

Yurov V.M.", Guchenko S.A.", Salkeeva A.K.2, Kusenova A.S.?

"E.A. Buketov Karaganda University, Karaganda, Kazakhstan, exciton@list.ru
ZKaraganda Technical University, Karaganda, Kazakhstan, salkeeva58@mail.ru

The paper considers the method of ion-plasma nitriding of polished rods of hydraulic cylinders. With ion
nitriding, the surface hardening of parts is most pronounced. This is due to the fact that the surface layer of
the part does not exceed 20 nm, that is, it is a nanostructure. In this nanostructure, nitrogen diffusion
processes are significantly different from bulk ones. The size effects in the nanostructure lead to the fact that
the “classical” Fick equations do not work in the layer, and the diffusion of nitrogen in this layer depends
logarithmically on the properties of the steel. It was theoretically found that diffusion in a nanoplate
depends both on the material of the plate through the diffusion coefficient of the bulk sample Dy and on the
size factor a. In the classical case, there is no such dependence.

Keywords: nitriding, detail, surface layer, nanostructure, diffusion, nitrogen, size factor, steel.

Introduction

The surface is the most important component of metal parts and it is necessary to control its condition at
all stages of the part's life cycle - during its production, operation and repair [1]. The surface layer of metal
parts can be considered as a part of a solid, which includes its constituent molecules, atoms, protons,
neutrons, electrons, vacancies, dislocations and other components, each of which has energy [2].

The surface of metal parts plays a special role in increasing their strength by the method of
thermochemical action. The basis for such a functional impact is [3]:

- cementation (filling the surface layer with carbon);

- nitriding (filling the surface layer with nitrogen);

- nitrocarburizing or cyanidation (filling the surface layer with carbon and nitrogen simultaneously);

- diffusion metallization (filling the surface layer with various metals).

We will consider the strengthening of 35SHGSA steels using ion nitriding [4]. It follows from the
analysis of the literature that during ion nitriding, the surface hardening of parts and tools is most clearly
manifested, which are constantly used in all industrialized countries instead of the usual methods of
chemical-thermal treatment, which is often environmentally harmful.

1. Experimental technique

Ion-plasma nitriding was carried out on an NNV 6.6-11 setup equipped with a plasma source with a hot
cathode "PINK" [5], developed by ISE SB RAS (Fig.1). Plasma generator "PINK" can be installed on any of
the three flanges of the NNV 6.6-I11 chamber. On the flange 6 there are two current leads 3 for heating the
cathode 2. The hollow electrode 1 is also installed on the flange 6. The direct-heated cathode is made of
tungsten. The plasma generator is powered by a combined inverter power supply with a heating current
adjustment range of 10-150 A and an ion current of 10-100 A.

Under the influence of an external magnetic field, the trajectory of electrons emitted from the heated
cathode is bent. Electrons move along a cylindrical spiral, which increases their path to the anode, thereby
increasing the efficiency of gas ionization. By changing the filament current, and hence the emission of
electrons from the hot cathode, one can easily regulate the discharge current from tens to hundreds of
amperes at a combustion voltage of several tens of volts. Such a discharge is classified as a non-self-
sustaining hot-cathode arc discharge without a cathode spot. This arc discharge will make it possible to
generate low-temperature plasma in volumes (>0.1 m®) with a concentration of n. ~ 10°-10"" ¢m™ and a
uniformity of £ 15% of the average value.
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a) b)
Fig.1. Appearance (a) and schematic diagram (b) of the plasma source "PINK" [5].
1 - cathode cavity; 2 - hot tungsten cathode; 3 - electric input; 4 - stabilizing coil; 5 - focusing coil; 6 - water-
cooled flange; 7 - insulator; 8 - water-cooled housing.

2. Technological mode of the nitriding process.

Preliminary preparation:

1. Degreasing of stocks with Nefras S2-80/120.

2. Cleaning and polishing of 35SHGSA rods in the bath of the EPP-40 electrolytic-plasma polishing unit,
with the following parameters: the composition of the polishing solution -5% aqueous solution of ammonium
sulfate; solution temperature — 85 °C; cathode-anode voltage 300 V, current 40 A; processing time 5 min.

3. After unloading from the EPP-40 bath, the stocks are washed with running water and treated with
steam using a steam jet device UPS 4.3-geyser.

4. After steam-jet cleaning, the rods are wiped with coarse calico moistened with alcohol and placed in a
drying oven for drying and preheating to 150 °C.

3. The process of ion-plasma nitriding.

1. Prepared rods are installed in the vacuum chamber of the NNV 6.6-11 installation (Fig. 2 a) using
special equipment in the center of the rotating table (Fig. 2 b).

2. A foreline evacuation of the installation chamber is carried out to a pressure of 1 Pa (time is about 15
min.).

3. Further evacuation of the chamber is carried out by a high-vacuum diffusion pump to a pressure of
5%107Pa. (time 20-25 min.).

4. Then, argon is injected into the chamber through the gas leak and with the help of the BUEN
electromagnetic leak control unit the pressure in the chamber is maintained at 2*10™ Pa.

5. For the process of ionic cleaning and heating, a plasma source with a heated PINK cathode is
switched on, a heating current of 120 A and an ion current of 5 A are set.

6. The block of the reference voltage is turned on and the bias voltage of -1000 V is applied to the parts.
To eliminate the formation of micro arcs on parts, the reference voltage unit operates in a pulsed mode with a
frequency of 25 kHz and a duty cycle of 80%.

7. The table rotation drive is switched on and the speed is set to 5 rpm.

8. Within 5-7 minutes, the PINK ion current is gradually brought to 45-50 A, while the heating of the
rods is monitored using a Smotrich 7 pyrometer focused on the part through the viewing window of the
chamber.

9. When the temperature reaches 450 °C (time 20-25 min.), Nitrogen of special purity is admitted into
the chamber through a parallel gas main, using the RRG-10 flow meter (nitrogen flow rate is set at 2 1/min.),
The pressure is maintained at the level of 1.8-2.2%¥10"" Pa. Thus, the regime of ion-plasma nitriding of parts
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in an argon-nitrogen gas mixture is established. Further, throughout the entire process, the temperature of the
products is controlled, if necessary, adjusting the PINC current and the reference voltage.

Fig. 2. Vacuum chamber of the NNV 6.6-11 installation (a) and the satellite of the rotating table (b)

The nitriding process lasts 3 hours, after which the products are allowed to cool in a vacuum chamber
for an hour and unloaded. The stocks before and after nitriding are shown in Fig. 3.

a) b)
Fig.3. Stocks 35SHGSA before (260 HV) (a) and after (8§20 HV) (b) nitriding

The results of measurements of the microhardness of the hammer surface using an HV-1000
microhardness tester with a load on the indenter of 1 kg gave the following results: before nitriding about
260 HV, after about 820 HV (Fig. 3).

4. Discussion of the experimental results.

4.1. Surface layer thickness.

In the introduction, we emphasized that the surface plays an important role in nitriding. In [5], we
showed that for the dimensional dependence of a certain physical property of a solid A(r), the following
relations can be used:

A(r)= 4, -(l—éj, r>>d
r

d ; (1)
A(I’)zAO (I—EJ, I"Sd
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The parameter d(nm), which we identify with the surface layer of an atomically smooth crystal, is
related to the surface tension ¢ by the formula:

d=—o ©)

Here o is the surface tension of a massive sample (J/m?); v — molar (atomic) volume (cm’/mol); R — gas
constant (J/kg K); T is temperature (K).
It was shown in [5] that the following relation is fulfilled with high accuracy:

c=0.7-100-T,,. (3)
where T, is the melting point of the solid (K). The ratio is fulfilled for all metals and for other crystalline
compounds. If we substitute it in (2), then at T = T,, we get:

d()=0.17-10"v. 4)

Equation (4) shows that the thickness of the surface layer d(I) is determined by one fundamental
parameter - the molar (atomic) volume of the element (v = M/p, M is the molar mass (g/mol), p is the density
(g/cm’) ), which periodically changes in accordance with the table D.I. Mendeleev. The d(II) layer extends
approximately to the size d(II) = 10d = d.,, where the bulk phase begins. Dimensional properties begin from
this size. By nanomaterials it is customary to mean materials, the main structural elements of which do not
exceed the nanotechnological boundary of ~ 100 nm, at least in one direction. Table 1 shows the d(I) and
d(II) values of some metals and alloys.

Table 1 - Thickness of the surface layer of metals and alloys

Steel, alloy M, g/mol p, g/cm’ d(I), nm d(II), nm
35HGSA 52.60 7.85 1.14 11.4
HG65MB 72.78 8.90 1.39 13.1

Woo/Nig/Cuy 171.66 17.10 1.71 17.1
Wso/Cusy 123.75 11.85 1.78 17.8

The thickness of the surface layer of metals and alloys d(I) and d(II) does not exceed 2 and 20 nm, that
is, it is a nanostructure, where it has been experimentally shown that diffusion processes are significantly
different from bulk [6, 7]. This especially affects the nitriding process of the metal rods studied by us [8].

4.2. Diffusion in a metal plate of nanometer thickness.

All manuals on the calculation of diffusion in thin coatings of space and aviation technology proceed
from the classical Fick's equations, where the diffusion coefficient is considered a constant value [9]. As we
have shown above, when the thickness of the metal film is less than 20 nm, dimensional effects begin to
affect its physical properties. Let us consider the problem of diffusion in an unbounded plate of thickness 9.
For simplicity and comparison, we restrict ourselves to the stationary case. Then the diffusion equation will
have the form:

d dC
- 5
(ﬂ(XFj 0. (5)

In the classical case, D(x) = const, and in ours - D = Dy(1-0/0+x). Here the size factor is denoted by a so
as not to be confused with the differentiation sign. Taking into account the size effect (5) is reduced to the
form:

x dec _C
o= ©)
xtadx [,
Here C, is the constant of integration. The solution to equation (6) has the form:
C
c(x)= j(x+alnx)+C2. (7)
0

If in (5) D(x) = const, then we have the classical solution of the problem for an unbounded plate:

c(x)=Cx+C,. ®
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In contrast to the classical problem, a logarithmic term appears in equation (7). This leads to a
divergence at the origin. Therefore, the boundary conditions must be set not at x = 0, but at x=A4s - the de
Broglie wavelength of electrons. Only in this case the classical Fick equations make sense.

It is also important that, according to (7), diffusion in a nanoplate depends both on the material of the
plate through the diffusion coefficient of the bulk sample Dy and on the size factor a. This leads to a
difference in diffusion in the nanostructure [6, 7]. In the classical case, there is no such dependence.

4.3. The first boundary value problem for diffusion in a nanometer-thick wafer.

To solve (7), the first boundary value problem will look like this:

C
c(x) |x=de = ﬂ_l(ﬂdB +alnf])+C, =c,
0
G
C(X)[Y:JZZ(5+CIIn5)+C'2=CZ. (9)
0
The general solution (9) (neglecting the de Broglie wave) will have the form:
c(x)=%‘(x+dlnx)+cl. (10)

The general solution to the classical problem is:
c'(x =%x+cl. (11

Comparison of (10) and (11) shows that diffusion in a nanometer-thick wafer differs significantly from
a bulk sample. The difference between c(x) and ¢'(x) at x =d = § is:

c(x)—c'(x)=(c,—c,)-Ind. (12)
4.4. Diffusion of nitrogen in metals and alloys.

The diffusion mobility of nitrogen will be proportional to the thickness of the surface layer d. This value
is associated with the crystal structure of the metal and, mainly, with its porosity. The existing nomenclature,
adopted by the International Union of Theoretical and Applied Chemistry IUPAC, distinguishes three
categories of pore size depending on their diameter: microporous < 2 nm, mesoporous 2-50 nm, and
macroporous > 50 nm [10]. An important characteristic of a metal is the degree of its porosity P, defined as:

P=1=py./ px. (13)

where py. is the density of the porous metal (Me), px is the density of the single crystal.
If we substitute equation (13) into equation (4), we get [11]:

d(l).=d(1),/(1-P) (14)

Typical porosity is 40-70%, and with supercritical drying it reaches 95%. Equation (14) yields the
following table 2.

Table 2 - Thickness of the surface layer of the rod 35SHGSA at various values of porosity

P, % 40 50 60 70 80 90
d(I)k, nm 1.9 2.28 2.85 3.80 5.7 11.4
d(ID), nm 19.0 228 285 38.0 57.0 114.0

Table 1 show that an increase in steel porosity leads to a noticeable increase in its surface layer
thickness and an increase in the diffusion mobility of nitrogen. This steel can be obtained using powder
metallurgy. In powder metallurgy, an important role is played by diffusion processes that ensure the
formation of the structure of powder materials, especially in the production of alloys from a multicomponent
mixture. When a homogeneous structure is obtained, the technological parameters of sintering should
facilitate the diffusion homogenization of the alloy. In order to accelerate this process, it is necessary to



30 ISSN 1811-1165 (Print), 2413-2179 (Online) Eurasian Physical Technical Joumal, 2020, Vol.17, No.2 (34)

create conditions for the most active types of diffusion to occur. In [12], the main regularities of the
influence of the degree of porosity and the temperature of tests on the processes of local destruction
(initiation of microcracks) - resistance to micro-cleavage and resistance of a crack to its development - of
powder alloy steels were established. It is shown that there is a significant difference in the behavior of
powder steel from ordinary steels in brittle fracture, which consists in an increase in the resistance to micro-
spalling with a decrease in the test temperature.

Conclusion

It is shown that the thickness of the surface layer of the steel of the rods turns out to be less than 20 nm
and dimensional effects begin to affect its physical properties, that is, it is a nanostructure. Dimensional
effects in this layer cause the "classical" Fick equations to fail in the layer. For the first time, we considered
the problem of one-dimensional diffusion in the case when the coefficient depends on the coordinate. The
analytical solution of the first boundary value problem showed that diffusion in a nanometer-thick wafer
differs significantly from a bulk sample. The accuracy of solving this problem is determined by the de
Broglie wave, that is, on the order of (0.01-0.001) nm for metals and alloys. The solution to this problem
showed that the diffusion mobility of nitrogen will be proportional to the thickness of the surface layer d.
This value is associated with the crystal structure of the metal and, mainly, with its porosity. In our work, we
have shown that an increase in the porosity of steel leads to a noticeable increase in its thickness of the
surface layer and an increase in the diffusion mobility of nitrogen. Such steel can be obtained by powder
metallurgy and used for the above rods.
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In this article features of physicochemical processes initiated by the low-energy electron flow between the
components of the target based on nitrates of metals and metals, their influence on the kinetics of the formation of
volatile products, the chemical composition and structure of the deposited coatings are established. When
electrons act on a mixture of aluminum nitrate and dispersed aluminum, zinc oxide coatings containing zinc
nanorods are formed. The impact of the electron flow on a mechanical mixture of powders of iron nitrate and
dispersed aluminum is accompanied by explosive evaporation of the target, and a large number of microdroplet
formations deposited at the final stage of exothermic reactions in the surface layers of the target are fixed on the
surface of the coating containing oxides and metal nanoparticles. The features of the structure and chemical
composition of coatings deposited from the volatile products of electron beam dispersion of a mechanical mixture
of polytetrafluoroethylene, iron nitrate, and aluminum are determined. It is shown that under such conditions of
generation of the gas phase, coatings are formed consisting of a polymer matrix and containing particles of oxide,
a free metal, and a certain amount of the initial undecomposed salt. The result of exothermic reactions in the
crucible is partial defluorination and increased defectiveness of the molecular structure of the fluoroplastic
matrix.

Keywords:spectral analysis, signal, sensor, process, characteristic

Introduction

Synthesis of nanocomposite coatings based on polymers, metal clusters and their oxides is promising in
the production of LEDs, solar cells, piezoelectric transducers [1], gas sensors [2], optical filters. The search
for new technological methods of deposition of composite metal-containing coatings is an urgent task of
physics and technology of thin-film systems [3, 4]. In recent years, plasmochemical methods of deposition of
polymer coatings and surface modification have been actively developed, which are based on processes for
creating an active gas phase containing polymerizable molecular fragments [5-8]. The methods are
characterized by high efficiency, versatility (there are practically no restrictions on the selection of individual
components of the composite coating), a large set of technological techniques for changing the composition,
structure and properties of the formed materials, which allows the synthesis of complex thin film systems,
the formation of which by other methods is impossible or requires the implementation of a multi-stage
technologically complex application process [9-12].

Thus, when using an electron stream to generate a gas phase, polymer-polymer, metal-polymer,
polymer-oxide systems are formed, characterized by high mechanical, physical and chemical properties [13-
15]. At the same time, the flow of electrons during its action on the target material has a complex effect on
the ongoing processes. In addition to the thermal effect on the target, which leads to dissociation of complex
compounds, their evaporation or dispersion, radiation activation of chemical processes, synthesis of new
compounds, which, being on the surface of the target, change the conditions for generating the gas phase, its
composition and activity, are possible. The most significant effect of these processes is on targets containing
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complex organic, including high molecular weight or inorganic compounds. It is worth noting that the
action of electrons on the polymer target produces a stream of secondary electrons, which also have an
initiating effect on dispersion products in the gas phase [16-18].

The main objective of the present work is to establish the influence of exothermic processes that occur
under the influence of a low-energy electron flow in a vacuum on mechanical mixtures based on metal
nitrate and aluminum, polytetrafluoroethylene (PTFE) on the kinetics of the formation of volatile products,
the composition and structure of the resulting layers.

1. Experiment procedure

Coatings were precipitated from the gas phase generated by exposing the original target to an electron
stream with an energy of 800-1600 eV and a density of 0.01-0.03 (A/cm®) [19]. Process of sedimentation of
coatings was made with an initial pressure of residual gases in the vacuum unit( =4-10° Pas). Powders of
nine-water iron (III) nitrate (Fe (NO3);-9H,0), dispersed aluminum, PTFE were used as the target material.
The targets were manufactured by thoroughly mixing various powders in an agate mortar. A composite
target based on PTFE and a mixture of dispersed aluminum with iron nitrate was made in two steps. In the
first step, the inorganic components were mixed. In the second step, PTFE was added to the mortar with the
prepared mixture of inorganic powders in small portions and mixed thoroughly with a pestle. The weight
ratio of organic to inorganic components was 1:1.

The substrates during the sedimentation of the layers were quartz plates (during spectroscopic
measurements in the ultraviolet and visible regions), NaCl plates (during infrared (IR) spectroscopic
(IKspectroscopic studies), silicon single crystal plates(during atomic force microscopy (AFM) and scanning
electron microscopy (SEM) studies). The substrate temperature at sedimentation was as follows: 25°C.

Annealing of the formed coatings was carried out in air at a temperature of 250°C for 60 minutes. In
some cases, annealing was performed at 500°C.The IR spectroscopic studies were conducted on Fourier's IR
spectrophotometer Vertex-37 (Bruker).UV-View spectroscopic studies were conducted using a Cary-50
spectrophotometer (Varian). The band gap width was determined by the method used in [20] based on the
analysis of the optical absorption spectra.The study of morphology, distribution of chemical elements on the
surface of thin coatings was carried out using an electron microscope (SEM, Quanta200F) with EDAX
microanalysis.

2. Results and discussion

At the first stage the features of electronic dispersion of target containing dispersed zinc and zinc nitrate
are determined. It has been found that the use of such a target makes it possible to form continuous coatings
based on zinc oxide. The interplane distance of the coating applied using the composite target is 0.281 nm,
which is in good accordance with ZnO (1010) [21].

The effect of the electron flux on the target is accompanied by a dazzlingly white glow indicating a high
temperature in the electron exposure zone. A zinc oxide sublimation process was identified as the main
reason for the formation of the thin coating ZnO. It is worth noting that the sublimation temperature of the
ZnO is 1800°C and cannot be achieved in the dispersion zone using a low energy electron flow, as well as
due to the decomposition energy of the nitrate (endothermic reaction). In addition to the marked dazzling
white glow in the dispersion zone, the high temperature was indicated by the presence of metallic zinc
nanoparticles in the precipitated thin layer. As is known, the melting point of zinc exceeds 400°C. Thus, a
high temperature is achieved in the target electron exposure zone due to the exothermic reactions between
the target components initiated by the thermal radiation electron beam. The analysis shows that chemical
processes with the formation of zinc oxide in two stages are most likely:

1 Zn(NOs),'6H,0 + 5Zn = Zn(NO,),+ 2Zn0O + 3Zn (residue) + 6H,01 + Q,
where Q is moderate heating.

2 Zn(NOy), + 2Zn0 + 3Zn = 6Zn0O + N1 + Q where Q is intensive heating.

Further, the features of electron-beam dispersion of copper and iron nitrates were considered. It has
been established that the process of water salts is characterized by the presence of two characteristic periods.

The first is the melting of salt in crystallization water, followed by the splitting of water molecules from the
salt. In the vacuum chamber, the process of separating water molecules is accompanied by a monotonous
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increase in pressure in the vacuum chamber, without any noticeable changes in the readings of the quartz
thickness meter. The second is the intensive formation of the gas phase by products of thermal radiation
decomposition of metal salts. According to IR spectroscopic analysis, the gas phase in the second period of
electron beam dispersion of nitrates forms salt molecules that are intensively evaporated by an electron flow.

Heating of formed copper nitrate coating is accompanied by formation of copper oxide coating. The
result is expected because the thermal degradation reaction of anhydrous copper nitrate can be recorded as
follows:

2Cu(NO3), = 2CuO + 4NO,1 + 0,7

Electron beam dispersion of ninety-water iron (III) nitrate has features. The effect of the electron stream
on the salt is accompanied by the melting of the salt in crystallization water and its intensive transition to the
gas phase. In contrast to zinc nitrate no intense plasma glow was recorded at a late stage of electron beam
impact on powder Fe(NO;);-9H,0. The IR spectrum of the formed coating coincides with the IR spectrum of
the original iron salt powder. Annealing of the formed coatings is accompanied by salt decomposition to
form iron oxide. The band gap width (E,) for the Fe,Os, determined by extrapolation of the dependence
(Dhv)’on the photon energy, is 2.2-2.4 (V) (Figure 1).
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Fig.1.Dependence (Dhv)® on photon energy for Fe(NO;);*9H,0 coatings annealed at: a) 250°C; b) 500°C

For Fe,0O; nanoparticles the Eg value can significantly exceed the specified interval of values [22, 23].
Thus, work [11] considers the effect of annealing on the size of nanoparticles Fe,O; and the value of the
band gap. It is noted that the size of Fe2O3 particles increases with an increase in the annealing temperature,
the electron transition energies approach the value known for a bulk material of 2.2 e¢V: a decrease in the
width of the gap zone from 3.51 to 2.76 eV occurs. Thus, on the basis of Fe(NO3);-9H,0O with increase in
temperature of annealing the increase in the size of nanoparticles of oxide of iron can be one of the reasons
of reduction of E, of coatings.

As in the case of zinc nitrate, to eliminate or reduce the effect of salt melting, it is proposed to use a
mechanical mixture of iron nitrate powders and aluminum powder. It is noted that the preliminary thorough
mixing of salt and aluminum powder can significantly level the process of salt melting. This is due to
chemical interactions between the components in the mixing step. Indirectly, this is indicated by the fact that
when mixed, the powder becomes brown due to the formation of iron oxide. The thermal radiation effect of
the electron stream should be accompanied by decomposition of nitrate to oxide to form a finely dispersed
mixture of iron oxide and aluminum. At the same time, the heat generated as a result of the reaction will be
responsible for the intensive formation of a gas-phase stream of dispersion products.

However, preliminary studies of electron beam dispersion of the mixture of salt and aluminum showed
the absence of exothermic reactions. The main reasons are the low energy of the electron flow and
insufficient mechanical contact between the target components. The absence of contact under vacuum
conditions prevents the chemical interaction between salt and aluminum powder. It should be noted that in
aluminum powder, aluminum is protected from interaction with the environment by fat additives. Thus, in
order to conduct chemical interactions between salt and aluminum, it is necessary to achieve good
mechanical contact and destroy the protective film. The destruction of the fat film is easily effected by a low
energy electron flux. Good mechanical contact was achieved by thoroughly mixing the target components in
diethyl ether. The short effect of the electron flow in a vacuum on the mechanical mixture prepared in this
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way initiates a violent chemical reaction resulting in explosive evaporation of the target material.Peculiarities
of morphology of deposited coatings and their chemical composition are established. Figure 2 shows the IR
spectra of coatings based on iron nitrate and aluminum powder formed as a result of the implementation of
such an interaction.

0.015

Absorbance

0.005

0

3000 2500 2000 1500 v, cm

Fig.2. IR spectra of the coating based on Fe(NO;);-9H,0 and aluminum powders:
1 —without heat treatment; 2 — heat treatment 250°C, 1hour.

Faintly noticeable absorption bands are recorded in the spectrum due to the presence of C-H and NO;
groups in the thin layer [13]. Thus, the high reaction temperature and explosive nature of the reaction initiate
rapid decomposition of the salt. There is practically no undissolved salt in the formed reaction product
stream. Thermal treatment of the coating is accompanied by complete decomposition of iron nitrate (Fig.2).
Figure 3 shows the results of SEM studies of coatings formed under conditions of exothermic interaction
between iron nitrate and aluminum. On surface of the formed layer there is a large number of microdrops,
indicating the explosive nature of the application (Fig.3,a). The coating itself is solid and defect-free (Fig.3,
b). Droplet formation occurs at the final stage of exothermic interaction in the target. Chemical analysis of
various microdroplets shows a high content of aluminum in them, while the lower defect-free layer (analysis
was carried out at various points) is characterized by a high content of iron (Table 1).

Fig.3.Results of SEM studies of coatings based on Fe(NO;);-9H,0 and aluminum powder

Table 1 - Chemical composition of thin layer

Fe | Al | O
Objecttobeanalyzed at. %
Microdrop1 22.05 30.57 47.38
Microdrop2 11.62 35.78 52.60
Microdrop3 1.36 41.01 57.63
Bottomsolidlayer 50.21 21.96 27.83
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Analysis of the chemical composition of the thin layer indicates incomplete metal oxidation; metal
nanoparticles are present in the coating along with iron and aluminum oxides.

3. Formation of coatings based on iron oxide, aluminium and PTFE

It has been found that exposure of mechanical mixtures containing polymers such as polyethylene,
polyurethane to electron flow in vacuum causes melting of the target polymer component, and the resulting
melt prevents direct contact of the salt and aluminum particles and, accordingly, chemical interaction. During
electron beam dispersion of PTFE, the formation of a viscous-flowing state of the polymer is not observed
and contact of iron and aluminum nitrate particles is maintained. The kinetic features of the electron beam
dispersion process of organo-inorganic targets are shown in Figure 4.

The effect of electron flow on the composite target is accompanied by an increase in pressure in the
vacuum chamber. At the same time, there is a long induction period during which the quartz thickness meter
does not record the deposition of the coating. The increase in pressure during the induction period is due to
the formation of the gas phase by low molecular weight non-condensing compounds at room temperature.
These compounds are the products of salt decomposition: water molecules, nitric acid. Subsequently, there is
a local exothermic interaction of inorganic compounds. On the kinetic curve of pressure change,
characteristic peaks appear, indicated in Figure 4, b. Bright flashes are visually fixed on the target surface,
accompanied by local blackening of the target.
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Fig.4. Kinetics of electron beam dispersion of PTFE (a) and mixture Fe(NOs);-9H,0+AI+PTFE (b)

A noticeable amount of the starting salt is present in the formed thin composite layer. In the IR
spectrum of the coating, in addition to the absorption bands characteristic of PTFE, the absorption of NOs
and OH groups is recorded (Figure 5).
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Fig.5. IR spectra of Fe(NO3);-9H,0+AI+PTFE coatings: without heat treatment (1), Fe(NO3);-9H,0+Al +PTFE
coatings after heat treatment (2), PTFE coatings without heat treatment (3), PTFE coatings after heat treatment (4)
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Valence vibrations of OH groups are manifested in the range of 3600-2800 cm™', deformation - near 1640
ecm’ [13]. The presence of water molecules in the thin layer is due to the non-deposited salt intensively
sorbing atmospheric moisture. Annealing is accompanied by salt decomposition and desorption of adsorbed
moisture.The effect of inorganic components and the generated heat flux on the molecular structure of PTFE
was judged by absorption bands at 638 and 625 cm™. The strip at 625 cm™ is referred to a defective structure,
and the strip at 638 cm™ is associated with the presence of a regular spiral [13]. The analysis was carried out
after heat treatment of the formed coatings. For the composite coating, the ratio of Dg33/Dgys corresponds to
1.40 and for the PTFE thin layer to 1.84. The consequence of exothermic reactions is a predicted increase in
the defect of the molecular structure of the fluoroplastic matrix.

The morphology of the composite layer in comparison with the morphology of PTFE is more "loose" and
porous, there is a significant number of small drop-like formations that form larger surface structures (Figure
6). It can be assumed that the deposition of the composite layer, unlike the PTFE single-component coating,
occurs under conditions of insufficiently high density of active fragments of PTFE macromolecules and their
increased adsorption activity. It should be noted that thermal effect in vacuum on PTFE is accompanied by
generation of a chemically inactive monomer. Activation of the monomer requires additional physical
influence: treatment with an electron flow, discharge plasma, etc. The results of atomic force microscopy
(AFM) studies indicate a significant effect of thermal effects on the morphology of the deposited layer.
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Fig.6. AFM images of coatings obtained by dispersing PTFE (a) and Fe(NO;);-9H,0+Al + PTFE (b)

It should be noted that the deposited coating composition is non-uniform in thickness. That is why
during its annealing with the help of SEM, a discontinuity was established, the presence of local areas, the
formation of which can be explained by the decomposition of iron nitrate, the vapors of which are present in
volatile dispersion products (Figure 7).

15.0kV x8.00k SE(M)

15.0kV x100k SE(M) EI.'JOInm

Fig.7.SEM image of coating based on Fe(NO;);-9H,0 +Al+PTFE subjected to heat treatment with
different zoom
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High heterogeneity of deposited coatings is confirmed by the results of their chemical analysis (Table
2). Large droplets (Fig. 8) on the surface of the coating are the result of melting and evaporation of
aluminum powder. Dispersion of the composite target is accompanied by defluorination processes of the
organic component. If in the starting polymer the ratio of carbon atoms to fluorine is 1:2, so in the coating it
is approximately the same or the number of fluorine atoms is less, which is possible when cluster carbon
structures are formed in the coating volume, or when forming macromolecules of the form [-C = CF-],.

Fig. 8.SEM image of coating based on Fe(NO;);-9H,0 +AI+PTFE

Table 2 - Chemical composition of composite coating areas

Fe | Al | o | ¢ | F
Object to be analyzed at. %
1 3.31 13.90 4.31 35.50 | 42.98
2 14.46 12.52 1422 | 30.23 | 28.56
3 4.14 8.51 11.15 | 4526 | 30.94

According to the chemical analysis, a certain fraction of the metal in the thin layer is not present in the
oxidized state. The results are consistent with UV-Type spectroscopy data: the value of the band gap cannot
be determined based on electronic spectra. This indicates a low concentration of oxide in the organic layer.

Conclusion

Peculiarities of electron-beam dispersion of mechanical mixtures based on aluminium, copper, iron and
dispersed aluminium nitrate are considered. Under the influence of low-energy electrons on a mixture of
aluminum nitrate and dispersed aluminum, the formation of zinc oxide coatings containing zinc nanosupples
was established, which indicates a significant effect of exothermic reactions between the target components
on the formation of volatile products and their chemical composition of the deposited coatings. It is noted
that the effect of electron flow on the mechanical mixture of iron nitrate powders and dispersed aluminum is
accompanied by explosive evaporation of the target. A large number of microdroplet formations deposited at
the final stage of exothermic interaction in the target are fixed on the surface of the thin layer. Chemical
analysis of the lower defect-free layer showed a high iron content (more than 50 at%), the formation of a
coating containing metal oxides and nanoparticles.

The principle possibility of sedimentation of polymer coatings containing oxides, metal nanoclusters is
established by electron-beam dispersion of mechanical mixtures under conditions of exothermic processes in
the target. It has been shown that by dispersing the mechanical mixture of PTFE, iron nitrate, iron nitrate and
aluminum nitrate, coatings are formed consisting of a polymer matrix and containing particles of oxide, free
metal and a certain amount of the original non-deposited salt. The consequence of exothermic reactions in
the crucible is partial deflection and increased defects in the molecular structure of the fluoroplastic matrix.
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WIDTH OF ENERGY BAND GAP
OF NANOPOROUS SEMICONDUCTOR FILMS
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The aim of this work is to experimentally clarify the reasons for the appearance of jumps in the current and
memory of semiconductor nanoporous structures.Porous nanostructures were obtained by electrochemical
etching. The current-voltage characteristics of the samples were measured for porous silicon and on thin films of
a chalcogenide glassy semiconductor. The existence of jump-like switching and current hysteresis in porous
silicon nanofilms under laser illumination is shown experimentally.A connection between the switching voltage
values and the dependence of the band gap on the porosity of nanofilms is found. These results make it possible to
construct a theory of current switching and its hysteresis based on the concepts of the theory of second-order
phase transitions.

Keywords: porous silicon, energy band gap, current-voltage, electrochemical etching, laser, chaos.

Introduction

Porous silicon (PS) is a special composite material consisting of pores and silicon crystals. It has a wide
range of applications due to the variety of arrangement of surface atoms. The high tunability of porous
silicon is determined by many properties, such as dielectric constant [1,2], bandgap [3], etc. The results of

work [4-5] showed that porous silicon has a wider energy bandgap(E g)than solid silicon has. This is

explained by the fact that more intense recombination of electron-hole pairs occurs in quantum porous
nanostructures and their energy band gaps become larger [6]. In many studies, the band gap is determined
through the optical properties (transmission, reflection, absorption) of porous silicon.

The results of work [7, 8] showed that the radiation intensity of PS increases with an increase in the
percentage of porosity since it is proportional to the number of re-emitted photons. The band gap increased
as the concentration of mobile charge carriers in the remaining silicon structure of PS decreased. In this case,

the porosity was more than 60%. Energy band gap increments F , 1n porous silicon are determined from the
condition of quantum confinement; therefore, the average size of nanocrystallites is a very important
parameter of porous silicon [9, 10]. It is also noted in [11, 12] that with a decrease in the diameter of a
porous silicon nanocrystal, E, increases. This is because a decrease in the nanocrystal diameter leads to an

increase in the porosity value. In [13] for calculating, the value E, for Si is calculated by the

empiricalpseudo-potential method. It is indicated that the calculation results are in good agreement with
other experimental and theoretical results. A linear increase in the bandgap from 1.4 to 1.88 eV with an
increase in porosity of PS films in the range of 27-88% was also noted. This is explained by the arrangement
of atoms, mechanical behavior, and quantum confinement of carriers in PS microcrystallites, causing an
expansion of the Si bandgap.

In [14], an estimate of the electron energy (Eg) relative to the valence band of bulk Si for
nanostructures of oxidized porous silicon was presented. The photoluminescence spectra are explained based

on traprelated transitions. For samples with high porosity, double peaks appeared in the PL spectra. One of
these peaks remained constant at ~ 730 nm, while the other was blue-shifted with increasing current density.

The PS nanostructure was modeled as an array of regular hexagonal pores, and the average value £, was
estimated at 1.67 eV.
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The values E, of the zones of n-type and p-type porous silicon layers are larger than £, =1.11eV

[15]. In the range of porosity (50-76%), theenergy bandgap of porous p-type silicon (1.80-2.00
eV),measured by the optical method,is higher than that of the porous n-type silicon layer (1.70—1.86 eV). For

the same porosity, the values F' . for p-PSi is always higher than the values E . obtained for the n-PSi layer.
The values £, were identified through the transmission spectrum also in [16-17]. From a brief review of

the state of the art, it follows that it is important and necessary to study the energy bandwidth of
nanoporous semiconductors since it largely depends on the degree of porosity of nanostructures. For

example, with an increase in porosity, the values £, increase, the electrical conductivity of

nanostructured films changes. Experimental studies currently cover a narrow range of parameters
without establishing a universal dependence on their nanoscale structure. More detailed studies are
needed to significantly optimize the methodology for experimental studies of nanomaterials to
reduce the cost of developing appropriate new technologies.

The aim of this work is to experimentally study dependence of the electrical conductivity of
semiconductor nanoporous structures, and effect of the degree of porosity on the value of energy band gap.

1. Experimental setup and measurement procedure

Dependence of the energy bandwidth of nanostructured semiconductors on their porosity was
investigated experimentally on the surface of porous silicon grown by electrochemical etching. The original
silicon was monocrystalline silicon with a p-n + - junction, where n + is a layer, is a diffusion layer with a
gradient distribution of phosphorus impurities with a concentration of up to 10** cm™ with a gradual decrease
in impurity to the p-n junction boundary. In the future, the n-layer will be used as a working surface for the
formation of porous silicon. The effect of porosity on the conditions of silicon electrochemical etching is
investigated.

The thickness of p - silicon is 350 um with an initial resistivity of 10 Ohm-cm, the thickness of the n-
layer is about 500 nm, the surface of the n-layer is mirror-polished. Before electrochemical etching, the
silicon surface was etched in a 10% solution of hydrofluoric acid to remove phosphor silicate glass,
thoroughly washed in isopropyl alcohol using an ultrasonic device, and dried.

An electrolyte was used to obtain porous silicon in an HF: ethanol solution in a 1: 1 ratio. The anodic
etching was performed in a mode of different current density and anodization time in a specially prepared
fluoroplastic cell, and during each etching, the porous silicon layer was thoroughly washed in deionized
water and dried.After anodic etching, porous nano- and microcrystalline structures with expanded porous
spaces are formed on the surface of crystalline silicon. With an increase in the anodization current density,
the porous spaces expand with a decrease in the diameters of silicon clusters. Structural images of nanofilms
(Figure 1) were obtained by scanning electron microscopy (SEM) ULTRA 55 FE-SEM (Carl Zeiss).

The porosity was measured by gravimetric weighing. Weighing determined the masses of the sample

before anodizing (m,), after anodizing (m, ), and after removing the porous silicon layer in a 2% KOH

medium ( my). Formula

m, —m
n(%)=—"1—2x100% (1)
ity = m3
was used.

The experiments on the current-voltage characteristic (CVC) of nanoporous semiconductors were also
carried out in the air with laser illumination (infrared laser wavelength A = 630 nm, ho = 0.5 eV). An n-Si
layer with crystal orientation (100) was used as the studied sample. Porous silicon samples with a thickness
of 350 um (p-type), 500 nm (n-type) were obtained by electrochemical etching. The voltage, current density,
and taring time were 10 V and 50 mA / cm’, 3 min, respectively. Metal contacts applied to the n-layer and
porous surface (Figure 2) make it possible to obtain the current-voltage characteristic of porous silicon. A
voltage was applied to the PC film in the range from 0 V to 2 V with a step of 0.1 V using the Two-Wire
Current-Voltage Analyzer of the Ni ELVIS II + universal station.
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Fig. 1. SEM images of porous silicon layers: top view.

The I — V characteristics of the samples were measured on the NI ELVIS II + educational platform
(Figure 2), which uses instruments developed in the LabVIEW software environment on a specially designed
prototype board. The main characteristics of the platform: operating current range is + 40 mA, the voltage
range is from -10 V to 10 V.

Fig. 2. General view of the installation for measuring the electrical properties of samples:
1-NIELVIS IT* platform, 2- infrared laser A =630 nm, 3-PS films, 4- contacts.

2. Electrical conductivity of porous semiconductor nanofilms

Changes in current versus voltage (VAC) for porous silicon were obtained in natural light (Figure 3)
and under laser illumination. The measurements were repeated at regular intervals. Without laser
illumination of nanofilms, a jump-like change in current is not observed. Currenthysteresisoccurs.

The reverse current is greater in value than that of the original measurement in the forward direction.
This can be explained by a change in the polarization of nanostructures due to the directional action of the

primary current.At voltage values of the order of E, and higher (for crystalline silicon E, =1.12¢V),
currentswitching is observed (Figure 4).At voltage values of the order of E, and higher (for crystalline

silicon £, =1.12 eV), current switching is observed (Figure 4).
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Fig. 3. Current-voltage characteristic of porous silicon in natural light.
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The standard deviations were determined by the formulas
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where(U?) = %ZU[? ,IN =200 and are presented in Figure 5.
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Fig.5. Changes in the relative standard deviation of current (a) and voltage (b) over the time sequence of
measurements.
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Under laser radiation on nanoporous silicon films, current switching in the region V ~FE . and current

hysteresis are also observed. Over time, the hysteresis loop narrows (Figure 6).
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Fig.6. Current-voltage characteristic of porous silicon under laser illumination:
a) —ty, b) — ty+2 min. A — live measurements, o — 2 in the opposite direction.

GST - thin films of a chalcogenide glassy semiconductor of the Ge (germanium) -Sb (antimony) -Te
(tellurium) system of composition Ge,Sb,Te,, modified with a bismuth impurity. Chalcogenide glassy

semiconductors (CGS) have some unique properties and phenomena, such as switching and memory effects,
photo structural transformations, and a weak effect of impurities on electronic properties, which have no
analogs in crystal materials. The switching effect is observed in thin CGS films and is associated with a
reversible stepwise decrease in the CGS resistance in the absence of laser illumination (Figure 7).In Fig.7
L(mm)~is the distances between the contacts correspond to the numbering of the curves: 1 - 5.
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Fig.7. Current-voltage characteristics of GST in natural light.

However, GST films are opaque, non-porous; therefore, their direct use for photovoltaic and gas sensor
applications is difficult.

Conclusion

Porous silicon structures with different diameters are formed by the method of electrochemical
anodizing. The current-voltage characteristic of porous silicon has been measured in natural light and under

laser radiation. At voltage values of the order of £, and higher (for crystalline silicon £, =1.12¢V),

switching is observed in the form of an abrupt increase in the current strength. It was found that with an
increase in porosity, the width of the energetically forbidden zone of porous silicon increases within
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7 < 0.8 This effect is nonlinear since a decrease in E, should be observed at77 — 1. Measurements of the

electrical characteristics of a non-porous crystal indicate the dependence of E, on the distance between

contacts. This fact points to general physical laws between pyroelectrics and nanoporous semiconductors.
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This article provides the results of liquid low-level radioactive wastes treatment by direct contact
membrane distillation using polyethylene terephthalate hydrophobic track-etched membranes. The
hydrophobization of track-etched membranes was carried out by UV-induced graft polymerization of
triethoxyvinylsilane with styrene and coating with fluorine-containing silanes. Hydrophobic membranes were
investigated by scanning electron microscope, Fourier-transform infrared spectroscopy, contact
anglemeasurements, and liquid entry pressure analysis. Prepared membranes were tested in treatment of liquid
low-level radioactive wastes by membrane distillation. The influence of pore sizes on water flux and rejection
degree was studied. Rejection degree was evaluated by conductometry and atomic emission method.
Decontamination factors evaluated by gamma-ray spectroscopy for Co, Cs, and **' Am are 85.4, 1900 and
5.4 for membranes modified with polystyrene and triethoxyvinylsilanewith pore diameters of 142 nm; 85.0, 1462
and 4 for membranes modified with perfluorododecyltrichlorosilanewith pore diameters of 150 nm respectively.
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Introduction

One of the main problems determining the existence and further development of nuclear energy is the
solution of the problem of collecting and concentrating radioactive waste [1]. Environmental disasters at the
Chernobyl nuclear power plant, Fukushima Daiichi and the problems of former nuclear test sites have led to
the focus of attention all over the world on the treatment and concentration of low-level liquid radioactive
waste (LLLRW). LLLRW canbe concentrated and solidified with cement, glass and bitumen [2]. Various
methods for the separation of liquid radioactive solutions are known, such as plasma processesand sorption
[3]. One of the most promising method are also membrane separation. Among membrane methods,
ultrafiltration, reverse osmosis and electrodialysis [4] have found their application. Currently, a promising
method of direct contact membrane distillation (MD) has been used for the separation and purification of
low-level liquid radioactive waste. The advantages of MD are low energy consumption, low operating
temperature, over-pressure is not required. Drawback of this process is the short lifetime of the membranes
due to gradual surface fouling and poor performance. Despite this, MD is widely used for the desalination of
seawater and groundwater, wastewater and natural water treatment from heavy metals [5-7].

The membranes used for the MD process are imposed following requirements: hydrophobicity, high
porosity, water impermeability, chemical and mechanical stability, uniform pore size distribution.
Hydrophobicity of the membrane surface prevents wetting and provides good separation characteristics. The
wetting contact angle allows estimating the hydrophobicity and hydrophilicity of membrane surface. A water
contact angle above 90° is required for the treatment of salty aqueous solutions with MD [8].

Various types of polymers for example, polytetrafluoroethylene (PTFE), polyamide (PA),
polypropylene (PP) are used in MD due to their hydrophobic nature and thermal stability [9—11]. However,
these types of membranes also have their drawbacks such as poor productivity, high cost, fouling of the
hydrophobic surface, which led to reducing water purification. Thus, searching for new type membranes for
MD is an important task. Recently, track-etched membranes (TeMs) are started to use in the process of MD
[12—14]. Regular geometry of the pores with the ability to control their amount per unit area and excellent
distribution of pore sizes together with low thickness and tortuosity make track-etched membranes (TeMs)
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attractive for application in precise separation methods. The most frequently used track-etched membranes
are based on poly(ethylene terephthalate) (PET). A unique feature of TeMs is the control of the number of
pores per unit area, which significantly expands fields of applicationin sensing [15], catalysis, lithium-ion
batteries, template synthesis of nanostructures [16-20]. As mentioned above, for membrane distillation it is
important that the membrane has hydrophobic properties. However, PET TeMs has medium-hydrophobic
properties, and for application in MD process, the membranes should have the water-repellent properties.
The most common method of hydrophobization is to cover the surface by hydrophobic layer. Previously
obtained hydrophobic PET TeMs by covalent bonding of silicon monomers such as dichlorodimethylsilane
[21] and UV-induced graft polymerization of TEVS in presents of acrylic acid and N-vinylimidazole [22]
were used for concentration of juices desalination by DCMD.

In this paper, UV-graft polymerization of styrene and triethoxyvinylsilane (TEVS) on the surface of
PET TeMsand covalent binding of perfluorododecyltrichlorosilane (PFDTS) in an o-xylene solution.TeMs
with a narrow pores size distribution and not tortuous channels will be tested in MD of LLLRW solutions.
These properties of TeMs led to high salt and radioactive isotopes rejection degree.

1. Experimental part

Sodium hydroxide, N,N-dimethylformamide, benzophenone, sodium chloride, trichloromethane, TEVS,
styrene, PFDTS were purchased from Sigma-Aldrich. Deionized water (18.2MQ) obtained by water
purification system Akvilon D-301 used in all experiments. Purification of monomers from inhibitors was
carried out by passing through a column filled with alumina oxide.Samples of TeMsin size 10 x 15 were
prepared by irradiation with *Kr'>" ions with an energy of 1.75 MeV/nucleon and ion fluence of 1-10°
ion/cm’, using the DC-60 accelerator in Astana branch of Nuclear Physics Institute. Then membranes were
photosensitized for 30 min from each side and were chemically treated in 2.2 M NaOH at certain time to
obtain membranes with different pores. Prepared membranes were dried and kept between paper sheets.

In order to increase hydrophobic properties of PET TeMs, two methods of surface modification were
considered in comparison. First, modification of PET TeMs was carried out by UV-induced grafting of
styrene and TEVS. PET samples were immersed in N,N-dimethylformamide 5% benzophenone solution.
After that, samples were put into chloroform solutions of the 10-20% styrene and TEVS concentration with
various ratios. The UV-irradiation was carried out for 60 min under UV lamp OSRAM Ultra Vitalux E27.
After irradiation, samples were washed first in chloroform, and then in hot water to remove
ungraftedhomopolymers, dried and weighed to calculate the grafting degree.

The second method was achieved by immersing membranes into o-xylene solution of PFDTS at
different concentration range and time (1-24h). After that, membranes were washed o-xylene and dried.

The surface morphology of pristine and modified PET TeMs was examined using JSM-7500F scanning
electron microscope (SEM) (JEOL, Japan).Agilent Cary 600 Series FTIR Spectrometer with ATR accessory
was used to record FTIR spectra to study different chemical groups appeared after modification. Scan range:
400 to 4000 cm', resolution 4.0 cm'. Spectral analysis was conducted by using Agilent Resolution Pro.
Each sample was measured 32 scans at the room temperature. The gas flow rate was measured at a pressure
drop of 20kPa. The contact angle (CA) of the pristine and modified PET TeMs was measured
goniometrically using the static drop method using Digital Microscope with 1000x magnification.
Measurements were taken from different points of the polymer and the average result was calculated.

Liquid Entry Pressure (LEP) was determined by using deionized water flow measurements according to
recommendations described in [23,24]. A round sample with the radius of 1.25 cm was compressed inside
the hermetically-sealed chamber, and a test was run with air at gradually increasing pressure. The LEP was
recorded as the pressure corresponding to the point of initial passage of flow through the membrane using
capillary with the diameter of 0.7 mm. According to the recommendation, the LEP should be >2.5 bar for a
successful application in MD [23].

The mechanism of the process and DCMD rig was described earlier in the papers. The permeate flux
was measured by weighing. LLLRW samples obtained from WWR-K research nuclear reactor (Almaty,
Kazakhstan) were tested. The degree of salt rejection was calculated by the change in conductivity that was
measured using Hanna Instruments HI2030-01. OPTIMA-8000 ICP-Optical Emission Spectroscopy (the
spectral range is 165-900 nm with resolution of < 0.009 nm at 200 nm) was used to estimate elemental
content of solutions before and after MD. Gamma-ray spectroscopy Canberra GM1520 with semiconductor
Ge detector and the energy range (25 - 3000) keV was used to estimate activity of radioisotopes.
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2. Results and Discussion

First, hydrophobization of PET TeMswas carried out by UV-induced graft polymerization two
monomers — styrene and TEVS. Chloroform was used as a solvent for UV photo-induced graft
polymerization due to its high ability to dissolve monomers and transparency in the UV region. Effect of
hydrophobization of different parameters such as concentration of monomers in solvent (10-30%),
percentage ratio of monomers (50:50; 10:90; 90:10; 30:70; 70:30) and grafting time was studied (Figure 1).
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Fig.1. The degree of grafting of styrene and TEVS to the surface of PET TeMs with various concentration (a) and
monomer ratios (b) and time (c)

Due to the high ability of styrene for polymerization in comparison to TEVS, it can be noted that with
an increase in the concentration of styrene leads to an increase in the degree of grafting, while an increase in
the concentration of TEVS leads to a decrease in the concentration.The effect of the degree of grafting on
different ratios of monomers is shown in Figure 1b.A significant increase in the concentration of the
monomer mixture from 10% to 20% leads to a significant increase in the grafting degree, however, a further
concentration increase only slightly with increases in the grafting degree.Thus, as can be seen from Figure
la, an increase in the concentration of monomers above 20% is not effective.

Figure 1c shows exponential relationship of grafting degree with time at constant concentration of
monomer 20% and monomer ratio 50:50. Grafting degree reaches 12.8% after 60 min and 14.5% after 120
min of grafting. An increase in the time of grafting from 60 to 120 minutes lead to an insignificant increase
in the degree of grafting, thus, the optimal time is 1 hour.

The second method of hydrophobization is based on the soaking of PET TeMs in a solution of o-xylene
with PFDTS. The principle of the interaction of PFDTS with o-xylene is the high hydrolysis ability of the Si-
Cl bond, which is able to easily interact with the surface of PET TeMs. Figure 2a shows the dependence of

the concentration of PFDTS on the value of the CA. As can be seen, at an optimal monomer concentration of
20 mM the CA reaches a maximum value.
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Fig.2. Contact angle of modified PET TeMs at various concentration of PFDTS (a) and reaction time (b) (pore
diameter of initial PET TeMs is 200 nm)
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A further increase in concentration does not lead to a significant change in the CA. The dependence of
the holding time in the reaction on the CA was considered. The results are shown in Figure 2b. The largest
CA (134°) was reached after 24 hours. A further increase in time did not significantly affect the value of the
CA. Characteristics of hydrophobized PET TeMs by PFDTS are presented in Table 1.

Table 1 - Characteristics of hydrophobized PET TeMs by PFDTS

Sample Contact Effective pore size, Pore size (from SEM analysis), | LEP, MPa
angle, ° nm nm
Initial PET TeMs 56 198+5 22048 0.12
PET TeMs — PFDTS 134 148+6 174+4 >0.43

To evaluate the hydrophobic properties of prepared samples, the method of contact angle
measurements was used. The measurements of CA were carried out from different places of the sample and
the average value was calculated. Images of droplets are shown in Figure 3.
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Fig.3. CA for initial PET TeMs (a), PET TeMs-g-Styrene-TEVS (70:30) (b), PET TeMs-g-Styrene-TEVS (90:10) (c),
PET TeMs-g-Styrene-TEVS (50:50) (d), PET TeMs — PFDTS (e)

It can be seen, the contact wetting angle of the initial PET TeMs increases significantly from 56 to 99°
for PET TeMs-g-Styrene-TEVS with monomer ratio (70:30), (90:10), (50:50) and to 134° for PET TeMs —
PFDTS respectively.As it can be seen from Table 2, contact angle is dependent on the degree of grafting and
on the concentration of monomer and their ratio. Along with that, the pore diameter of the membrane also
significantly affects contact angle and LEP. With an increase in the pore diameter from 142 to 287 nm, the
value of the capillary effect exceeds the surface tension force of a water droplet. It is also confirmed a
decrease in LEP with an increase in pore diameter. However, according to the recommendation, the LEP
should be >2.5 bar for a successful application in MD. The use of a membrane with a pore diameter of 287
nm may lead to liquid slipping. Thus, according to the above given results, the optimal conditions for the
modification of PET TeMs with pore sizes 150-250 nm by UV-induced graft polymerization of styrene and
TEVS leading to maximum hydrophobization of membranes (99°) with preservation of the pore structure
are: grafting time 60 min, total monomer concentration 20% and monomer ratio of 50:50.

Table 2 - Contact angle and pore sizes of PET TeMs-g-PS-TEVS in various concentration and ratios (time is
constant — 1h)

. Concentration Contact Pore size Effect.ive Liquid Entry | Grafting

Sample and monomer ratio of monomer, o (SEM pore size, Pressure degree,
o angle, analysis), nm nm (LEP), MPa %
PET TeMs - 56 22020 208+6 - -
PS-TEVS (50:50) 20 99 20621 200+6 0.34 13
PS-TEVS (90:10) 20 82 211£21 203+7 0.13 8
PS-TEVS (70:30) 20 85 200+21 193+7 0.14 14
PS-TEVS (50:50) 20 87 287425 283+6 0.13 14
PS-TEVS(50:50) " 20 92 242427 23546 0.25 13
PS-TEVS (50:50)" 20 99 142+12 13146 0.39 12

* - PET TeMs with pore size of 300 nm; **- PET TeMs with pore size of 250 nm, *** - PET TeMs with pore size
of 150nm
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According to Table 2, the liquid entry pressure (LEP) decreases significantly with increasing in pore
diameters. When membranes with a large pore diameter (~ 300 nm) are used, concentrate breakthrough
occurs, i.e., the filtration process is observed instead ofmembrane distillation. As a result, the value of
conductivity and productivity increases significantly. Thus, the developed method of hydrophobization can
be applied to PET TeMs with pore sizes up to 200 nm, at which optimal values on the degree of salt rejection
and productivity are observed.

The characterization of pore sizes before and after modification, as well as the morphology of PET
TeMs surfaces was carried out by SEM analysis.Microphotographs of the pristine PET TeMs surface and
modified at different ratios are shown in Figure 4.From Figure 4 it is noticeable that there is a slight
narrowing of the pore diameter of PET TeMs, while the pore structure remains unchanged.

C

Fig.4. SEM images of PET TeMs surfaces before (a) and after grafting at different ratios of monomers styreneand
TEVS 50:50 (b), 70:30 (c), and PET TeMs — PFDTS (d)

Table 3 - Average pore diameter of pristine and modified PET TeMs

Sample and monomer ratio Average pore diameter, nm
Pristine PET TeMs 22148
PS-TEVS (50:50) 202+7
PS-TEVS (70:30) 1917
PET TeMs — PFDTS 17448

To confirm graft polymerization and detect the presence of chemical group vibrations come from TEVS
and PS in modified PET TeMs, FTIR-ATR analysis was performed. FTIR-ATR spectra of initial and grafted
PET TeMs are shown in Figure 5. Typical FTIR-ATR spectrum of initial PET TeMs consist of main
absorption peaks at 2972 cm™ (aromatic C-H), 2910 cm™ (aliphatic C-H), 1715 cm™ (C=0), 1471 cm™ (CH,
bending), 1410 cm™ (ring CH in plane bending), 1341 cm™ (CH, wagging), 1238 cm™ (C(=0)-O stretching),
1018 cm™' (ring CCC bending), 970 cm™ (O-CH, stretching), 847 cm™ (ring CC stretching). The presence of
grafted TEVS is established by Si-O-Si and Si-CH; vibrations at 1180-1110, 761 cm’, respectively.
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Moreover, peak at 3300-3600 cm™ was detected with low intensity that is corresponding to OH. OH-groups
can come from hydrolysis of Si-OC,H;s groups.Covalent bonding of PFDTS led to appearance of new peaks
at 1060, 1127 cm™, as well as peaks of low intensity at 577, 602 and 628 cm’! related to the C-F bond.
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Fig.5. FTIR-ATR spectra of I-PET TeMs, 2 — PET TeMs-g-PS-TEVS (50:50), 3— PET TeMs — PFDTS

Thus, optimal parameters to obtain membranes with the highest CA and maintaining pore structure for
PET TeMs-g-PS-TEVS are 20% monomer concentration at monomer ratio 50:50 during 1h and for PET
TeMs — PFDTS are 20mM monomer concentration in o-xylene solution during 24h.

Membrane distillation of liquid low-level radioactive wastes

Membrane distillation of LLLRW with hydrophobic PET TeMs-g-PS-TEVS with different pore sizes
(142, 206, 242 and 287 nm) and hydrophobic PET TeMs — PFDTS with pore sizes (150, 200 and 250
nm)obtained at optimal parameters was performed in direct contact mode with temperature control. LLLRW
was purchased from Research Nuclear Reactor WWR-K (Almaty, Kazakhstan). LLLRW consist of different
ions such as Na, Mg, K, Fe, Ca, Al, Sb, Sr, Mo, Cs measured by atomic emission method (Table 3) and
consist of radioisotopes 9Co, "'Cs and **'Am with different activity measured using Gamma Ray
Spectrometer. In DCMD experiment, hydrophobic PET TeMs were used to evaluate water fluxes and
decontamination factor (D) efficiency of LLLRW depends on pore diameter. Decontamination factor (D)
was calculated according by the equation:

D=3 (1)
Gp
where arand a, are specific activities of the feed and the permeate respectively.

Removal efficiency of wastes was primarily evaluated by electrical conductivity, which can be also
used for overall efficiency of DCMD for metal ions rejections since the main component of the waste sample
is Na and K which are highly sensitive to changes in conductivity with changing concentration. Results are
presented in Figure 6a. PET TeMS-g-PS-TEVS with pore diameters of 142, 206 and 242 nm showed minor
changes in conductivity during MD, whereas using membranes with a pore diameter of 287 nm leads to a
significant increase in conductivity from 214 to 2238 uS/cm. Degrees of salt rejection for the hydrophobized
PET TeMs-g-PS-TEVS with pore diameter of 142, 206 and 242 nm are 99.2 %, 96.8% and 86.9%
respectively.

Figure 6b shows us increasing average water fluxes from 810 g/m*h for the PET TeMs-g-PS-TEV'S with
142 nm pore diameter to 1584 g/m’h for the membrane with 242 nm pore diameter. It should be noted that
according to analysis of conductivity (degree of salt rejection is around 5%), high flux of membranes with
pore sizes of 287 nm is due to wetting the channels and filtration through occurs.



Materials science. 51

i | 3 3 3000-
2000{ = 20m 1 -
: o & 2500-
e I O 5200,
Z I . 515004 T
2 1000 -t | Z1s001
g 3 ‘ 3 3 & 3 i
5 T | %1000 = |
Zoso0f ? 5 ’
| | | | 5004 ot ]
| | | <
. | : | |
0 PRSI W TN - 0 : : : .
0 1 2 3 4 5 6 7 142nm 206nm 242nm 287 nm
Time,h Pore diameter
a b

Fig.6. Electrical conductivity (a) and MD water flux (b) during continuous DCMD tests using hydrophobized PET
TeMs-g-PS-TEVS with different pores for radioactive waste solution

Electrical conductivity and water flux results of PET TeMs — PFDTS after DCMD are showed in
Figure 7a, b. For hydrophobic PET TeMs — PFDTSwith pore sizes of 150, 200 nm is a slight increase in
conductivity, however, with pore sizes of 250 nm, the conductivity sharply increases from 6 to 184 uS/cm.
Degrees of salt rejection for the PET TeMs — PFDTS with pore diameter of 150, 200 and 250 nm are 98.7%,
97.3% and 79.2% respectively. Figure 6b shows us increasing average water fluxes from 520g/m’h for the
PET TeMs — PFDTS with pore diameter 150 nm to 1240g/m’h for the membrane with 250 nm pore diameter.
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Fig.7. Electrical conductivity (a) and MD water flux (b) during continuous DCMD tests using hydrophobized PET
TeMs— PFDTS with different pores for radioactive waste solution

Chemical composition of the waste sample and degree of rejection after DCMD process using
hydrophobic PET TeMs are presented in Table 3,4. According to Table 3,4all degree of rejection were more
than 94%, most of them are close to 100%. For comparison, hydrophobic PET TeMS — PFDTS with
different pore diameter was used. Variations in ion concentration are caused by different salt concentration in
feed solution. Decrease in the degree of salt rejection with an increase in the pore radius is associated with a
decrease in the LEP (as it seen in Table 1,2). The higher the LEP, the lower the probability of liquid passing
through the pores of the membranes.

Results on decontamination factors of radioisotopes are presented in Table 5,6. PET TeMs-g-PS-TEVS
with pore diameters of 142 and 242 nm showed decontamination factor for “’Co of >85.4, for *’Cs of >1900
and 42, for **' Am of 5 and >7 respectively. PET TeMs — PFDTS with pore size of 150 and 250 nm showed
decontamination factor “Co >85.4 and 34.2, for "'Cs of 1462 and 815.5, for *'Am of 4 and > 2.6
respectively. It should be noted that in most cases data received was below detection limit. The decrease in
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the decontamination factor with an increase in the pore diameter is associated with a decrease in the LEP and

the contact angle.

Table 4 - Chemical composition of the waste sample and the effluent after DCMD process using hydrophobic

PET TeMs-g-PS-TEVS with different pore diameter

Element Concentration in Concentration in the Concentration in the Concentration in the
the feed, pg/l permeate (PET TeMs- | permeate (PET TeMs-g- | permeate (PET TeMs-g-
g-PS-TEVS, d=242 PS-TEVS, d=206 nm), PS-TEVS, d=142 nm),
nm), pg/l, (degree of png/l, (degree of ug/l, (degree of
rejection, %) rejection, %) rejection, %)
Cs (6=£26%) 304 7.13 (97.7%) 1.18 (99.6%) 0.34 (99.9%)
Mo (c=£15%) 458 4.14 (99.1%) <0.3 (99.9%) <0.3 (99.9%)
Sr (6=£15%) 136 <0,5 (99.6%) <0.5 (99.6%) <0.5 (99.6%)
Sb (o=£15%) 46.3 0.68 (98.5%) <0.3 (99.4%) <0.3 (99.4%)
Al (c=£16%) 660 <12 (98.1%) <3 (99.5%) <3 (99.5%)
Ca (6=£16%) 1780 96.1 (94.6%) 84.2 (95.2%) 18.6 (99.0%)
Fe (c=£10%) 383 <2.4(99.4%) <0.6 (99.8%) <0.6 (99.8%)
K (6=+15%) 249 200 1523 (99.4%) 236 (99.9%) 54.6 (99.9%)
Mg (c=+15%) 1046 <4 (99.6%) 2.36 (99.8%) <1 (99.9%)
Na (0=£15%) 4710 000 103 (99.9%) 17.6 (99.9%) 1.87 (99.9%)

Table 5 - Chemical composition of the waste solution and the effluent after DCMD process using hydrophobic

PET TeMs — PFDTS with different pore diameter

Element Concentration in Concentration in the Concentration in the Concentration in the
the feed, pg/l permeate (PET TeMs- permeate (PET TeMs- permeate (PET TeMs-
PFDTS, d=250 nm), PFDTS, d=200 nm), PFDTS, d=150 nm),
pg/l pe/l pg/l
Cs (0=£26%) 304 6.82 (98.2%) 3.26 (98.9%) 0.85 (99.8%)
Mo (o=£15%) 458 3.90 (99.1%) 1.82 (99.6%) <0.3 (99.9%)
Sr (6=%+15%) 136 1.08 (99.2%) <0.5 (99.6%) <0.5 (99.6%)
Sb (o=£15%) 46.3 0.73 (98.4%) <0.3 (99.3%) <0.3 (99.3%)
Al (c=£16%) 660 <12 (98.1%) <6 (99.1%) <3 (99.5%)
Ca (6=+16%) 1780 89.1 (95.0%) 55.6 (96.8%) 33.3 (98.1%)
Fe (c=£10%) 383 <2.4 (99.3%) <1.2 (99.7%) <0.6(99.8%)
K (6=£15%) 249 200 1 568(99.3%) 838 (99.7%) 215 (99.9%)
Mg (c=£15%) 1046 <4 (99.6%) <2 (99.8%) <2 (99.8%)
Na (6=+15%) 4710 000 56 100 (98.8%) 31 800 (99.3%) 7 770 (99.8%)

Table 6 - Radioisotope composition of feed waste solution and permeate solution after DCMD process using
hydrophobic PET TeMs-g-PS-TEVS with different pore diameter

Radiois | Activity of the feed Activity of the Decontamina Activity of the Decontamination
otope (Bg/kg) permeate (PET tion factor permeate (PET factor (D)
TeMs-g-PS-TEVS, (D) TeMs-g-PS-TEVS,
d=142 nm), (Bg/kg) d=242 nm) (Bq/kg)
“Co 85.4%6.1 <1.0 >85 <1.0 >85
P 190027 <1.0 >1900 45.8+1.8 42
*Am <2.2 <0.41 5 <0.32 >7
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Table7 - Radioisotope composition of feed waste solution and permeate solution after DCMD process using

hydrophobic PET TeMs — PFDTS with different pore diameter

Radiois | Activity of the feed Activity of the Decontaminat Activity in the Decontamination
otope (Bg/kg) permeate (PET ion factor (D) permeate (PET factor D
TeMs- PFDTS, TeMs— PFDTS,
d=150 nm) (Bq/kg) d=250 nm) (Bq/kg)
“Co 85.4+6.1 <1.0 >85 2.5¢1.1 34.2
P7Cs 190027 <13 >1462 2.33 815.5
“'Am <2.2 <0.55 >4 <0.86 >2.6

The results obtained in terms of the factor of decontamination of radionuclides, the degree of
purification from salt and productivity exceed previously published works in some parameters. The authors
[25]used commercial polypropylene membranes, which showed a lower water flux about 700 g/m’-h.
However, the salt rejection of radioactive waste of such elements as Co, QOSr, 37Cswas achieved more than
98%. The value of the decontamination factor of radionuclides varied within 10°-10° FeiJia and others
[26,27] have conducted research on the purification of “Co and "*’Sr by vacuum membrane distillation with
hollow fiber polypropylene membrane. The salt rejection was over 99%, and the permeate water flux reached
about 6200 g/m’-h.However, in these works there are some disadvantages associated with the need for a
reduced pressure of approximately (0.1-1 atm), as well as the high cost of hollow fiber membranes.

Based on the obtained results, methods of hydrophobization of PET TeMs showed good performance.
The most preferred type of modification for membrane distillation is PET TeMs-g-PS-TEVS, due to high
performance and efficiency in treatment of LLLRW. Using of TeMs with a narrow pores size distribution
allows us to achieve better purification from radioactive wastes.

Conclusion

In this research,two simple and effective methods of hydrophobization of PET track-etched membranes
by UV-graft polymerization of styrene with TEVS (at optimal conditions of 20% monomer concentration at
monomer ratio 50:50 during 60 min) and covalent binding of PFDTS were considered and applied in
treatment of liquid low-level radioactive wastes. Prepared membranes were characterized by FTIR, SEM,
LEP and goniometric analysis to evaluate hydrophobic properties of the membranes. DCMD was controlled
by gravimetric and conductometricanalysis. The effect of membrane pore diameter on water flux and
rejection degree was studied. Elemental content of the solutions were evaluatedby gamma-ray spectroscopy
and atomic emission method. Modified in two different ways PET TeMs showed an excellent degree of salt
rejection of main elements of LLLRW such as Cs, Mo, Sr, Sb, Al, Ca, Fe, K, Mg and Na, decontamination
factor for “’Co, *’Cs, and **'Am — >85, >1900 and 5 respectively when using modified membrane with
average pore diameters of 142 nm (average water flux for this membrane is 810 g/m’h).

Maximum average permeate flux of 2800 g/m*-hwere achieved using PET TeMs-g-PS-TEVS, however
degree of salt rejection and decontamination factor are not sufficient due to the fact that modified membranes
with large pore diameters have lower LEP and contact angle. The optimum ratio between water flux and
efficiency of salt rejection is achieved using 142 nm pore radius of the membranes. For the first time track-
etched membranes were studied in membrane distillation of liquid low-level radioactive wastes. The use of
track-etched membranes with a narrow pores size distribution and not tortuous channels allows us to achieve
better purification from radioactive wastes in comparison with hollow-fiber membranes.
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This work presents the results of a study of the morphological, optical, and electrophysical
parameters of  Nickel Oxide/poly(3,4-ethylenedioxythiophene)  polystyrene sulfonate
(NiO/PEDOT:PSS) composite films. It is shown that an increase in the speed of rotation of the
substrate leads to a decrease in the surface roughness of NiO films. As the surface roughness of the
Nickel oxide decreases, the roughness of the PEDOT:PSS film also decreases. Increasing the speed of
rotation of the substrate leads to a decrease in the optical density of the absorption spectra of NiO
films, as well of composite films NiO/PEDOT:PSS. It was found that changes in the morphology of
NiO/PEDOT:PSS composite films contribute to the rapid transport of injected holes to the external
electrode and reduce the probability of reverse recombination.

Keywords: nickel oxide (NiO), PEDOT:PSS, composite film, surface morphology, optical and impedance
spectroscopy.

Introduction

Among inorganic hole transport layers (HTL), nickel oxide (NiO) is of considerable interest and has
been extensively studied as a selective electrode for PSCs [1, 2]. Nickel Oxide is a well-known
semiconductor material with hole conductivity, which has excellent properties: it is thermally and
chemically stable, has a wide band gap of 3.6-4.0 eV, providing optical transparency, and is not an
expensive material whose films can be obtained by various physical and chemical synthesis methods. Like
many oxides, it has a non-stoichiometric composition due to the formation of point defects: Nickel
vacancies and interstitial oxygen, which form shallow acceptor levels and contribute p-type conductivity.

NiO-based PSCs usually have a p-i-n structure (inverted structure) [1, 2]. In NiO-based PSCs, they
are used as compact NiO layers (c-NiO) so are the mesoporous layers of NiO (mp-NiQO). Planar PSCs have
a simpler design than mesoporous ones. However, in both types of PSCs, an important role is played by
the c-NiO layer, which extracts holes from the active layer, transports them to the TCO anode, and blocks
the active layer from contacting the cathode. To further increase the efficiency and stability of NiO-based
PSCs, it is necessary to optimize the synthesis of compact NiO films, as well as optimize the processes of
modifying the structure and surface of NiO through doping and other modification methods.

One of the disadvantages of using the HTL layer of PEDOT:PSSis the degradation of organic solar
cells due to the highly acidic nature of PSS [3]. As a result, the interface between ITO and PEDOT:PSS
becomes unstable, and an undesirable chemical reaction occurs. To solve this problem, this paper proposes
the use of an HTL NiO layer between ITO and PEDOT:PSS that will block unwanted degradation of ITO.
For this purpose, the present paper presents the results of the study of the optical and electrophysical
characteristics of composite films NiO/PEDOT:PSS.

Experimental methods

Production of Nickel oxide films on the ITO surface was carried out as follows [4]: Nickel nitrate
hexahydrate [Ni(NO;), 6H,O] weighing m=145mg (LLC «Polihrom») was dissolved in a volume of ethylene
glycol V=1 ml. Monoethanolamine (5 pkl) was added to the resulting solution. The solution was mixed at
room temperature for 16 hours and then kept for 24 hours at room temperature. NiO films were obtained by
centrifugation (SPIN150i, Semiconductor Production System). To change the film thickness, the substrate
rotation speed was changed from 1500 rpm to 2500 rpm. After that, the film was annealed for 10 minutes at
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100°C, and then annealed to a temperature of 350°C at a rate of 10°C/min. Ito-based substrates were
prepared according to the method [5].

For obtaining the composite films of NiO/PEDOT:PSS solution was used PEDOT:PSS (1%, Ossila
Al4083). Before applying the solution of PEDOT:PSS was filtered through a 0.45 micrometer filter. Films of
PEDOT:PSS were obtained on the NiO film by centrifugation at a speed of 4000 rpm. After film of
PEDOT:PSS on the surface of NiO annealed in air atmosphere at a temperature of 120°C for 15 min.

The surface topography of the samples was studied using the JSPM -5400 atomic force microscope
(ASM) JSPM-5400 (JEOL, Japan). A special modular program for analyzing scanning probe microscopy
data (Win SPMII Data-ProcessingSoftware) was used to process images obtained on the ASM. Surface
morphology, roughness of NiO films, and composite NiO/PEDOT:PSS films were analyzed from ASM
images. Images of the film surface were obtained using the semi-contact scanning method. The absorption
spectra of the studied samples were recorded using a CM-2203 Solar spectrofluorometer. The impedance
spectra were measured using a potentiostat-galvanostat P45X in the impedance mode on the installation
described in detail in [6].

Results and discussion

Images of the surface morphology of NiO films obtained at different speeds of rotation of the substrate
are shown in figure 1. From figure 1, it can be seen that the NiO film obtained at the substrate rotation speed
of 1500 rpm /min has a granular structure, the surface roughness is 7,44 nm. As the substrate rotation speed
increases, the film surface roughness decreases (figures 1, b and 1, c).

a b c
Fig.1. Images of the surface morphology of NiO films:
a) — NiO — 1500 rpm /min; b) — NiO — 2000 rpm /min; ¢) — NiO — 2500 rpm /min.

The roughness of the film at the speed of rotation of the substrate 2000 rpm/min is 5.19 nm,
and at 2500 rpm is 3.51 nm. Table 1 shows the roughness values of NiO films obtained at different
speeds of rotation of the substrate. After that, PEDOT:PSS films were applied to the surface of the NiO
films by spincoating. Figure 2 shows images of the surface morphology of PEDOT:PSS films on the NiO
surface. The figure shows that the PEDOT:PSS film on the surface of the NiO film obtained at a rotation
speed of 1500rpm/min has an inhomogeneous surface structure with a roughness of 5.56 nm.

Table 1- Surface roughnessof NiO films with different rotation speeds

Sample R,, nm
NiO — 1500 rpm /min 7.44
NiO — 2000 rpm /min 5.19
NiO — 2500 rpm /min 3.51

As can be seen from the figure, when the surface roughness of the Nickel oxide film decreases, the
roughness of the PEDOT:PSS film also decreases (figure 2, b). Further reduction in the roughness of the NiO
film also leads to a reduction in the roughness of the PEDOT:PSS film (figure 2, c). PEDOT film roughness
PEDOT:PSSon the surface of NiO films are shown in table 2.
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a b c
Fig.2. Images of the surface morphology of NiO/PEDOT:PSS films:
a) — NiO — 1500 rpm/min /PEDOT:PSS; b) — NiO — 2000 rpm/min /PEDOT:PSS;
¢) — NiO — 2500 rpm/min / PEbOT:PSS.

Table 2 - The surface roughness of the films, the NiO/PEDOT:PSS

Sample R,, nm
NiO - 1500 rpm/min / PEDOT:PSS 5.56
NiO — 2000 rpm/min /PEDOT:PSS 4.92
NiO — 2500 rpm/min /PEDOT:PSS 1.15

Figure 3 shows the absorption spectra of NiO films obtained at different speeds of rotation of the
substrate: 1500 rpm, 2000 rpm, 2500 rpm.
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Fig.3. Absorption spectra of NiO films:
1 —NiO — 1500 rpm/min; 2 — NiO — 2000 rpm/min; 3 — NiO — 2500 rpm/min.

The absorption spectrum has two peaks at 216 nm and 237 nm. The figure shows that the optical
density of the absorption spectra of NiO films decreases as the substrate rotation speed increases. The
positions of the maxima of the absorption spectrum do not change. Table 3 shows the characteristics of the
absorption spectra of NiO films. The decrease in the optical density in the absorption spectra with an
increase in the rotation speed of the substrates is associated with a decrease in the thickness of the NiO films.

Table 3 - Characteristics of the absorption spectra of NiO films

Sample DI, (A =216 nm) D2, (A=237 nm)
NiO - 1500 rpm/min 0.82 0.60
NiO -2000 rpm/min 0.67 0.49
NiO -2500 rpm/min 0.56 0.29
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Figure 4 shows the absorption spectra of NiO/PEDOT:PSS composite films. The absorption spectrum
of the films has two max at 216 nm and 237 nm.
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Fig.4. Absorption spectra of films: NiO/PEDOT:PSS:
1 —NiO - 1500 rpm /min/PEDOT:PSS; 2 — NiO — 2000 rpm /min/PEDOT:PSS;
3 —NiO — 2500 rpm /min/PEDOT:PSS.

Due to the small thickness of the PEDOT:PSS film compared to the NiO film, no absorption bands of
PEDOT:PSS are observed in the absorption spectrum, except for an increase in the optical density. Reducing
the thickness of the NiO film leads to a decrease in the optical density of the absorption spectrum of the
composite film. However, it should be noted that the absorption of the composite film remains high
compared to the NiO film. The characteristics of the absorption spectra of NiO/PEDOT:PSS composite films
areshown in table 4.

Table 4 - Characteristics of the absorption spectra of films NiO/PEDOT: PSS

Sample D1, (A =21 nm) D2, (A =222 nm)
NiO - 1500 rpm/min / PEDOT:PSS 1.03 0.85
NiO — 2000 rpm/min / PEDOT:PSS 0.83 0.74
NiO — 2500 rpm/min /PEDOT:PSS 0.59 0.55

The impedance spectra were measured using a potentiostat-galvanostat P45X in the impedance mode.
For this purpose, an aluminum electrode with a thickness of 200 nm was applied to the surface of the films in
a vacuum at a pressure of 10 > Torr on the CY-1700x- spc-2 spray plant (Zhengzhou CY Scientific
Instruments Co., Ltd). Fitting of the impedance spectra was performed using the EIS-analyzer software
package. The analysis of the impedance measurement results was carried out according to the diffusion-
recombination model and the equivalent circuit shown in figure 5 was used for the fitting. The figure shows
the following parameters for obtaining a hodograph of semiconductor films: R1 and R2 are the resistances
corresponding to R, and R,; CPEl is a constant phase element, which is an equivalent component of an
electrical circuit that simulates the behavior of a double layer, but is an imperfect capacitor.

R1 R2

CPE1

Fig.5. Equivalent electrical circuit
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Light impedance spectra of the cells of the structure ITO/PEDOT:PSS/Al and ITO/
NiO/PEDOT:PSS/Al on voltage -500 mV and frequencies from 100 kHz to 0.5 Hz is shown in figure 6.
Fitting of impedance spectra was performed using the software package EIS—analyzer, it was calculated the
basic charge transport properties of the films (table 5), where: k. is the effective rate of extraction of charge
carriers from PEDOT:PSS or NiO/PEDOT:PSS, 7. is effective time of flight of charge carriers through
PEDOT: PSS or NiO/ PEDOT:PSS, Rj-resistance of the film PEDOT:PSS or NiO/PEDOT:PSS, Rext —
resistance of transfer of charge carriers at the border PEDOT:PSS/electrode or NiO/PEDOT:PSS/electrode
associated with the extraction of charge carriers with PEDOT:PSS or NiO/PEDOT: PSS.
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Fig.5. Light impedance spectra of NiO/PEDOT: PSS films with voltage parameters of -500 mV
and frequency from 100 kHz to 0.5 Hz: 1 — PEDOT: PSS; 2 — NiO - 1500 rpm /min/ PEDOT:PSS;
3 —NiO - 2000 rpm /min/PEDOT:PSS; 4 — NiO — 2500 rpm /min/PEDOT:PSS.

The values of the electrophysical parameters of the films are shown in table 5. As can be seen from the
data in table 5, the thickness of the NiO film significantly affects the resistance of the NiO/PEDOT:PSS
(R..) film and the resistance of charge carrier transfer at the NiO/PEDOT:PSS/electrode interface (R..,). The
resistance of the NiO-1500 rpm/min / PEDOT:PSS film has the highest resistance, and the resistance of the
NiO-2000 rpm /min/ PEDOT:PSS film is less than the resistance of the PEDOT:PSS film by about 30%.
Nio-2500 rpm/PEDOT:PSSfilm resistance shows the best value. A lower film resistance should improve the
solar cell fill factor and generally increase photovoltaic performance

The dynamics is observed in the change in the charge carrier transfer resistance at the interface between
PEDOT: PSS/electrode and NiO/PEDOT:PSS /electrode (R..). The R, resistance value of the PEDOT:PSS
film has the highest value. The resistance of the NiO-1500 rpm/min/PEDOT:PSS and NiO-
2000rpm/min/PEDOT:PSS films is significantly less than the R,,, resistance of the PEDOT:PSS film. The
Rext resistance of the NiO film is 2500 rpm/min/PEDOT: PSS shows the lowest value. The R, value
determines the efficiency of charge carrier recovery from PEDOT:PSS and NiO/PEDOT:PSS films, and the
lower the R, value, the greater the efficiency of charge carrier accumulation and photocurrent of the cell.
The values k, and 7, characterize the efficiency of charge carrier extraction with PEDOT:
PSS,NiO/PEDOT:PSS and the effective time of charge carrier flight in PEDOT:PSS, NiO/PEDOT:PSS. As
can be seen from table 5, the NiOfilm significantly affects the PEDOT:PSS film, and there is a positive
dynamics in the coefficients k.zand 7.4

Table 5 - Value of the electrophysical parameters of the film PEDOT:PSS and composite films NiO/PEDOT:PSS

Sample R,, Q Rey, Q Kegp, 8™ Tefr, MS
PEDOT:PSS 95.5 11097 46.8 21.36
NiO - 1500 rpm/min /PEDOT:PSS 81.41 6571.2 56.37 17.13
NiO — 2000 rpm/min /PEDOT:PSS 44.17 7016 79.83 12.52
NiO — 2500 rpm/min /PEDOT:PSS 35.49 2917.2 118.12 8.46
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The efficiency of charge carrier extraction from NiO — 2500 rpm/min/ PEDOT:PSS films increased
approximately twice as compared to the film PEDOT:PSS, and the effective time of charge carrier flight
decreased inversely. Holes injected into NiO/PEDOT:PSS diffuse to the electrode, where they recombine
with electrons. Fast transport of the injected holes to the external electrode is very important, as this reduces
the probability of their reverse recombination.

Conclusion

As a result of research, it was found that the surface roughness of NiO films decreases with increasing
substrate rotation speed. It is shown that when the surface roughness of Nickel oxide decreases, the
roughness of the PEDOT:PSS film also decreases. It is found that with increasing substrate rotation speed,
the optical density of the absorption spectra of NiO films and the absorption of composite NiO/PEDOT:PSS
films decreases. It is shown that optimization of the surface structure of NiO//PEDOT:PSS composite films
promotes rapid transport of injected holes to the external electrode and reduces the probability of reverse
recombination. The results obtained open up the prospect of using NiO//PEDOT:PSS composite films as an
HTL Layer of organic solar cells.
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The features of convective heat transfer of bodies in a turbulent environment are considered. The results of
experimental research by one of the authors are discussed. Experimental data show that the heat transfer of a
spherical body is affected by natural convection, the thermo-physical properties of the medium, the tightness of
the flow, the turbulent flow regime, etc. Due to these factors, the formula for calculating convective heat transfer,
which includes many experimental constants, becomes cumbersome and inconvenient for practical application.
The paper presents the results of applying fractal-structural analysis methods to describe experimental data on
convective heat exchange of badly streamlined (cylinder and sphere) bodies in a channel. Quantitative relations
are obtained that link the intensity of turbulent heat transfer with the criteria for the degree of self-organization.

Keywords: turbulence, heat transfer, fractal, multifractal, vortex structure, entropy, flow crampedness.

Introduction

Analysis of numerous turbulence models shows their limitations and lack of accuracy. In many cases, to
reach agreement with the experiment, the method of fitting using multiple empirical coefficients is used, or
various empirical functions are introduced that are not physically justified. This approach may be useful for
describing a specific process, but it is not sufficient for developing more or less General methods for solving
turbulence problems. There is an opinion about the need for a deeper study of the physics of turbulent
exchange to create an adequate theory, which puts turbulence in the category of General physical problems,
and the results obtained in this direction are of General scientific significance. To understand the physics of
hydrodynamic turbulence, it is important and relevant to conduct a theoretical study based on simple and
visual models (for example, fractal and multifractal) of the dynamics of interaction of structural elements —
vortices and vortex clusters in gradient flows, paying special attention to convective heat transfer in
homogeneous and heterogencous media, as a possibility of tracking the evolution of turbulent motion. At the
same time, it is obvious that the value of any theoretical model depends on the degree of coincidence with
the results of well-known or specially designed experiments.

1. Experimental results

Figures 1-3 show data on the average convective heat transfer of a sphere in a constrained flow, which
shows a complex dependence of the heat transfer intensity on natural convection, the thermo-physical
properties of the medium, and the degree of flow congestion. More than 1000 experiments were carried out
to measure the convective heat exchange of a sphere flowing around a viscous liquid flow in a channel with a
wide range of changes in the experimental conditions: the degree of flow constraint, the magnitude and
direction of natural convection, the directions of heat flow, and the thermo-physical properties of the
medium. A description of the experiment and part of the results are presented in [1, 2]. As you know, to date,
we have observed the desire of the authors of such studies to present the results of heat exchange in the form
of formulas:

Nu = aRée” + cRed,
where a, b, ¢, d are empirical constants that take into account the above and other similar conditions of
experience.

In any case, the dependence of heat transfer on the values of the Reynolds number is clearly shown,
which can be represented as:

Nu = CRé". (1)
Obviously, the explicit form of formula (1) depends on the flow mode: laminar or turbulent. In this
regard, it should be noted that while some of the experimental results we have studied are known to relate to
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the laminar regime, most of them relate to the transient and turbulent flows. Although it is generally assumed
that turbulence occurs when the sphere flows around Re > 40, it seems that anisotropic turbulence is
observed much earlier. It should be noted that in the case of heat exchange, non-isothermicity is an additional
factor that introduces a disturbance in the flow.
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Fig.3. Influence of restricted flow on convective heat transfer of the sphere. Designations: A- 7 = 0.235; ¢ - 0.148

Thus, as a result of the experiments, systematic data on the hydrodynamic resistance and heat exchange
of a sphere in the region of relatively small Reynolds numbers were obtained for the first time. Under the
accepted experimental conditions, it was possible to ignore the influence of natural convection already at Re
> 10, paying attention to the flow constraint as the main factor leading to inhomogeneity of the turbulent
flow. In article, the degree of flow constraint, which determines the spatial scales of complex turbulent eddy
formations both on the surface of the body and a track of the body, is calculated as the change in the area of
the gap between the surfaces of the streamlined body and the limiting walls of the channel. The geometrical
parameters of the problem of fluid flow around a cylinder and a sphere in a channel are shown in Fig. 4.

The degree of crampedness of the flow is expressed by the number y =h/H, where h and H,
respectively, are the characteristic dimensions of the body and channel (in our case, the diameters).
Therefore, 0 < y < 1. Limiting case } =0 corresponds to the flow of an unlimited fluid flow around a body.
The relative values of the gap area in the midsection sections are defined as

For -5 _ Foy - 15 2
Loy 0272 g7
For Fo;
where Fy;, Fy; — the cross-sectional area of the channel and pipe, F;, F; — the median section area of the
respectively cylinder and sphere.
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The movement in the gap between the body surface and the channel wall is inhomogeneously turbulent.
Therefore, strictly speaking, the structural elements of turbulence are self-affine (not self-similar)
multifractals that have different similarity coefficients in the corresponding spatial directions. One of the
consequences of this complication of fluid movement in a limited space is that now the effective gap area-the
characteristic size of the fluid flow is smaller than both in laminar motion and incomparison with the case of
free turbulence. This will lead to an additional increase in the coefficient of hydrodynamic resistance of the
body and the intensification of the heat exchange process.

o | . "
TS =)
" 111 Ll =

a b
Fig.4. Flows diagram of the cylinder in the channel (a), and the sphere in the pipe (b)

Obtained experimental data on the heat exchange of the sphere in the channel confirm the structurality
of the flow even at relatively small Reynolds numbers. For the first time, the natural extension of the known
regularities to the region of small Re numbers (up to the obviously laminar regime) allows us to consider our
experimental data as test data confirming the provisions of the proposed structural approach to the study of
convective heat transfer in a turbulent environment.

2. Theoretical part

Development by Mandelbrot [3] the mathematical concept of a fractal and its applications to the
description of the shapes of various objects make it possible to construct models of non-trivial random scale-
invariant structures [4, 5]. The application of these models is a new approach to the description of disordered
structures in physics. Success in applying fractal models in physics is primarily due to the fact that fractal
forms are inherent in a huge number of processes and structures. Especially successful the possibilities of
theory fractal are used especially successfully in studies of hydrodynamic turbulence and heat transfer [6-9].

The fractal character of hydrodynamic turbulence follows from the scale-invariant property of
turbulence dynamics and from the structure of a strange attractor corresponding to the occurrence of
hydrodynamic chaos. The structural and scaling characteristic of the evolution of turbulent vortices allows us
to consider them as a fractal object. Moreover, numerous experimental studies show that turbulence, as a
combination and result of the interaction of different-scale vortices, is a multifractal characterized by a set of
different fractal dimensions. The dimension of the multifractals itself or the generalized dimension D, is
determined by the Renyi formula [4]:

I . InN(d.q)

2

where —co < g <+eo  — is order of the multifractal moment, N (5, q) - is number of vortices.

It is well-known, the multifractality of turbulence is directly related to its intermittency. Representing
the characteristic of the dependence of the number of vortices on their size in the form:

InN(9,q)
N(q,6)~86™; z(q)=-lim——"~
(4.9) (q)=—lim— -
can be received:
1
Dq_I_qT(q)’

where 7 (q) — is the intermittency function, which can be determined from the experiment by processing the

time series.
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2.1. Fractal nature of convective heat transfer

Indicators of power dependencies between dimensionless complexes of basic parameters (similarity
criteria) can be expressed in terms of fractal characteristics determined by theoretical models of structures
(vortices, clusters of particles) of the phenomenon. We present the Nusselt criterion for turbulent heat
transfer as:

/ AT
Nu:ﬂ:i’ a:i; q():/l_’ (3)
A g, AT [,
where o0 — is the heat transfer coefficient; [, — is the characteristic spatial scale; 4 — is the thermal

conductivity; ¢, g, are the heat flows through the unit surface at the temperature difference AT in turbulent
and laminar modes.

The g/q, ratio is equivalent to the ratio of the effective surface area of turbulent mixing F to its value F)
in laminar mode. The law of increasing F, which corresponds to the intensification of heat exchange during
flow turbulence, according to [10, 11] can be represented in the most general form as power dependence:

4
l
g\/
and equation (3) goes to the form:

Y
Nuzizﬁz(l—"} , @)
9, & 0

where [, — the minimum dissipative scale is replaced by J, — the smallest size of self-similar structural
elements of turbulence, depending on the kinematic viscosity v; ¥ — an indicator determined by a specific
scaling model — scale-invariant deformation of the surface of the medium structures.

Considering the well-known estimate o, ~ v/U, from formula (4), we obtain

Nu = CRé’, Q)

where Re = [,Uy/v— the Reynolds number make up the characteristic velocity Uy, C is a constant.

Some fixed values of ¥ can be determined from simple models of scale-invariant deformation of
surfaces that restrict liquid volumes. It should be expected that isotropic turbulence actually corresponds to
symmetric deformation, and anisotropic turbulence, which is more typical for shifted flows, corresponds to
one — sided asymmetric deformation. It is taken into account that model deformations have the properties of
turbulent mixing: maximum surface stretching with the smallest number of links, self — similarity of the
cascade deformation process-the next deformable surface (generator) must contain parallel elements to the
original surface. The value of ¥ can be found by calculating the fractal (Hausdorff) dimension D of the
object obtained after the n-th deformation. By definition

. II’ZN(I) d-1
— im0l g )= F f1
i N M

where N(I ) - is the number of elements required to cover the surface F,; d - is the topological dimension of
the space in which the object with the deformable surface is insirted.

As a result of simple calculations, we find a formula that relates the scaling exponent y to the fractal
dimension D:

y=D-d+1. (6)

Substituting the values D in (6) and taking into account that for isotropic and anisotropic deformations d is
equal to 3 and 2, respectively, we calculate the founded values: y:% = 0.7925 and %= 0.4650. Finding from
geometrical consideration index of yprocess scaling should probably be considered as their limit values
describing the universal properties of turbulent transport. In particular, y, corresponds to the region of large
Reynolds numbers, when almost homogeneous, isotropic (Kolmogorov) turbulence is observed, ¥, can be
used both for large Reynolds numbers, when the anisotropy is caused by local (boundary) conditions (the
presence of walls, the second phase, heat transfer, etc.), and for relatively small Re numbers, i.e. in the
processes of occurrence and evolution of turbulence. The calculated values of v, 7y, are close to the well-
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known experimental results on heat exchange for developed, isotropic turbulence (n ~ 0.8) and for quasi-
regular, large-scale turbulence (n ~ 0.5).
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Fig.5. Average cylinder heat transfer. The results are taken from [1]. 1 - dat of J. Ulzamer; 2 - A.A. Zukauskas; 3 -
B.Kh. McAdams; 4 - M.A. Mikheev and I.M. Mikheeva; 5 - G. Hilpert

Figure 5 shows a comparison of numerous results of various authors presented in [1] in the form of
empirical dependencies with the formula (5) for two limit values % As can be seen from the graph, the
theoretical dependence (5), covering the lower and upper regions of the values of the number Re, correctly
reflects the laws of heat exchange of the cylinder under different flow modes. Therefore, instead of an
empirical dependence (1) with an undefined degree n, we propose the formula (5), where the exponent vy is
associated with the fractal dimension D. The indexes y of the dependences degree of turbulent heat transfer
can be determined not only by geometric, but also by physical — multi-fractal models connected with
information-entropy concepts.

2.2. Multifractal (physical) model of turbulent heat transfer

The movement of turbulent vortices of different scales, their interaction is observed as random
alternations of different-scale dynamic characteristics. Therefore, it is necessary to take into account the
probabilistic, intermittent nature of turbulent heat transfer. Objects in which the distribution of a measure is
described by probabilistic moments of different order (the degree of inter leavability) and the corresponding
spectrum of fractal dimensions are called multifractals. In [4], the following is one of the definitions of the
multifractal probability measure M:

M ~5°N(g,0); N(q,0)=D P! ~3" x " =" = 579, 7

where 0 — size of the measure split cell,or — fractal dimension of the cell, N(g, & — number of cells containing
the measure, P;— probability of realization cell number i, ¢ — the order of the multifractal moment, which takes

any real value, 7(q) = (1 - q)D, —interleaving function, D, — a generalized (multi-fractal) dimension defined by

the Renyi formula, which differs from (2) in that instead of N(g, d) - the number of vortices, we consider P;- the
probability of their realization:

anPﬂ

1
D, = lim ®
Tog-150 Ino
N(g, & it can also be expressed via local characteristics
N(q,0)= ZP,q ~OT x 5T = g9t o

where f{o) is multifractal spectral function.
From (7) and (9) we obtain an unambiguous cyclic relation between the functions z(g) and f(a) via
Legendre transformations:
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f(@)=q*a(g)+1(q), (10)
drg)  _df(@)

dq 1T aa
In the case of ¢ = 1, there is no interleaving (by definition 7(1)=0) and the chaos structures can be self-

similar. If we reveal the uncertainty in (8) that occurs when, g—1 by decomposing the numerator with a small
argument g - 1, we have

> B()InP(s)
D =lim T~ w5 5. S©)=-3 PInP. (11)

-0 lné 00 lné

where a(q) =—

where S(9) — entropy of splitting a measure into cells, S - is the entropy of a self-similar set that does not
depend on splitting.

From formulas (10), (11) follows

flo,)=0,=D,=S§, a,=a(q=1).

In short, the entropy of a self-similar set is equal to the value of the multifractal spectral function at its
fixed point. Information entropy, defined by the second expression (11), according to the generally accepted
terminology [12] is the average value of synergetic information /;, acquired at the construction (destruction) of
the structure with probability P;

I,=-InP;, Y P=1.

We will represent the probability of realization of structures P as a function of a continuous variable-
information 7 [13]:

P)=e", jP(l)dJ =].
0
The probability P(I) is expressed through the probability density distribution function f{1)

P)=e' = | fiar 0

where the limits of integration correspond to areas of definition P(1)= 0.
Relation (12) is satisfied by the function

fih=PM)=e", T fhdl = 1. (13)

The probability function of the realization of information P(I) coincides with the probability density
function f{I). Precisely information is an integral characteristic of a self-similar system inherent in any of its
hierarchical levels: a part contains complete information about the whole. Taking into account (13),
information of entropy of self-similar systems we write in the form:

S(l) = —Tf(]) x Idl = (I +1)e™.

Further, according to [14], any continuous function g(x), describing self-similar properties of dynamic
chaos at its fixed point satisfies the functional equation:

g(x)=oag(g(x/ o),

where ¢ — is a scaling multiplier. Therefore, as criteria for self-similarity, we take the values of the

characteristic functions of probability P(I) and information entropy S(I) at their fixed points:
Pd,)=e"=1, 1,=0.567, (14)
S, )=(1,+ e =1, I,=0.806. (15)

Taking into the account the taken results from the formula (5) for the intensity of heat transfer in the
developed turbulent regime ( 7(q = 1) = 0 ) we write in the following way:



Energy. Thermophysics. Hydrodynamics. 67

Nu=CRe", (16)
where C- is a new constant.
Similarly, for anisotropic turbulence

Nu = CRe" (17)

The numbers /;, I, are extended analogues of the Fibonacci number, which is used in many areas of
modern science, and correspond to two extreme cases of describing the conduct of a complex system:
informational and entropy. Between statistics and dynamic conditions realizes a informational state (the
beginning of structuring and stochastization) , described by a number /;=0.567. The most complex statistical
state with internal order is characterized by a number /,=0.806 - the value of entropy, normalized to unit.
The numbers /;, I, they can be considered as the minimum values of the fractal dimensions of the set of
values of information generated by the system at qualitatively different levels of its evolution. In a broad
sense, numbers [, I, are universal quantitative criteria for qualitative changes in the evolution of open
systems of any nature.

3. Discussion
3.1. Influence of flow tightness on average heat exchange.

From the analysis of the data shown in figures 1-3, follows that the main factor affecting the heat
exchange of the body in the channel is the tightness of the flow. Obviously, the mechanism of influence of
the constraint factor also works in the case of flow around bodies without heat exchange. The study of fractal
properties of a constrained turbulent flow provides the following correction for changes in the hydrodynamic
resistance of poorly streamlined bodies [15]:

where the index «y» - means that Re is calculated adjusted for tightness; Re, — the Reynolds number
calculated from the maximum speed; j = I corresponds to a cylinder, j =2 - a sphere; D, is calculated
using the formula (6), where y = y1. = 0.4650, 5 = 3 = 0.7925.

Therefore, taking into account (18), formulas (16) and (17) can be given the form:

Nu=c|_Re. T (19)
A P7|

Figure 6 shows the results of processing experimental data on the heat exchange of the sphere (the

experimental conditions and initial data are shown in figure 3). The coincidence of the values of Nu

calculated by formula (19), where for a specific case it is accepted: j=2; D, = 2.465;1,=1,=0.567,

(18)

confirms the fruitfulness of applying the fractal theory to the study of heat transfer (hence, hydrodynamics)
of a body flowing around a constrained flow of a viscous liquid.
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Fig.6. Taking into account the effect of flow Fig.7. Average heat transfer of bodies in a viscous
constraint on convective heat exchange of the sphere. fluid flow. Designations: ¢ — experimental data of
The designations and conditions of the experiment various authors for the cylinder [14], e — for the

correspond to fig.3 sphere [1].



68 ISSN 1811-1165 (Print) 2413-2179 (Online) Eurasian Physical Technical Joumal, 2020, Vol.17, No.2 (34)

3.2. Average heat exchange of bodies in a turbulent flow.

The obtained theoretical results are compared with the known experimental data on convective heat
exchange of bodies (figure 7). The results of more than 100 publications are analyzed, the main part of which
is given in [16]. Experiments cover a wide range of factors (various liquids and gases, sizes and shapes of
bodies, the range of changes in the number of Re, research methods, etc.) that affect the course of the heat
exchange process and the accuracy of the study itself. At first glance, there is actually a significant spread of
the indicator # both in terms of the Reynolds number and for the same value. But this scatter is apparent: if

we do not take into account the results for the smallest Reynolds numbers, when the values of n<0.5 are
selected based on the theoretical solution for laminar flow, the remaining data are located in the interval

I, <n<lI,.

Conclusions

The given results of an experimental research of the average heat transfer of a sphere in a constrained
turbulent flow. Here proposed simplified calculation formulas for heat exchange of bodies in a channel with
a smaller number of empirical constants. On the basis of results measurements and theoretical analysis is
confirmed the fractal nature of convective heat transfer. Presented a fractal description of the influence of the
constraint factor on the convective heat exchange of the body. Set up information-entropy criteria for the
degree of self-organization of the heat exchange process. Comparison of the numerical results obtained on
the basis of the proposed fractal models with the known experimental data shows their satisfactory
agreement. The results discussed complement the known information about heat exchange in a turbulent
environment, and can be directly used in technological processes related to flow and heat exchange, in order
to control and manage them.
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DARRIEUS TYPE WIND TURBINE WITH CONTROLLED BLADES
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The results of studies on possibility of increasing efficiency in the use of wind energy and improving the
dynamic characteristics of Darrieus wind turbine with straight blades are described. It is shown how the values
of torque on the rotor shaft may be optimized by controlling the orientation of the turbine blades relative to the
oncoming flow. Control of blades was provided with a cylindrical track of the special form in plan. The track form
allowed to establish optimum angle of attack on each site of blade circular trajectory. It allowed to increase
power coefficient Cp by 1.5 times and to reduce wind speed at which there is self-start of the wind turbine.

Keywords: Darrieus type wind turbine, controlled blades, torque, power coefficient, tip speed ratio

Introduction

As it is known, all over the world, the technologies have been intensively developed using renewable
energy sources, including kinetic energy of wind and water flows [1]. The main types of the wind power
units are the wind generators with a horizontal or vertical axis of rotation, the electric generator for
converting mechanical energy on the turbine shaft into electric and the tower for the placement of these
generators. At present, for utilization of wind energy the horizontal axis wind turbines (HAWT) with
capacity from hundreds watts to several megawatts are widely used. The essential components of such wind
turbine construction is the vertical tower with height from 10 to 150 meters, the mechanisms for orientation
the area of wind turbine rotation perpendicular to the direction of wind flow.

Vertical axis wind turbines (VAWT) do not need special arrangements of orientation relative to the
direction of the wind and allow two-bearing turbine mounting system. The electric generator may be placed
in the base of the unit, which simplifies its construction. The important advantage of VAWT is the relative
simplicity of blades construction and the relatively small area required for the placement of wind turbines
[2]. One of the main disadvantage of Darrieus type VAWT with rigidly fixed blades relative to the horizontal
crosspieces is a high-speed wind flow, at which there is the self-starting of VAWT to rotate, and large values
of the variable mechanical load on the shaft. As it turned out both of these disadvantage can be eliminated by
using special methods of control the position of the blades on its circular trajectory.

1. Darrieus type VAWT design with straight controlled blades

When moving in a circular path the blade of VAWT operates in a periodically changing unsteady flow.
As the typical wing profiles are used in the construction of blades, the main parameter determining the value
and direction of the forces acting on the profile is the angle of attack. The nature of blades movement in the
turbine with fixed position of blades is such that the angle of attack becomes supercritical at a very large part
of its trajectory [3]. This leads to flow stall and big decrease of the value of the useful component of the
acrodynamic forces, so that the blade even brakes wind turbine in some parts of the trajectory.

However, if it is possible to turn the blade in such a manner that the flows are at the optimal angle of
attack around of the blade profile, the produced value of torque on the VAWT shaft can be significantly
increased. The test of turbine models in water [3-4] and the full-scale prototypes of VAWTS in the air [4-5]
have shown considerable increase the power coefficient

C,= 2P/pV"s,
where P — is capacity of wind turbine, p — density of air or water, /' — velocity of air or water flow, S — swept

area of wind turbine) as well as a significant decrease in the average load on the turbine shaft and its
amplitude pulsations [5-6].
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The last prototype of the series of the wind turbines was created and tested in 2013-2018 and showed a
stable and reliable performance during the tests in the wind tunnel, and the value of coefficient C, was
received equal 0.45. Darrieus type VAWT with straight controlled blades (Fig. 1) had the following
parameters: blade length /4. = 1.6 m, the chord length of the blade 5 = 0.25 m, the profile of the blade is
symmetrical NACA 0015, the blade aspect ratio AR = /,,4./b = 6.4, radius of blade rotation R = 0.7 m, the
average diameter of the control track D = 0.4 m, the VAWT swept area S = 2Rlyjade =2.24m2, the solidity ¢ =
3b /2R = 0.54. The blades were made of carbon plastic and one blade weighed 2.7kg.

Fig.1. The wind turbine with controlled blades in the wind tunnel

Mechanism for blades control have cylindrical track of the special form in plan and 8 mm thick, placed
below the lower crosspieces of the VAWT, on both sides of which three pairs of rollers moved. The pair of
rollers connected by special carriages, which are in its turn were pivotally connected to the rods disposed
within the lower horizontal crosspieces. Another ends of the rods were pivotally connected to the control
axes at the lower end of the blades. The control track was attached to the bottom support rigidly. To
determine the shape of the cylindrical track was used computer modeling of the flow around the VAWT. A
modified method of discrete vortices was used for modeling. This method based on the model of inviscid
incompressible fluid [7]. A variable nature of the flow around blades is a feature of this modification: a flow
around blade is unseparated at subcritical angles of attack of blade, at supercritical angles of attack a flow
separate on leading edge of blade, as shown in [8].

2. Results and discussions

The used method of computer modeling allows to view the time evolution of the vortex trail behind
VAWT and to get instantaneous and integral dynamic characteristics of VAWT. The presence of numerical
flow visualization helps to better understand the physics of the processes and identify patterns that cannot be
identified solely by instrumental measurements.

The results of numerical visualization of a vortex flow behind VAWT with fixed (a) and controlled (b)
blades at tip speed ratio Ap = 2znR/V = 1.2 are shows in Fig.2 (the clockwise-rotating vortices are blue,
counterclockwise rotating vortices are red, more intensive vortices are brighter). It can be seen that for
VAWT with fixed blades the trail has a pronounced turbulent character that adversely affects the dynamic
characteristics of the VAWT. For the VAWT with controlled blades highly visible vortex trail is formed and
this trail leads to the improvement of dynamic characteristics of the VAWT. Note that such a marked
difference vortex trail occurs precisely at tip speed ratio Ap = 1.2, which was selected for controlling track
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optimization. By change Ap in upward or downward from this value the vortex trail behind the VAWT
quickly loses its orderly appearance and the positive effect of the control blades loses also.
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Fig. 2. Numerical visualization of a vortex flow behind VAWT with fixed (a)
and controled (b) blades at tip speed ratio Ap = 1.2

The lower end of the turbine shaft went under the floor of the wind tunnel, where on the shaft the disc
with the 60-hole for measuring the speed of rotation of VAWT was placed on the shaft, and the shaft through
gear box with conic gears connected to the electromagnetic powder brake coupling. The range of brake
torque of coupling is 3 +~ 80 Nm in increments of 2 Nm. Under the initial load on the shaft of 3 Nm
(resistance coupling with the power supply disconnected), VAWT self-started when the wind flow velocity
in wind tunnel was V' = 2.5 + 2.8 m / sec, without load (i.e. the coupling is removed) the VAWT self-started
when the wind flow velocity was V' = 1.8 + 2 m/sec. Wind flow velocity /' was defined by the stationary of
wind tunnel equipment with an accuracy of 0.05 m/sec. The same VAWT without control mechanism (i.e.
the blades are rigidly fixed to the crosspieces) and without load on the shaft self-started when the wind flow
velocity V= 3.5 + 3.8 m / sec. Dependence of the rotation speed of the VAWT n from the useful torque M,.,
on the shaft at various velocity of wind flow V is shown in Fig. 3, a. The useful torque M,., was set by
change of current in electromagnetic brake coupling. The full torque Mg, created by the wind turbine at
rotation in a wind stream was defined as the sum of useful torque M,.;+ drag moments of structural elements
of the wind turbine and the braking moment during the control mechanism operation, which defined
experimentally at various speeds of turbine rotation without blades when V'=0.

The maximum power on shaft was obtained at the lowest rotation speeds of the VAWT. The control of
blades allows to get a torque on the shaft almost three times superior than the VAWT with blades rigidly
fixed, thus almost twice the speed of rotation decreases (Fig. 3, @). This is clearly seen in Fig. 3, b, where the
maximum of power coefficient C, of the VAWT with controlled blades obtained by tip speed ratio Ap = 1.1,
and the maximum of power coefficient C, of the VAWT with blades which are rigidly fixed obtained by ip =
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2.1. At the same time the power coefficient Cp,., of the VAWT with controlled blades almost 1.5 times

higher than the same with rigidly fixed blades.
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Fig. 3. The dependences of the VAWT rotation speed n from the torque M,,., on the shaft at various speeds
of wind flow V' (a) and the dependence of the energy coefficient C, from the value of tip speed ratio Ap (b)
at wind flow V=9 m/ sec (C, _ conr—controlled blades, C,,_g, — fixed blades).

At rigid attachment of blades the angle of the blades placement on the crosspiece was 8°, which agrees
with the data obtained at the Institute of McMaster in Canada [9] while purging of the VAWT with sizes /yjqc
x D=3 x 2.5m (Cpyu was received experimentally and was not more than 0.33).

Thus, the use of simple constructive and technological control blades mechanism of the wind turbine
with vertical axis allows using it effectively in small (6-8 m/sec) wind speeds, reducing the value of wind
load on the wind turbine shaft, and significantly improving the performance characteristics.

Conclusions

The Darrieus type wind turbine with straight controlled blades was designed and was built. The results
of turbine tests in wind tunnel approved the efficiency of this turbine as the wind or water energy converter is
1.5 times higher than the best world samples. The electric generator model was composed for wind power
unit based on VAWT with controlled blades. The calculated results were compared to experimental results.
The mean difference between these results is not higher than 7%.
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The article discusses the possibilities of improving the energy efficiency of wind turbines. A brief analysis of
the current state of development of alternative energy, in particular wind energy in Kazakhstan, is considered. The
computational study has shown that an increase in the power of a wind - power plant is possible due to the use of
a system of simultaneously rotating rotors. A brief description of Bidarrieus-2 wind turbine construction, which
can significantly increase the power removed from the wind flow, is given. The possibility of further increasing the
efficiency of the Bidarrieus-2 wind turbine by means of a concentrator is discussed. The unique method for the
speed controlling of the wind flow with the help of sliding flaps of the guide concentrator in order to improve the
performance of the wind turbine at high wind speed is proposed first time.

Keywords: wind power, vertical-axial wind turbine, multy-rotor unit, Bidarrieus-2, wind energy utilization factor.

Introduction

The problems of warming and climate change caused by ever-increasing harmful emissions into the
atmosphere have led to a widespread transition from hydrogen energy to the development and
implementation of technologies for converting renewable energy sources (RES) [1-5]. Kazakhstan has also
made voluntary commitments to reduce harmful carbon emissions to zero by 2050. Our country possesses
significant renewable energy resources, which include hydropower, wind and solar energy. The number of
renewable energy projects being implemented annually increases.

The highest growth rates of electricity from renewable energy sources excluding large hydroelectric
power plants in Kazakhstan were observed in 2011-2016. [1]. Although the growth rates of RES facilities
slightly decreased, but continue to grow: by the end of 2017, 58 RES facilities with an installed capacity of
342.3 MW were commissioned, and by the end of 2018, 67 RES facilities with a total installed capacity of
531 MW were in operation, which amounted to an increase in the number by 19% and power by 55% [3]. As
of July 1, 2019, 75 renewable energy facilities with a total installed capacity of 683.6 MW were
commissioned, of which 16 wind power plants (232 MW), 23 solar photovoltaic plants (250 MW), 34
hydroelectric power plants (200.3 MW) and 2 bioelectric power plants (1.3 MW).

Practice shows that wind energy is the most preferable among the fairly actively introduced renewable
energy facilities. Now wind power is one of the fastest-growing renewable energy technologies. Usage is on
the rise worldwide, in part because costs are falling.

Installed capacity, MW

683.6
700 531 ® Wind power plants

500

342.3 m Solar photovoltaic plants

300 34
Hydroelectric power plants
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T T B o
100 W Bioelectric power plants
2017 2018 2019
Fig.1. Dynamics of renewable energy facilities in Fig.2. Types of renewable energy facilities in Kazakhstan.

Kazakhstan.



74 ISSN 1811-1165 (Print) 2413-2179 (Online) Eurasian Physical Technical Joumal, 2020, Vol.17, No.2 (34)

According to [2] the production of wind electricity in 2016 accounted for a 6% of the electricity
generated by RES. Wind energy not only in Kazakhstan is actually becoming the basis for both a strategy to
reduce greenhouse gas emissions and a rejection of the use of fossil and nuclear energy. According to the
official statistical report of the World Wind Energy Association Global Status Report 2020, the total capacity
of installed wind turbines in the world reached 651GW by the end of 2019 [3].

Despite the active development of the RES sector in Kazakhstan, there are still problems [4-5]. It
should be noted that the emergence and rapid spread of COVID-19, which began in late 2019, turned into a
global pandemic by early 2020, leading to a global health and economic crisis. It has also impacted the
energy sector around the world. Many parts of the world have strong wind speeds, but the best locations for
generating wind power are sometimes remote ones. It is quite possible to solve some problems, for example,
training qualified engineering personnel for servicing wind energy facilities, creating a new pricing model in
the field of electricity production, etc. But to solve a number of problems, significant capital investments are
required from the state and large energy corporations: these include insufficient development of domestic
capacities of wind power plants (WPPs), the impossibility of integrating the energy generated by individual
WPPs into the general power supply system, and the lack of sufficiently effective technologies for its storage
(accumulation). Let us consider some aspects of increasing the efficiency of wind turbines.

1. Energy efficiency of a wind turbine and multy-rotary wind units

It is well known that in the development and creation of any machine an important and main
characteristic o f the usefulness of its use is the value of the coefficient of energy conversation efficiency [6-
8]. During its operation, it characterizes the ratio of the benefits of using this machine to the required costs:
cost, operating costs, operating life, payback, etc. This also applies to the operation of wind power units.
Here, the coefficient of energy conversation efficiency of the wind unit is determined by the wind energy
utilization factor & (WEUF). The higher the & value means the more effective the economic and commercial
value of the wind turbine. Obviously, the larger the area of the wind wheel swept by the wind, the greater the
value of the WEUF should be. Over the past few decades, the scale of wind turbines has increased
significantly, this has led to a decrease in the cost of electricity generated [2, 9]. It is necessary to increase
the size of the wind turbine in order to reduce the normalized cost of energy. But increasing the power of the
turbine by simply increasing the direct dimensions of the blades in practice requires large expenditures for
their manufacture, installation and operation. In addition, it is impossible to infinitely increase the size of the
blades. Therefore, the researchers propose as an alternative method for solving the problem of increasing the
WEUF - to use a system of simultaneously rotating several rotors (two or more), instead of one.

The idea of a multi-rotor installation is not new. At the beginning of 2016, a wind turbine with a
capacity of 900 kW was erected at a test site located near Roskilde (Denmark) as part of a research and
development project, Fig.3 [9]. This wind turbine, as part of a wind power plant (WPP), was equipped with
four V-29-225kW wind turbines with a controlled pitch and a rotor diameter of 29 m. After 2.5-years tests,
Vestas company dismantled an experimental 4-rotor wind turbine. The processes of interaction between the
wind turbine blades and their effect on the turbine aerodynamics were studied. The influence of multi-rotor
speed on the noise level and other wind turbine characteristics were also investigated. The tests carried out
by the Danish company confirmed the improvement in the quality of the wind turbine. Preliminary results of
studies on a 900-kilowatt wind turbine showed a 1.5% increase in power in relation to annual energy
production, compared with a separately rotating rotor [9]. It was found that the 4-rotor version of the
installation has the property of a faster leveling of the vortex wake behind the wind generator, which in a real
situation means the possibility of installing the turbines at a closer distance relative to each other. Probably
it’s the result of the overlapping of the perimeters of the rotors, which is equal in area to two perimeters of a
single-rotor turbine for the same swept area.

The relevance of this direction of innovation and technology modernization for vertical-axis wind
turbines is confirmed by a number of publications [10 - 14]. In [10], the authors studied the dynamics of the
vortex flow on the basis of numerical simulations in order to compare the flow characteristics in the wake of
a multi-rotor wind turbine with the characteristics of a single rotor turbine. In numerical experiments [10], it
was found that the wake of a multi-rotor turbine recovers faster at short distances downwind. In [11], the
aerodynamics of a double vertical-axial wind turbine with a deflector is studied. The performance of the
system was quantified by aerodynamic tests followed by 3D fluid dynamics simulations. Thus, to meet the
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need for increasing power, the creation of multi-rotor wind generators becomes a promising alternative to
massive single-rotor wind generators.

a b
Fig.3. «Vestas» multi-rotor wind farm:
a) main view of a 4-rotor wind turbine; b) experimental wind turbine test farm [9].

In Kazakhstan, combined vertical-axial devices with two coaxially located rotation shafts were first
developed more than 20 years ago by a group of scientists [7, 8]. As a result of calculations and tests, three
versions of two-rotor wind turbines have been proposed: Darrieus type, Bidarrieus-1, Bidarrieus-2. The most
effective is the third version of the Bidarricus-2 wind turbine, the fundamental feature of which is that its
swing is not rectilinear, but L-shaped in the form of two half swings connected to each other on one of the
shafts [7, 15]. The uniqueness of this design is that the power taken by two DC electric generators is
summed up. For centering, coaxially mounted rotation shafts are separated from each other by support
bearings, which makes it possible for their independent rotation: both coordinated in the same direction, and
opposite. The rotor blades can be made in the form of NASA symmetrical wing profiles. This design,
together with the HBI rotor, allows you to get almost 2 times more streamlined area than a conventional
Darrieus windmill. So, the amount of wind energy used by wind turbines with HBI rotor doubles [15].

Laboratory tests and calculations have shown that such a constructive solution significantly increases
the value of WEUC, and, accordingly, the practical efficiency and commercial viability of wind turbines
[16]. The tests of the laboratory sample and calculations have shown that such a constructive solution
significantly increases the value of WEUC, and, accordingly, the practical efficiency and commercial
feasibility of wind turbines [7]. The autonomy of the shaft rotation of the carousel type wind turbine
allowing energy to transfer each working blade to two different generators, thus increasing the total energy
received, i.e. increase the value of the & coefficient.

The developed semi-industrial Bidarrieus wind turbine with a 5 kW HBI-rotor showed the need for its
placement at a certain height [8, 16]. Outside the surface boundary layer where wind speeds are 2-2.5 times
higher than the average wind speed in the surface boundary layer. Due to the cubic dependence of the wind
turbine power on wind speed, the location of the wind turbine outside the surface boundary layer (20-30 m)
will lead to a several-fold increase in the power of the wind turbine. The torque and power are determined by
loading the pulley with calibrated loads mechanically by the friction method [6]. With varying degrees of
loading the wind turbine, the number of shaft speed is measured using an electronic tachometer. The speed of
the wind turbine is determined by the number of shaft. The torque M created by the wind turbine is
determined by the well-known correlation of the theory of similarity:

M=m-2.5R,

. . . . v2 . . . .
where m is the dimensionless coefficient of torque, FT is the dynamic pressure of the incoming flow, U is

the flow velocity (determined by two calibrated anemometers), p is the air density, S is the swept area, R is
the radius of the turbine and H is its height.
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From the calculated values of the torque and speed of the wind turbine, the values of the wind energy
utilization coefficients are determined:

g=m-y,

where ¥ is tip speed ratio.
Then, the dependence of & on speed for different wind turbine models is built and a comparative
analysis of wind turbines is carried out.

2. A method further increasing the efficiency of two-rotor wind turbine using a
concentrator.

For the purpose of increase in wind speed operating in a windmill the concentrator of wind energy is
offered. In Fig. 4 the design of Bidarrieus-2 with the wind power concentrator is shown in axonometric. As
shown in figure 5 the motionless concentrator represents a system of convergent guides located in a uniform
fantail around the windmills. To increase the velocity of wind acting on the wind power unit, a concentrator
of wind energy is proposed.

wind
llllwindlllll 1
) Sl 7| xoof Drivers of the
\ | ; concentrator
-|-section \ ‘ -‘ e /
< 12m >
Fig. 4. Wind power concentrator design. Fig.5. General view of Bidarrieus-2 with wind

power concentrators.

A concentrator is a system of converging guides positioned as a uniform fan around wind power units.
The sizes of guiding concentrators in this case allow increase more than twice the velocity of wind flow
acting on the unit at any direction of wind. For six-meter Bidarrieus-2 the diameter of total area taking into
account the concentrator is equal to 14 m. The total height is 7 - 8 meters. All this construction is protected
by a roof with a small cone angle [15]. Diameter of this roof is at 1 and 2 meters more than diameter of
whole construction. Let's enter acceleration factor of a wind stream in concentrator as the relation

where:

U, — speed at the entrance of the wind stream in concentrator,

U, — exit speed from concentrator.

The guides of concentrator consist of two flaps which can open as a book. The material of guides must
be from dielectrics and must conduct heat well. To the internal side of each flap, tans are pasted which heat
the guides and in winter protect the whole construction from wet snow-drift. It's an effective method of
additional regulation of speed of a wind stream by means of moving apart flaps concentrator guides. Devices
for directing can perform one more function. You can reveal them and regulate the wind speed, which is
acting on the wind turbine. The movement of the leaflets is controlled by the axes of rotation like on the
"book binding".
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Conclusion

Two-rotory Bidarrieus-2 wind turbine was proposed first time in Kazakhstan. A vertical-axis wind
turbine is the most promising converter of wind energy, especially in conditions of rapid changes in wind
speed and direction. The relevance and necessity of developing this wind turbine is also justified by the fact
that its use for generating electricity is beneficial and economical for decentralized regions and in remote
places. In addition, the double-rotor wind turbine of the carousel type Bidarrieus-2 has a low rotation speed.
This allows it to work at high wind speeds, and the service life is practically unlimited. All this makes it
important and necessary to carry out full-scale tests of these WPPs in order to ensure their industrial
production in the future.
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The paper studies application feasibility and energy efficiency of the ventilation and air conditioning heat
pump system for maintaining comfort conditions inside the production area with an excessive internal moisture
generation during the warm season. In this regard, a thermodynamic analysis of a heat pump system with a
partial exhaust air recirculation and a variable ratio of fresh outside air was carried out. Numerical analysis was
then done to estimate the influence of changes in the environment temperature and relative humidity and the
characteristics of the ventilation and air conditioning object on the system parameters. This allowed to determine
potential capabilities of this system to maintain comfortable conditions in the production area. It was also shown
that the required additional cooling of the supply air at the entrance to the premise for air conditioning demands
can be determined by a simple coefficient and its calculation method is provided in the article. The heat pump
system of temperature and humidity maintenance has the highest energy efficiency in the zone of relatively low
environment temperatures and largely depends on the relative humidity of the outside air. This suggests that the
studied system is suitable for application in countries with temperate continental climate.

Keywords: heat pump system, ventilation, air conditioning, refrigeration efficiency, recirculation, comfortable
conditions, production area, temperate continental climate.

Introduction

The trend of increasing energy resources costs for final consumers makes it vital and primary to
constantly enhance the efficiency of equipment and to find new ways and methods of utilising low-potential
energy in order to replace traditional heat sources, which involve the combustion process of expensive and
limited fossil fuels [1].

Nowadays systems with heat pumps (HP) are considered to be an alternative energy source for heat
supply. They are widely used for ventilation and air conditioning of various objects, among which
predominant are those that require maintenance of not only temperature but also humidity conditions indoors
due to excessive internal moisture generation [2]. Examples of such objects may be shopping centres, sports
facilities as well as production, storage and sorting facilities with required specific technological and comfort
conditions. Removal of excess moisture from such premises is normally done with the exhaust ventilation.
Maintenance of set parameters (temperature and humidity) of air inside a premise during the warm season
can be achieved by supply air pre-treatment in a heat pump system (HPS) [3]. The implementation of HP in
such systems has some features, since the dried air after the HP evaporator needs to be heated up to a set
temperature at the entrance to a premise, which can be organised in different ways. One of them is by mixing
of one air flow cooled down in the HP evaporator with another air flow heated up in the HP condenser [4].
The energy efficiency of such HPS increases due to the partial recirculation of the exhaust air and thus due to
the partial utilisation of the cold produced by this HPS. However, the analysis performed in [4] concerns the
system operation in terms of premise ventilation only without external and internal entrance of heat, i.e. in
conditions without air conditioning.

In this regard, the authors propose and analyse the basic ventilation and air conditioning HPS of the
production area with an excessive internal moisture generation during the warm season. To ensure set air
parameters indoors and considering the internal heat generation as well as the entrance of heat through
enclosing structures a method to calculate the required supply air supercooling was developed. It is shown
that the additional cooling of the supply air required for the air conditioning can be determined by a simple
coefficient which is proportional to the temperature difference of air outside and inside a premise and which
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is defined by the premise constructional properties along with its required air exchange rate and internal heat
generation. The thermodynamic analysis of the HPS was carried out taking into account the additional
supercooling of the supply air for air conditioning. The purpose of the analysis is to determine air parameters
at nodal points of the system and to define conditions under which supply air parameters can be maintained
by changing recirculation and fresh air flows. As a result of the study the energy efficiency and HPS
operation modes during the warm season were determined depending on the ambient air parameters and the
properties of the production area where ventilation and air conditioning are required.

Purpose and tasks. The purpose of the article is the analysis of the ventilation and air conditioning HPS
energy efficiency in order to maintain comfort conditions inside the production area with an excessive
internal moisture generation during the warm season by using a variable ratio of fresh outside air depending
on its parameters.

1. Description of the ventilation and air conditioning HPS and the ventilation air
workflow process

A schematic drawing of the ventilation and air conditioning HPS with a partial exhaust air recirculation
and a variable ratio of fresh outside air is shown in Fig. 1. The following designations are used: Cyp — a heat
pump condenser; Eyp — a heat pump evaporator; C — a compressor; MC — a mixing chamber; OVAC — an
object of ventilation and air conditioning. This HPS was previously designed and studied in work [4].
However, the subject of the current article is to assess operating mode of this HPS not only for ventilation
demands but also for air conditioning during the warm season. The system operation principle is as follows:
fresh outside air at a temperature ¢y, a moisture content d, and with a mass flow rate G, is supplied to the HP
evaporator where it is cooled with a partial water vapour condensation up to a temperature £, and a moisture
content d.,. The exhaust air from the premise at a temperature #,, a moisture content d, and with a mass flow
rate Gy, is supplied to the HP condenser where it is heated to a temperature 7., at the constant moisture
content d>. Heated exhaust air is then divided into two flows: one flow with a mass flow rate G, is discharged
into the environment; the second flow is fed to the mixing chamber where it is mixed with the cooled outside
air after the HP evaporator. The resulting air mixture (¢, d;, Gy, after the mixing chamber is supplied to the
production area for ventilation and air conditioning demands (to compensate the entrance of heat through
enclosing structures and internal heat generation). The ventilation air workflow process, which indicates
different air conditions inside the studied system, can be presented using the 4-d diagram and it is shown in

Fig. 2. Point O describes a condition of the ambient air (7,4, ) [5].
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Fig. 1. A general design of the ventilation and air Fig. 2. The ventilation air workflow process
conditioning HPS inside a premise with an excessive inside the studied system presented using the A-d
internal moisture generation. diagram.

Point 2 is set according to the required temperature ¢, and the relative humidity ¢, of the air inside the
production area. It is determined as provided by [6] depending on the premise technological purpose. Using
the h-d diagram 4, is defined. According to the building standards [6] the value of additional supply air
heating Az, for the given premise is defined and using the temperature #,= ¢, + At, the point /'is obtained on
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the line 4, = const. This point corresponds to the supply air state for ventilation demands only. The process
1'-1 depicts the additional supply air cooling in order to meet air conditioning demands. Air temperature at
point / on the line di' = const can be defined based on the relationship between the temperature difference
which corresponds to the additional supply air cooling at the entrance to a premise and the temperature
difference of air outside and inside the premise, i.e.

At=t,—t, = K(ty - 1),
where K is a proportion coefficient that depends on external and internal entrances of heat.

The exhaust air with parameters at point 2 is heated in the HP condenser to a temperature 7, at the
constant moisture content d,. One flow is discharged into the environment and the second flow is mixed with
the outside air cooled in the HP evaporator (point ev) creating an air mixture at point / with a moisture
content d; = d; and a temperature #; which is then supplied to the production area for ventilation and air
conditioning demands. Process /-2 corresponds to the workflow process of air condition change inside the
premise.

2. Determination of the supply air temperature at the premise entrance

The relationship between the additional cooling of the supply air to meet air conditioning demands and
the temperature difference of air outside and inside a premise can be estimated in the following way

At=t.—t,=K(t,—t,), (1)
where K — a proportion coefficient that depends on external and internal entrances of heat.
The additional cooling of supply air Af¢ can also be presented as

At = At +At,, 2)
where Af,, At,, °C — additional cooling of supply air to compensate external and internal entrances of heat
respectively.

Additional cooling Atf, can be written by analogy to the equation (1), and Az, can be expressed from

the heat energy demands equation for air conditioning (to compensate internal heat generation). Considering
this the equation (2) takes form

At:Kl(tO—t2)+A, 3)
totcp

where K; — the proportion coefficient which depends on the premise constructional properties and needs to
be determined.

Equating expressions (1) and (3) and dividing them by the temperature difference (¢, —¢,), the
following is obtained

K=K +K,, 4

Qint
Gtotcp (to - tz)

In order to determine coefficient K, the next equations to calculate required heat energy demands for
ventilation and air conditioning (to compensate external entrance of heat) should be written down

0, =G (hy—h), (6)
Qac = Gtotcp (tl' - tl) (7)

From equations (6) and (7) considering previously expressed additional cooling Af, the following can

®)

where K, =

be written
_ Qe (hy=h)
Qv cp(to _tz).
On the other hand, the entrance of heat through enclosing structures and heat consumption for
ventilation can be defined as:

0. =KF(t,-1,), )

®)

1
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Qv :Gv(ho_h1)a (10)

where K , W/(m*-°C) — an average heat transfer coefficient of production area enclosure structures; F', m’ —

an area of enclosure structures through which heat enters to the production area; G, kg/s — an air mass flow

rate for ventilation system demands.
The air mass flow rate G, can be calculated depending on a production premise volume ¥ and an

prem

air exchange rate K

a.ex ?

1/h, using the relationship

K
G,=p V.  —2& 11
v pa prem 3600 ( )

where p, — air density.
From equations (9) and (10) considering (11) the expression for O, /O, can be defined as

O, _ 3600KF(t,—t,) (12)
Qv paKa.eprrem (hO _h’l) .

Then the expression of the proportion coefficient according to the equation (8) and considering (12)
assumes the following form

K = 3600KF . (13)
P.C, K, oV,

a.ex’ prem

Thus, the proportion coefficient K in the equation (1) can be predetermined by coefficients K; and K.
These coefficients are determined by geometric and thermophysical characteristics of a building and the air
exchange rate which is determined by the functional purpose of the air conditioning object (coefficient K;) as
well as by internal heat generation within the building (coefficient K5). The supply air temperature #; at the
entrance to the production area can be derived from the equation (1) respectively.

3. The thermodynamic analysis of the HPS

The thermodynamic analysis of the studied system is performed based on the preliminary determination
of its thermodynamic state depending on the initial set indoor air parameters and the change of ambient air
parameters. The ventilation and air conditioning system state in turn depends on the yet unknown air
parameters at system’s nodal points. The unknown parameters of this system are the ratio of the fresh outside
air flow rate supplied to the HP evaporator, air temperatures after the HP evaporator and condenser, the value
of the system’s refrigeration efficiency. The corresponding relationships for these parameters can be
determined from the equations of thermal and material balances of both individual elements inside the
system and the system as a whole. The fresh outside air enthalpy at the outlet of the HP evaporator can be
determined from the thermal balance equation of the mixing chamber which has the following expression

Gohe, +Gychy =Gy, (14)
where G, Gy, G, ,kg/s — mass flow rates of the fresh ambient, the heated exhaust and the total air flows;

h,,, h

ex ?

h, , kJ/kgq, — enthalpies of the corresponding air flows.

ev ?

After dividing left and right parts of the expression (14) by the value G, it can be written

tot

Koh,, +(1-Ky)h, =h, (15)
where K, — the ratio of fresh outside air for ventilation demands.

The enthalpy 4., which is derived from the equation (15) takes form of

L _h—(=Kyh,

(2% KO

The fresh outside air moisture content at the outlet of the HP evaporator can be determined from the

material balance equation of the moisture content for the whole system which has the following expression

Gtot(dZ _d1)+G0do = Godz +Go(do _dev)' (17)

(16)
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After dividing left and right parts of the expression (17) by the value G, and after a few mathematical

tot
transformations the following is obtained

d., =d, _Ko(do_d};+(d2 _dl).
0

The air temperature at the outlet of the HP evaporator, ¢

ev?

(18)

can be determined using the /-d diagram for

moist air at the intersection point of the curve ¢=100% with A, or d_, .

The HP energy balance equation can be used to determine the ratio of fresh outside air for ventilation
demands

0.=0,, +L. (19)

The components of the equation (19) are defined as follows:
the heat flow from the HP condenser

Qc = Gtot (hex - hz)a (20)
the heat flow to the HP evaporator

0., =Gy (hy—h,); 1)
external electricity expenses for the HP compressor

L =0, /&y, (22)

where €, — the HP refrigeration efficiency.

After a few mathematical transformations, the expression to determine the ratio of fresh outside air for
ventilation demands takes form of

_hy—h gy
" hy = hey &y +1°
The operation efficiency of a HP, which works as a refrigeration machine in the air conditioning mode,

in this case can be estimated by the value of the HP refrigeration efficiency
_ 1 (24)
SHP T 3%+ Ar, U

27341, - At,,

where f., — the fresh outside air temperature at the outlet of the HP evaporator, °C; ¢, — the exhaust air
temperature at the outlet of the HP condenser, °C; Af,, — the temperature difference between the outside air
flow and the refrigerant at the outlet of the HP evaporator, °C; Af, — the temperature difference between the
refrigerant and the exhaust air flow at the outlet of the HP condenser, °C. Numerical values of temperature
differences in the condenser and the evaporator for an air-to-air HP type are given in the literature.
According to [7] it is possible to assume that Az, = At.,= 10 °C for the HP condenser and the HP evaporator
respectively.

The HP refrigeration efficiency in this study is estimated for ideal reversed Carnot cycle which
considers only heat irreversibilities inside HP evaporator and condenser due to the existing temperature
differences Aft., and At.. Real processes which a working medium undergoes inside a HP are not reviewed
for several reasons. First, since a HP operates as a refrigeration machine the temperature difference between
its surfaces and the environment is less during the warm season comparing to winter period when a HP
works to provide heating demands. With lower heat losses the efficiency of HP operation increases. Second,
this assumption was made to compare results with the previous study [4] which was also carried out for ideal
refrigeration cycle.

The exhaust air enthalpy at the outlet of the HP condenser can be determined from the thermal balance
equation of the whole system which has the following expression including the entrance of heat through
enclosing structures

GOhO + Lc + Qac = GOhex' (25)
After dividing left and right parts of the expression (25) by the value G, , and considering equation (1)

(23)

in @, , the following can be obtained
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K(t,—t
h, :h0+(h0—heV)L+L02). (26)
€

HP KO

The air temperature at the outlet of the HP condenser, 7, , can be determined using the /-d diagram for

ex ?
moist air at the intersection point of 4, with the moisture content indoors d, .Enthalpy /4, can be determined

by the following formula for a moist air with enough accuracy [5]
h, =1.005¢, + (2500 +1.8¢,)d,. (27)

The HP refrigeration efficiency, as well as the HP coefficient of performance (COP), only depends on
the operating conditions of the HP itself, i.e. the temperature level of heat transfer processes in the HP
evaporator and condenser. Therefore, to characterise the efficiency of the whole HPS it is more appropriate
to use a complex value (system refrigeration efficiency), which can be presented in the following way

SS — QLcold , (28)

Cc
where Q_ ,, kW — the refrigeration capacity at the entrance to the premise.
It is determined as

Qcold = Gtot (hO - hl) (29)
Considering equations (21), (22) and (29), the expression (28) can be written as follows
— SHP (h() _hl) (30)

o KO(hO _hev).

4. Numerical analysis of the HPS for ventilation and air conditioning

Numerical analysis of the HPS for ventilation and air conditioning is done for a typical production area
with an excessive internal moisture generation. Roshen Confectionery production workshop in Kyiv region
was selected as the prototype [8]. In order to ensure comfortable working conditions the following indoor air
parameters were set in the workshop [6]: the premise temperature ¢, = 18 °C; the premise relative humidity
¢2 = 50 %; the additional heating of the supply air for the ventilation purposes At, = 3 °C.

Under the given conditions the air moisture content at the inlet and outlet of the premise was
determined. These are the points / and 2 respectively on the diagram in Fig. 2: d, = 5.3 g/kgy, and d, = 6.5
g/kgy.. Numerical analysis using the equations (16), (20), (23), (24), (26), (27) and (30) and the method of
successive approximations allows to estimate the influence of changes in the environment temperature and
relative humidity and the characteristics of the ventilation and air conditioning object on the system
parameters (air temperatures at the outlet of the HP evaporator and condenser (Fig. 3), the ratio of fresh
outside air (Fig. 4), the HP refrigeration efficiency (Fig. 5)) and the thermodynamic efficiency of the
ventilation and air conditioning system (Fig. 5). The chosen calculation method of analysing HPS in its
different conditions consists of iteration cycles in the whole range of atmospheric air parameters and with
different building characteristics. Iterations complete when the condition of relative deviation is achieved. In

this case we consider two parameters (/,, and K ) which should have a difference between their values after

and before an iteration cycle not exceeding 0.5 % for K, and 0.06 % for 4, .

When choosing the value K, the following has been assumed. According to the equation (4) and
considering (13) for the selected production premise it was calculated that K = 0.23 (a proportion coefficient
depending on external and internal entrances of heat). The obtained value is correct since ventilation
expenses can be several times higher than the corresponding entrance of heat for industrial and public
buildings [9]. Therefore, the following values of this coefficient were considered K = 0.1; 0.2; 0.3; 0.4; 0.5.

Fig. 3, a-b shows graphical relationships between air flow temperatures at the outlet of the HP
condenser and evaporator, the environment temperature and relative humidity and different values of K (%,
tey = [ (to, @0, K)). The case when K = 0 (plots 11 and 12) corresponds to the absence of air conditioning
which was described in work [4]. Temperature 7. is limited by a critical value at which normal operation of
the HP condenser is still possible. It is seen that application conditions of this system deteriorate with
increasing environment relative humidity. Thus, the application range of this system is from 7, = 25 °C (g, =
80 %) to th = 33 °C (o = 40 %). This suggests that this HPS is suitable for application in countries with
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temperate continental climate. Temperatures ¢, at #, > 25 °C almost do not depend on environment relative
humidity ¢, and temperature #, and average 4 °C. However, the difference between them is greater the lower
the values of @y and ¢, are.

o Loy tew toy = £ (tg3 @o; K=10.3) L toxs Loy = £t =50 %3 K)
70.0 .
60.0 60.0
50.0 50.0
40.0 40.0
300 ! 30.0
20.0 200
10.0 10.0
w Le——— I — 0.0
-10.0 -10.0
10N 9N 8T ~_6
-20.0 % 200 ty
18 20 22 24 26 28 30 32 34 36 38 40 42 18 20 22 24 26 28 30 32 34 36 38 40 42
a) b)

Fig. 3. Graphical relationships between air temperatures at the outlet of the HP condenser and evaporator, the
environment temperature and relative humidity and the coefficient K: a) K= 0,3; £, 1 — @9 =40 %; 2 — 50 %; 3 — 60 %;
4 —70 %; 5 — 80 %; tey: 6 — 9o =40 %; 7—50 %; 8 — 60 %; 9 — 70 %; 10 — 80 %; b) g =50 %; te: 1 —K=0.1;2-0.2;

3-03;4-04;5-05;11-0;¢,:6—-K=0.1;7-0.2;8-0.3;9-0.4; 10— 0.5; 12-0.

An important characteristic of this system is the fresh outside air flow rate ratio at the entrance to the
system, Ky, which is supplied to the HP evaporator. The corresponding calculated data for the variable fresh
air ratio obtained by the equation (23) are shown in Fig. 4. Plot 6 shows HPS that maintains only ventilation
demands [4]. As can be seen from the plots, the variable ratio of fresh outside air to fulfill the requirement of
maintaining set comfortable air parameters in the premise must vary depending on both the temperature #,
and the relative humidity ¢, of the ambient air. At a constant temperature #, the need for fresh air increases
with the increase of both relative humidity @, and the coefficient K, i.e. entrance of heat to the premise. As @q
increases, the enthalpy /, increases as well. This leads to an increase of the exhaust air temperature z., at the
outlet of the HP condenser. As a result, a larger ratio of fresh air at higher relative humidity @, is supplied to
the mixing chamber. Therefore, the design of HPS for ventilation and air conditioning should be done with
the variable fresh air supply, because otherwise the system will not be able to provide required conditions
inside the premise depending on changes in environment parameters.

K, Ky =1 (ty; 95 K=0.3) K, Ky =1 (tg; =50 %; K)

0.9
0.8 0.8
0.7 0.7
0.6 0.6
0.5 0.5
0.4 0.4

0.3

£,
0.2 o
18 20 22 24 26 28 30 32 34 36 38 40 42 18 20 22 24 26 28 30 32 34 36 38 40 42

a) b)

0.2

Fig. 4. Graphical relationships between the variable ratio of fresh outside air, the environment parameters and the
coefficient K: a) K= 0.3; 1-5 — @y =40 - 80 %; b) 9o =50%; 1-5-K=0.1-0.5;6-K=0.
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Based on the numerical analysis of equations (24) and (30) graphical relationships between HP and
HPS refrigeration efficiencies, the environment temperature and relative humidity and different values of the

coefficient K were obtained ( €y, &5 =f (f0, 9o, K)) (Fig. 5, a-b). Again plots 11 and 12 are for K = 0. The HP
refrigeration efficiency is characterised by high values in the range of moderate temperatures #, = 20 - 30 °C.

£aps &5 = £ (t; 9o =50 %; K)

[ egps €5 = I (tg; 9g; K=0.3) Exms £
5.0 5.0

4.5
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18 20 22 24 26 28 30 32 34 36 38 40 42 18 20 22 24 26 28 30 32 34 36 38 40 42

a) b)
Fig.5. Graphical relationships between HP and HPS refrigeration efficiencies, the environment parameters and the
coefficient K: a) K=0.3; €, : 1-5— =40 - 80 %; € : 6-10 -y =40 - 80 %; b) =50 %; €,4p: 1-5—
K=01-0511-K=0; €:6-10-K=0.1-0.5;12-K=0.

It decreases significantly with the further growth of # as well as with the increasing relative humidity
¢@o. Plots show that the HPS refrigeration efficiency reaches highest values also in the zone of low
environment temperatures and largely depends on the relative humidity of the outside air. Values of HP and
HPS refrigeration efficiencies do not depend much on the premise properties, i.e. the coefficient K, in the
entire temperature range f. In general, the studied HPS can have high energy efficiency when it is used in
temperate latitudes. It should also be noted that this system, which is designed for operation during the warm
season (cooling and drying of fresh outside air), has its limitations. Fig. 6 shows two air workflow processes
which indicate different air conditions inside the ventilation and air heating HPS (a) and the ventilation and
air conditioning HPS (b). The first process was obtained as a result of the HPS analysis for this object during
the cold season. Results of this analysis are presented in [10]. According to them, depending on the relative
humidity ¢, there exists a critical outside air temperature #,, above which the HPS in the operating mode a)
will not be able to provide comfortable conditions in the premise due to the incoming excessive moisture
from the environment.

AN

N
N N\
h, =const h; =const

QLD
Q
X

A d

a)
Fig.6. Air workflow processes which indicate different air conditions inside the ventilation and air heating HPS (a) and
the ventilation and air conditioning HPS (b).
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This situation occurs when the outside air moisture content exceeds the set moisture content of the
supply air at point 7, i.e. dy > d; = 5.3 g/kg,., (Fig. 6, a). In case of exceeding the outside air temperature limit
values a fundamental change of the system is required with its following transition to the air conditioning
mode in which the supply air is cooled and drained. The result of this problem solution is the given HPS for
ventilation and air conditioning, the working process of which is shown in Fig. 2 and Fig. 6, b. According to
Fig. 6, b the boundary condition for this system application will be the situation when the outside air
enthalpy becomes lower than the enthalpy of the air mixture at point 7, i.e. iy < h; = 34.7 kJ/kg, .. (Fig. 6, b).

Conclusions

Efficiency of the studied system comparing to one in work [4] increased due to the presence of air
conditioning. This effect occurs because of partial utilisation of generated cold within the system. However,
the benefit is only in a range of relatively low outside air temperatures. The higher demands for air
conditioning are, the faster air temperatures after HP condenser will reach critical values at which the work
of HPS is not recommended.

It is shown that the required additional cooling of the supply air at the entrance to the premise for air
conditioning demands can be determined by a simple coefficient K which is proportional to the temperature
difference of air outside and inside a premise and which is defined by the premise constructional properties
along with its required air exchange rate, determined by the functional purpose of the object of ventilation
and air conditioning, as well as by the premise internal heat generation. The studied system of ventilation
and air conditioning in premises with an excessive internal moisture generation can provide maintenance of
the required conditions indoors during the warm season only up to moderate values of outside air parameters,
further increase of which is limited by the maximum temperature of the exhaust air after the HP condenser.

The studied system of temperature and humidity maintenance has the highest energy efficiency in the
zone of relatively low environment temperatures and largely depends on the relative humidity of the outside
air. This suggests that this HPS is suitable for application in countries with temperate continental climate.
The results of the study will be used for further scientific work on the improvement of existing heating,
ventilation and air conditioning heat pump systems.
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The article presents the approaches and technical solutions applied to assure preset axial and radial
distribution of energy release in simulative fuel rods and fuel assemblies in the tests at the impulse graphite
reactor. It considers the procedure for the design-basis justification of solutions that provide a given volume
distribution of energy release in a test unit. The considerations are based on the example of heterogeneous fuel
assemblies with the altitude separation of enriched fuel into two zones by a depleted uranium layer used to
reproduce fissile material. The implementation of the procedure and making appropriate technical solutions made
it possible to provide a targeted profile of the axial and radial distribution of energy release in a simulative fuel
assembly at the design stage of an irradiation device. By the result of study, it is demonstrated that uniform radial
energy release and targeted average energy release in upper and lower fission zones of experimental fuel
assembly could be obtained at the level of 90.6 W/g (UO;) and 74 W/g (UO,), respectively. The measures include
profiling of fuel pellets enrichment in fuel rods, using the pellets with an absorber at the zone ends, and a certain
altitudinal positioning of the irradiation device in the reactor.

Keywords: Impulse graphite reactor, fuel assembly, energy release, power profile, fissile zone

Introduction

The experimental Justification of workability of nuclear fuel is the significant aspect of the decision
making of its using. The complex of activities in this direction (both calculations and experiments) is devoted
to the modeling of the fuel behavior in the conditions, which could lead to the progression of emergency
mode with the core melting as consequence. The nuclear fuel tests in the research reactors are the most
appropriate direct method to receive such experimental information which may be used both for
experimental evaluation of fuel roads and fuel assemblies workability and to support the verification process
of computer models and codes for corresponding calculations. Only several research nuclear reactors in the
world possess the characteristics, which make it possible to carry-out the tests with fuel rods and fuel
assemblies destruction. Among them the impulse graphite reactor IGR (National Nuclear Center,
Kazakhstan), TRIGA type reactors including ACRR (Sandia Lab., USA), NSRR (Japan atomic energy
agency), CABRI (French Commissariat on nuclear energy and alternative energy sources), BR-2 (SCK-CEN,
Belgium), TREAT (Idaho lab., USA) and now stopped SCARABEE (France) [1-7].

In fact at present only IGR is actively used for experimental investigations of accidental conditions with
the core melting for fuel assemblies with the loading up to 8 kg of UO,. Many years the experimental
programs are successfully implemented at the IGR. At the moment the researches are focused on study of
fuel pins and fuel assemblies behavior in severe accident conditions at the fast sodium reactors designed in
Japan and France [8-11]. Other reactor designers are interested in such experimental programs realization
also [12, 13].

The research thermal neutrons impulse nuclear reactor IGR with a homogeneous uranium-graphite core
is a unique source of neutron and gamma radiation with high dynamics of power change. In the IGR reactor,
the neutron flux can reach a value of 7-10'® cm™s”, which makes possible to run the dynamic tests of fuel
rods and fuel assemblies in transient and emergency modes. Implementation of targeted energy release is an
important task when testing the simulative fuel rods and fuel assemblies in the IGR reactor. The solution to
this problem should assure both the power required by the test conditions and the specific power profile in
each volume of the tested structure.
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The power level of the tested fuel rods and fuel assemblies during their irradiation in the IGR depends
on the parameters of the neutron field in the experimental channel, spatial and material characteristics of the
device with fuel rods under irradiation. The spectrum and shape of the neutron field of the reactor themselves
strongly depend on a number of factors: core temperature, position of the control rods, configuration and
material composition of the irradiation device. In this regard, prior to the active phase of the tests, a complex
of auxiliary studies shall be performed; to include calculation and experimental studies aimed at determining
the coupling coefficient between the energy parameters of the test object and the reactor, and the nature of its
changes during the reactor experiment [14-16]. Based on the auxiliary studies, we determine and analyze a
reactor power diagram, which provides specified profile of power change on the test object and integrated
energy release in the fuel. Even before that, while designing the irradiation device with fuel rods, solutions
should be made providing the targeted volumetric distribution of energy release in the test object.

The requirements to the energy distribution in the fuel rods and fuel assemblies are determined by the
test goals. This may include, for example, the need to reconstruct the energy release profile of a fuel
assembly in the conditions of its operation in an actual power reactor or providing local bursts of energy
release in the specified volumes to simulate transient and emergency processes. In some cases, the customer
requires to ensure most uniform profile of the volumetric energy release in a given volume of fuel, for
example, to ensure simultaneous melting of a given volume. At the same time, the quality and validity of the
technical solutions undertaken to ensure a given energy release largely determines the degree of achievement
of the test goal and the value of their results.

The paper discusses the approaches and technical solutions applied during preparation of the tests at the
IGR to ensure targeted axial and radial profile of energy release in simulative fuel rods and fuel assemblies,
as well as examples of their implementation.

5. The problem of FA energy release profiling during the test preparation at the IGR
5.1 The IGR core

The structure of the IGR reactor is a masonry of graphite blocks assembled into columns, placed in a
steel cylindrical body with a helium medium. The graphite blocks of the reactor core are impregnated with
an aqueous solution of uranyl nitrate (uranyldinitrate) with uranium concentration of 3.1 g per 1 kg of
graphite. The core consists of fixed and moving parts surrounded by side and butt graphite reflectors. The
shape of the core is like cubic: its dimensions in the cross-section are 1.400 x 1.400 mm; the height of the
movable part of the masonry — 1.463 mm; the height of the fixed part of the masonry is 1.332 mm. The
reactor has a central and lateral experimental channels (CEC and LEC), which are equipped with loop water-
cooled devices. The reactor is operated and protected by 16 graphite control rods with a gadolinium oxide
absorber [15].

5.2 The axial energy release profile

The axial distribution of the neutron flux in an empty CEC of the reactor is presented in Figure 1. The
maximum flux corresponds to the center of the reactor core (mark “66.5”). However, as for the center of the
core, the flow is not symmetrical since different amounts of reflectors are placed above and below the core.
The shape of the neutron flux distribution in the CEC is also affected by the position of the control rods.

Due to the rather small dimensions of the core, any object placed in the CEC significantly affects the
configuration of the neutron field. In case of a sufficiently uniform design of the irradiation device with a
fuel rod or fuel assembly filled with fuel pellets with the same **’Ucontent, the axial profile of energy release
in the fuel cells will, in general, correspond to the profile of the neutron field in an empty CEC (Figure 2)
[18]. Taking the above into account, when it is necessary to assure energy release distribution in fuel rods,
obeying to the dependence y = k Cos X, control may be provided by determining the optimal altitude level of
the FA relative to the center of the core.

In this case, power surges will be observed at the ends of the fuel rods due to the increased neutron flux
compared to other regions (see Figure 2). The neutrons entering the simulative fuel assembly installed in the
CEC from the IGR core are absorbed by the *°U in the FA fuel. The higher the **°U content in a given FA
volume, the more neutrons from IGR would be absorbed in this volume. The pellets located close to the fuel
rod ends absorb the neutrons coming both from the side and from the ends of the fuel rods. Accordingly, at
the ends of fuel rods with relatively high **°U contents, an increase in neutron flux causing nuclear reactions
and an increase in energy release would be observed.
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Fig.2. Axial energy release profile in a fuel rod of an irradiation device with a uniform height structure

A similar pattern would be at the junctions of the pellets enriched with®*U and the pellets with depleted
uranium. The pellets with 2°U content of 0.27%, are often used in experiments for modeling fuel assemblies
of fast neutrons containing blanket layers. Sometimes, the term “breeding blanket” is used to name such
layers.

5.3 The axial energy release profile

The radial energy release profile in the fuel assemblies during the IGR tests is determined, first of all, by
the assembly design. So, if a single-row symmetric arrangement of fuel rods with a uniform ***U content in
the pellets throughout the entire fuel assembly volume and a uniform symmetric design of the irradiator
device is used, the energy release in the volumes of different fuel rods at the same altitude level would be
practically the same. In asymmetric fuel rod arrangement with fuel rods sufficiently close to each other in a
single-row fuel assembly, the neutron field in the region of each specific fuel rod is subject to heterogeneous
distortion, which depends on the location of the neighboring fuel rods that serve in this case as neutron
absorbers generated by the IGR core. Asymmetric single-row arrangement of fuel rods in a FA is the least
attractive option for testing and, as a rule, is not used for in-pile experiments due to above-mentioned and
other reasons. Nevertheless, the effect can be used, for instance, to set in a particular group of fuel rods of
one row with higher or lower energy release values in relation to other fuel rods.

In the case of multi-row FAs, in addition to the described above mutual influence of the fuel rods of the
same row, the outer fuel rods would create “shadows” on the fuel rods in the internal rows. The neutron flux
from the IGR side on the fuel rods of the inner rows would therefore be lower than that on the fuel rods of
the outer rows. Accordingly, in an assembly with a uniformly distributed **°U, the energy release in the outer
rows would be greater than that in the inner ones.
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6 Examples of achieving a given energy release profile in a fuel assembly
6.1 Test object and test conditions

A heterogeneous fuel assembly of a fast neutron reactor with a triangular lattice of fuel rods is taken as
the research object. A fuel assembly contains 37 fuel rods [19] (Figure 3). By height, the fuel column
(pellets) is divided into two fission zones (with *°U enrichment of 17%) and a central blanket zone (with
#5U content of 0.27 %.). The design choice is conditioned by the fact that the use of fuel assemblies which
are heterogeneous in height with separation of highly-enriched fuel into two zones (upper and lower) by a
layer of low-enriched fuel designed for the reproduction of fissile material, assures the negative void effect
of reactivity in sodium [20]. The blanket in the center of a fuel rod, which in the event of a severe accident in
a fast reactor would remain relatively cold, would affect the process of fuel melting and redistribution over
the core volume. This factor can help to reduce the possibility of melting for the local masses of highly
enriched fuel, and, consequently, reduce the likelihood of repeated criticality in the emergency core. In this
regard, tests of the FA in the IGR are considered as a possible direction for studying the behavior of
heterogencous assemblies of future fast neutron reactors with sodium coolant in the conditions of a severe
accident [21].

Designations:

1 — sodium mouth,

2 — bottom sodium plenum,

3 — bottom blanket layer (0.27% **°U),
4 — bottom active layer (17 % *°U),
5 — top blanket layer (0.27 % *°U),
6 — top active layer (17 % **°U),

7 — top plug,

8 — top sodium plenum,

9 — hex cover,

10 —cylindrical case

Fig.3. Design of the irradiation device.

With in-pile tests, a number of requirements shall be met in terms of energy distribution in the
experimental fuel assembly, that ensure the most complete compliance of the test conditions with the actual
conditions for the occurrence and development of an emergency in the reactor under consideration:

1) provide an average energy release in the upper and lower fission zones at the level of 90.6 W/g
(UO,) and 74 W/g (UQO,), respectively;

2) to exclude the possibility of power surges at the butts of the fuel rods, which can lead to local
overheating of the fuel;

3) to ensure uniform radial distribution of energy release in the fuel assemblies.

6.2 Calculation Model and Assumptions

In the research, a detailed design model of the IGR reactor was used (Figure 4), protected by the
copyright certificate [22]. The design model of the reactor is fully consistent with the real design and
considers uneven distribution of uranium concentrations in the core bulk, the relocation of the control rods
during startup, the dynamics of the reactor taking into account the uneven heating of individual parts of the
masonry. The core, lateral, bottom, top and suspension reflectors of the IGR reactor are modeled by a block
structure.
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Fig.4. Design model of the IGR reactor: 1 — water tank; 2 — fixed part of the masonry; 3 — LEC; 4 — CEC; 5 — movable
masonry; 6 — reflector; 7 — boron cut-off; 8 — control rod; 9 — fuel blocks

The model is combined with irradiation device model containing heterogeneous FA, developed in
compliance with all dimensional-material characteristics of the assembly and other structural elements.
Figure 5 shows a horizontal cross-section of a combined design model of a device located in the CEC of the
IGR reactor.

Fig.5. The model of the irradiation device as a part of the integrated calculation model:
1 —FA, 2 — fuel elements, 3 — CEC, 4 — fixed ampoule of the IGR reactor

The device design meets the main dimensional and material characteristics of the structure [1]. The fuel
columns of the fuel assemblies are modeled as single rods without chamfers or grooves. All calculations
were performed using the MCNPS5 [23] calculation code with the ENDF/B-VII library.

6.3 The results of the studies aimed to ensure targeted axial profile

The targeted axial energy release profile was implemented by searching an optimal altitude location of
the fuel assemblies in the CEC of the IGR reactor providing the required level and axial distribution of
energy release in the fission zones. According to the calculations, the top butt of fuel rod fuel column should
be 120 mm above the center of the IGR core. In this case, the average energy release in the upper and lower
fission zones, as a whole, corresponds to the required one and comprises 90.6 W/g (UO,) and 74 W/g (UO,),
respectively (Figure 6).
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Nevertheless, significant power surges are observed at the boundaries of the fission zones due to the
increased, in comparison with other regions of the fuel assemblies, neutron flux coming from the IGR.
Installation of additional neutron absorbers made of steel rings at corresponding altitude of the experimental
device is an option to solve the problem of smoothing the surges. The approach was used in the calculations
performed to justify the experiment with a single fuel rod [24]. In the considered case, when the FA section
takes up almost the entire volume of the radial section of the experimental cavity, the installation of
additional rather massive structural elements is difficult due to the lack of space. To smooth out the peaks, a
method is therefore proposed supposing use of pellets with lower enrichment rate or ones made of uranium-
gadolinium fuel in the border regions of the fission and breeding zones.

The outcomes of the approach are shown in the graphs of Figure 7: option 1 — one pellet with *°U
enrichment rate of 8.25% is installed at each end of the fission zones (Figure 7a); option 2 — one pellet with
8% of Gd,0; is installed at each end of the fission zones, while the fuel enrichment with *°U comprises
8.25% (Figure 7b).
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Fig.7. Altitude distribution of energy release in the FAs for the two considered options

As we can see, the approach is acceptable both in the case of low-enriched pellets in the border areas of
the fission zones, and for the less enriched pellets made of uranium-gadolinium fuel. Thereby, application of
fuel with a burnable absorber is preferable and allows to completely neutralize the local power surges.

6.4 The results of the studies aimed at assuring the targeted radial profile

Calculation results of FA radial profiles in the initial version demonstrated significant (for 2-2.5 times)
spread of energy release along the fuel rods in radial direction (Figure 8). Profiling of the **U content in the
fuel rods located on different concentric circles or rows in the fuel assemblies is the most rational solution to
assure uniform radial energy release in fuel assemblies. In this case, the **U content in the fuel rods will
increase with approaching to the central vertical axis of a fuel assembly [25].
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The coefficient of the relative power non-uniformity in different fuel rod rows is used for a numerical
assessment of the non-uniformity rate; the coefficient is determined as:

Mracsx
“max. 1
W (1)

where W, — maximal energy release in the fuel rod rows, relative units; W, — average energy
release in the fuel rod rows, relative units.
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Fig.8. Power distribution in the fuel rods in FAs: initial version (17% enrichment in the fission zones)

The non-uniformity coefficient (Figure 6) comprised ~ 1.40. In order to reduce the uneven radial power
distribution in the FAs, a complex of calculations was performed to choose enrichment profiling for the fuel
rods to reduce the radial unevenness of energy release in the simulative fuel assembly (Figure 3). A
satisfactory result is achieved for the option with the fuel rods enrichment in the rows 17%, 12.7%, 8.6%
(Figure 9). In this case, the coefficient of unevenness is ~ 1.10.
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Fig.9. Power distribution in FA with enrichment in fuel Fig.10. Power distribution in FA with enrichment in fuel
rod rows are 17%, 12.7% and 8.6% rod rows are 17%, 12.7% and 8.94% (enrichment in

peripheral row corner fuel rods is 8.25%).

With the power distribution in the FA (Figure 6), a deviation from the average value in the peripheral
row is observed. To smooth the power distribution in the peripheral row, we considered an option with
reduced enrichment in the corner fuel rods to 8.25% and, simultaneous higher enrichment of remaining fuel
rods in the peripheral row to 8.94%. The calculation results are presented in Figure 10. With the power
distribution in the fuel rods (Figure 10), the unevenness coefficient is ~ 1.05.
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Conclusions

Thus, the presented calculation procedure makes possible to develop and put into practice the technical
solutions that assure the targeted profile of the axial and radial distribution of energy release in a simulative
fuel assembly. With an example of preparation for testing in heterogeneous FA of the IGR reactor, a set of
measures was demonstrated which made possible to provide uniform radial energy release and get targeted
average energy release in FA upper and lower fission zones at the level of 90.6 W/g (UO,) and 74 W/g
(UOy,), respectively. The measures include profiling of fuel pellets enrichment in FA rows, use of pellets with
an absorber at the zone ends, and a certain altitudinal positioning of the irradiation device in the CEC IGR.

The implemented procedure is applied in preparation for tests of fuel rods and fuel assemblies in the
IGR reactor and, along with other organizational and technical measures, ensures the required quality of
experimental studies.
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One of the most pressing issues is the effective use of coal combustion in the form of water-coal fuel, which has
a number of advantages over layer or pulverized combustion. Coal-water fuel has a number of economic,
operational and environmental advantages. The article considers the electric pulse method as a source of
obtaining a fine product of coal-water fuel. The proposed method for grinding coal is based on the use of the
energy of a pulsed shock wave resulting from a spark electric discharge in a liquid. The parameters of the electric
pulse discharge for obtaining the required granulometric composition of the components of coal-water fuel are
determined.

Keywords: electric pulse, electrical discharge,coal-water fuel, coal-water suspension, number of discharge,
condenser capacity

Introduction

Coal-water fuel (CWF) has great prospects among alternative fuels. It is a liquid mixture of two or
more components in different proportions, one of the proportions is a combustible element (coal and brown
coal, peat, waste coal, petroleum coke, etc.).The use of water-coal fuel and its subspecies as an energy carrier
in the heat power industry has a number of advantages in comparison with other methods of coal preparation
and combustion. The main advantage is the reduction of losses during coal transportation, convenience of
storage and intra - station movement, and the supply of CWF to the furnaces of power plants. Coal-water
fuel is a promising fuel for replacing scarce and expensive fuel oil at energy facilities [1].

In thermal power plants, the efficiency of using coal-water fuel (CWF) significantly depends on its
technological parameters: viscosity, sedimentation stability, granulometric composition of the solid phase,
and calorific value [1]. The granulometric composition of the solid phase of coal-water fuel is primarily
determined by the requirements of consumers. Depending on the use of water-coal fuel, the optimal
parameters of solid particles for coal-fired TPP are 250 um, for fuel-oil TPP 150 pum, for boilers 45 pum, for
internal combustion engines 25 um [2, 3]. The main task of water-coal fuel is coal grinding, which must be
solved in the production process. The technology for producing coal-water fuel consists in grinding coal to a
fine state and activating components (chemical additives) that are added to increase the fluidity of the water-
coal suspension (CWF), prevent stratification and give it stability. For coal grinding, ball and rod mills are
used in several stages of dry or wet grinding, which are characterized by multi-stage processing, high metal
consumption, high specific energy costs for grinding one ton of coal, low efficiency and significant capital
expenditures in the construction of coal-water fuel preparation complexes [4, 5]. In this regard, research
work was carried out to obtain coal powder using electric pulse technology. The method for solid fuel
grinding is based on the electrohydraulic effect method, which is designed to create shock waves in a liquid
medium [6-8]. The peculiarity of the processing method is carried out inside the volume of liquid that is
located in an open (closed) vessel, a specially formed pulsed electric (spark, brush and other forms)
discharge around the zone of its formation, ultra-high hydraulic pressures arise that can perform useful
mechanical work and are accompanied by a complex of physical and chemical phenomena.

The electrohydraulic effect is associated with a relatively slow energy accumulation in the power source
and almost instantaneous release in the liquid medium. The main factors of the electro-hydraulic effect are
high and ultra-high pulsed hydraulic pressures, which lead to the appearance of shock waves with sound and
supersonic speeds. These factors have a variety of physical and chemical effects placed in it on a liquid or
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other objects. Thus, shock displacements of liquid that occur during the development and collapse of
cavitation cavities can destroy non-metallic materials and cause plastic deformations of metal objects placed
near the discharge zone [6].

1. Experimental part

The latest achievements of electronic and high-voltage pulse technology can dramatically reduce the
size of electrical elements, significantly increase the reliability of various electrophysical installations.
Adaptation to the conditions of electric pulse technologies of electrical equipment mastered in related
electrophysical research and technological applications will make it possible to make a technical
breakthrough in the production use of electric pulse technologies. The modern element base already opens up
prospects for the creation and wide development of EI technologies in special applications with limited
productivity. Further improvement of the plants in the direction of increasing their capacity will consistently
involve other technological directions of the method in production use [9].

Unlike mechanical crushers, the electrohydraulic unit does not have much moving parts, it is made of
ordinary structural steel, so the body practically does not wear out during operation. There is no mechanical
contamination of the product with hardware metal, lining material and grinding media. The ability of the
method to simply and widely change the nature of dynamic loading allows you to adjust the granulometric
composition of the grinding product, to obtain a narrower class of product size than is possible with
mechanical grinding. In addition, the electric pulse method has a number of advantages compared to known
grinding methods, mainly due to the small dimensions and mobility of the equipment, as well as the absence
of restrictions on the strength of the materials being destroyed [10].

The electric pulse installation consists of a power supply-control block, a storage capacitor, an air
converter and working channel. The power supply-control unit allows you to control the operating mode of
the unit (adjust the power supply current, turn the unit on and off). High-voltage pulse capacitors (rated
voltage 100 kV), which perform the function of storing electricity and are designed to operate in a mode in
which charges and discharges quickly replace each other, were used as energy storage devices (capacitors).
Figure 1 shows a General view of the working channel of the electric pulse unit. A spark pulse discharge is
formed in a liquid medium between a rod metal electrode and the base (bottom) of a steel cylindrical vessel.

As a working medium, industrial water was used, which is cost-effective and affordable. After treatment
with electric pulse discharges to separate the coal powder from the water, the water mixture was first settled,
then the finished product was separated from the water (filtered) and dried at a temperature of 20 °C.
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Fig.1. Working channel of the electric pulse installation: a) main view; b) scheme;
I-cover made of fluoroplast, 2 - metal cylindrical container, 3-electrode insulation, 4-metal rod electrode

The capacitance of the capacitor (C) used for grinding raw materials was 0.25 pF and 0.4 pF, the
operating voltage of the discharge U = 30 kV and the number of pulse discharges 400, 800, 1200. For
carrying out research works, the coal of the Kuznetsk section was used, which is used as a lean additive to



98 ISSN 1811-1165 (Print) 2413-2179 (Online) Eurasian Physical Technical Joumal, 2020, Vol.17, No.2 (34)

fatty coals. The average diameter of the initial coal fraction was dy:=5; 10; 15; 20 mm. Based on the results
of processing coal with these parameters of the electric pulse unit, the granulometric composition of the
product was determined on standard sieves and powders with a diameter (d) of 150 um and 250 um were
sorted.

2. Discussion of results

Figure 2 shows the degree of coal grinding depending on the parameters of the electric pulse
installation. The results of electric pulse crushing of coal can be seen that increasing the battery capacity of
the capacitor (0.25 pF-0.4 pF) and increasing the amount of discharge (from 400 to 1200) the degree of
grinding of raw materials increased.
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Fig.2. Degree of coal grinding depending on the capacitance of the capacitor and the number of pulse discharges.

The degree of grinding of raw materials in the production of powder with a fraction diameter of 150
microns was the following interval: for coal with a diameter of the initial fraction of 5 mm-20-52%, for 10
mm-14-32 %, for 15 mm-8-22%, for 20 mm-3-15% (figure 2, a). An increase in the degree of grinding of
raw materials, depending on the given parameters of the electric pulse unit, was also observed in the
production of coal powder with a diameter of 250 microns (figure 2, c).

The data shown in figure 2 are obtained from the average values of experiments repeated many times (5
times) during the treatment of coal by the electric pulse method. After each grinding operation, the diameter
of the fraction of the resulting product was determined using the above-mentioned special standard sieves
(GOST R 51568-99 (ISO 3310-1-90) laboratory Sieves made of metal wire mesh). From the results obtained,
it can be seen that the degree of grinding of raw materials with an initial fraction diameter of 5 mm is higher
than that of raw materials with a fraction diameter of 10-20 mm. This is due to the fact that the spark gives
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energy to its surface, and therefore, the denser the material surrounds the discharge zone (the more crushed it
is), the more efficiently and fully the energy released by the discharge channel is consumed. The main
factors affecting the grinding mechanism are the intensity of the pressure wave pulse, its duration, the nature
of the energy input in the discharge channel, the total duration of the grinding process, high-speed fluid flows
formed as a result of volumetric micro-cavitation.

Conclusion

Research work on coal grinding by electric pulse method was carried out. According to the results of
scientific work, a product with a diameter of fractions of 150 um and 250 um, necessary for the manufacture
of coal-water fuel, was obtained. The results of experimental work have shown that with the number of pulse
discharges over 800 and the capacitance of the capacitor Bank of 0.4 UF (while the operating voltage is
stable - 30 kV), solid fuel can be crushed to the required size. Currently, electric pulse technologies are used
in the processes of cleaning heat exchangers from scale, crushing and grinding of natural ores, as well as
processing of solid household waste. Carrying out these studies and implementing their results in enterprises
will contribute to technological progress in the industry.

REFERENCES

1 Serant F.A., Tsepenok A.IL., Ovchinnikov Yu.V., Lutsenko S.V., Karpov E.G. Preparation of coal-water fuel
and its combustion technologies. Modern science: research, ideas, results, technologies. 2011, Vol. 1(6), pp. 95-101.
[in Russian]

2 Samoylik V.G. Main technological parameters of coal-water fuel. Dressing of minerals Fig Kopalin. 2015,
Vol. 61 (102), pp. 58-65.

3 Khodakov, G.S. Water-coal suspensions in power engineering. Heat power engineering. 2007, Vol. 1, pp. 35-
45.

4  Rizun A.R., GolenYu.V., Denisyuk T. D., Kononov V. Yu. Development and implementation of electric
discharge process of disintegration of water-coal fuel components. Science of innovation. 2009, Vol. 5, Vol. 5. pp. 42-
46.

5 Zaydenberg V. E., Trubetskoy K. N., Murko V. 1., Nekhoroshikh I. H. Production and use of water-coal fuel.
2001. M., Academyofmining Sciences, 176 p.

6  Yutkin L. A. Electrohydraulic effect and its application in industry: textbook. 1986, Leningrad,
Mashinostroenie, 253 p.

7  Nussupbekov B.R., Khassenov A.K., Karabekova D.Zh., Nussupbekov U.B., Stoev M., Bolatbekova M.M.
Coal pulverization by electric pulse method for water-coal fuel. Bulletin of the University of Karaganda-Physics. 2019,
Vol. 4(96), pp. 80 — 84.

8  Kuritnik I., Nussupbekov B.R., Khassenov A.K., Karabekova D.Zh. Disintegration of copper ores by electric
pulses. Archives of Metallurgy and Materials. 2015, Vol. 60, 4, pp. 2449-2551.

9  Potokin A. S. Achievements and tasks of improving the electric pulse method of destruction of materials in
connection with the assessment of prospects for its application in technologies of mining and processing of mineral raw
materials. Intellectual potential of the XXI century: Stages of knowledge. 2011, Vol. 8, pp. 185-189.

10 Kosenkov V. M., Rizun A. R. Determination of the characteristics of pulsed destruction of coal using the Kola
method. Electronic processing of materials. 2011, Vol. 2, pp. 100-107.

Article accepted for publication 07.12.2020



100 ISSN 1811-1165 (Print), 2413-2179 (Online) Eurasian Physical Technical Joumal, 2020, Vol.17, No.2 (34)

DOI 10.31489/2020N02/100-109
UDC 622.784. 622' 17. 22.23.05

TECHNOLOGY AND EQUIPMENT FOR PROCESSING OF LARGE-SIZED
VERMICULITE MICAS OF THE KOVDOR DEPOSIT

Nizhegorodov A.L.", Gavrilin A.N.2, Moyzes B.B.?, Kuvshinov K.A.?

"Irkutsk National Research Technical University, nastromo_irkutsk@mail.ru
2National Research Tomsk Polytechnic University, Tomsk, Russia, mbb@tpu.ru

The development of technology and equipment for the processing of large-sized vermiculite mica obtained
from mining waste from the Kovdorsky deposit allows the large-scale vermiculite to be returned to processing
industry. This article reviews the aspects of the technology for processing of large-sized mica with dimensions of
20 mm or more. The aim of the research is to study the grinding technology of large-sized vermiculite raw
materials by the chopping overall particles, to develop the technological equipment and to study of its operating
processes. The object of the research is the operating process of the chopping unit for grinding the large-sized
vermiculite raw materials and its design. The methods are based on study of simulated movement of chopped
large-sized particles and the determination of the main characteristics of the chipping unit operating process. It
was found that the firing of large particles without grinding in chopping units requires a significant increase in
firing time, which reduces the productivity of electric furnaces. The time of dropping particles out in the slot of the
receiving drums of the chopping unit is determined, based on which the rotation speed of the receiving drums and
its operational efficiency are calculated.

Keywords: large-sized vermiculite mica, chopping unit, expanded vermiculite, industrial furnace.

Introduction

The expanded vermiculite has a rare property to enlarge in size when heated and change the original
structure from flat mica particles to bulk grains of slit-like structure, while reducing its density by 8...12
times. This property has provided vermiculite with wide application in various areas: production,
construction, environmental and other human activities. Vermiculite is under studying still now. The
technologies using different fractions of this unique material are developing. The new equipment for the
implementation of these technologies [1-15] is being designed as well.

A large-scale study and application of expanded vermiculite began in the second half of the twentieth
century in our country, and the industrial development of the world's largest Kovdor phlogopite-vermiculite
deposit in the Murmansk region began in 1965 with the development of the main phlogopite deposit located
under the vermiculite deposit. To get to phlogopite, a raw material that was more in demand at that time, it
was necessary to exhaust vermiculite ores and create several warehouses with different vermiculite contents
and a warehouse of vermiculite-sungulite rock.

The processing of vermiculite ores began in 1975, but the processing plant operated only on rich stored
and recovered ores. The enrichment technology was based on the use of gravity methods and according to
the cadaster of mining waste [16], the extraction of vermiculite was at a low level, which characterizes the
very high quality of the tailings sent to the tailing dump.

The material with grain size larger than 20 mm, without being in demand, was discharged into the dry
tailings dump without any enrichment. Among the present technologies and equipment, the hammer crushers
with cutting blade hammer have got good application perspectives. At the same time, there is a high level of
wear of the operating tools. Grinding by other machines (jaw, cone, roller and others) reduces the crushing
quality of vermiculite particles. They flake, partially crumble, but doesn’t change in overall dimensions
significantly. Application of the proposed equipment will not have the mentioned above disadvantages

The issues of improving the technology of processing vermiculite-sungulite conglomerates were
reviewed in the article [16]. In a number of other publications, for example [17-20], the issues of returning
depleted vermiculite ore and tailings stocks to industrial circulation were considered. This article reviews
some aspects of technology and equipment for processing large-sized mica grain ore with dimensions of 20
mm and larger, located in the dumps of dry tailings for the production of expanded vermiculite.
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1. Samples and Research Methods

Large-sized row vermiculite mica grains with a vermiculite content of 15..20% by weight [16] is
extracted from storage facilities and subjected to gravitational enrichment according to the technology
developed at Kovdorslyuda OJSC using slot separators and brought to a target product concentration of
90...95%. Then the resulting material was sent chopping units for grinding to a given size in.

The optimal particle size of vermiculite concentrates depends on the purpose of the expanded product,
which is determined by the consumer, but not only by him. JSC "Kovdorslyuda" produced concentrates of
size groups KVC-8 and KVC-16, but they were used only in hydroponics, and mainly outside the country,
and their firing was a very costly process, since it was carried out in fired furnaces operating on hydrocarbon
fuel. Without going into energy calculations, let's try to determine roughly the optimal firing time and the
corresponding maximum particle size of the concentrate.

The article [19] describes the research during which the dependence of the calculated time of firing in
electric furnaces of concentrates of vermiculite particles of various size groups was set up on the basis of
analytical modeling of the layered thermal conductivity of the plates of expanded vermiculite. Vermiculite
ore concentrates have a very inhomogeneous particle size, but the distribution of particle sizes approximately
obeys the normal distribution of random variables [19]. If a concentrate in a volume of I m’ contains
particles with nominal diameters from 1 to 7 mm and more (Figure 1), then the time of their firing to
complete expanding will correlate with their sizes.

Fig.1. Photo of granulometric heterogeneity of concentrate KVK-4 of the Kovdorskoe field.

The larger the particle, the more time it will take, and the ratio ,max/fomin can reach twelve. Therefore,
vermiculite should be fired only after preliminary separation into fractions in order to spend less energy,
without overfiring the small particles and not leaving the largest ones unexpanded. This is an accompanying
question, but it is closely related to the tasks being solved here.

The study of layered thermal conductivity, based on the principle of equalization of temperatures from
the periphery to the center of the plates of expanded vermiculite grains, led to a simple analytical dependence
for determining the sufficient duration of firing [19]:

2
t,=04 d, , (D
a
where a is the coefficient of thermal conductivity, m*/s (a=2.9-10 ° m%/s [19]); d. is conditional particle
diameter, determined by the formula:

d, = x"+)",
where x and y are the maximum and minimum particle sizes.

According to the formula (1), the values of the time of complete expanding of the vermiculite
concentrate particles during firing and the corresponding particle sizes were calculated (Table 1).

Into the analytical dependence (1) does not include the surface temperature of the expended vermiculite
grain at the end of the firing process, but the given formula was obtained for a value of 599 °C, which was
roughly determined as optimal for electric furnaces with a heating element temperature of 720...750 °C. The
indicated temperatures were measured during the experimental research of a pilot industrial modular-firing
furnace in 2015. Using a pyrometer, we determined the heating temperatures of the surface of expanded
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grains at the exit from the furnace, with their full and high-quality expanding, which were in the range
586...612 °C (with an average value of 599 °C) [19].

Table 1 - Nominal particle diameters and their firing time until full expansion

dy, [mm]

1.0

2.0

4.0

6.0

8.0

10.0

12.0

14.0

16.0

18.0

20.0

tO’ [S]

0.068

0.27

1.09

2.44

434

6.79

9.78

13.31

17.38

21.99

27.15

The other increased temperature conditions with heating of radiant electric heaters over 750 °C allow to
reduce the firing time, but at the same time increase the risk of soot deposit on their surfaces and reduce the
reliability of the furnaces. Figure 2 shows the dependence of the firing time on the nominal diameter of the
vermiculite concentrate particles, which does not depend on the type of ore from which it is obtained
(Kovdorsky, Koksharovsky or Tatarsky concentrates). From the graph analysis it follows that the firing of
large-sized concentrates without preliminary grinding of particles with large sizes requires an increase in
firing time, which will lead to a decrease in the productivity of electric furnace units. Therefore, Figure 2
shows a graph of the dependence of the firing time on the nominal diameter of a particle with a maximum
size of 10 mm.

With the nominal diameter d.=4 mm, corresponding to the Kovdor concentrate KBC-4, the calculated
firing time is 1.086 s (Figure 2). But in the massif, as noted above, there is a large number of particles with
sizes of 7...8 mm, therefore, when setting up the furnace unit, the value to is adjusted so that the largest
particles are completely swollen. Consequently, the real time to during firing of KBC-4 concentrate should
be 3.39 s (Figure 2). The experimental value of the duration of heat treatment in a furnace with a movable
base platform [17] during firing KVC-4, at which the highest productivity is achieved, is approximately 3.1 s
- point a (Figure 2).

te, S

c
5 Koksharovsky concentrate %/ ~ [e=52s

3.39s

3 -t.=3.1s
Kovdor concentrate KVC-4
2 t.=2.1s
KVC-2

1.09 s

0 2 4 6 § 10 d., mm

Fig. 2. The dependence of the firing time on the nominal particles diameter of vermiculite concentrate.

For KVC-2 concentrate with d;=2 mm, the firing time is 0.27 s (Table 1), but the actual calculated #,,
taking into account large particles up to 5 mm, should be 1.78 s. In the experiment, it was equal to about 2.1
s — point b (Figure 2). The third experimental point ¢ was added during experiments with the Koksharovsky
concentrate KBC-4. The size of the maximum particles reached 8.5...9 mm in it. The firing time was 5.2 s
(Figure 2). We have already noted above that heat treatment of concentrates without preliminary grinding of
large-sized particles is not profitable due to a decrease in productivity and an increase in energy
consumption. Therefore, we will proceed to consider the technology and equipment for their preparation and
grinding.

2. Technology and equipment for grinding large-sized micas

Concentrates of the Kovdorskoye deposit, the KBC-8 and KBC-16 grades, before they are fired in
electric furnaces, must undergo preliminary fractionation, for example, on a drum sieve, at the outlet of
which all particles with sizes exceeding 10 mm are collected in a separate bin. This is the preliminary
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preparation of raw materials. All other particles that pass through the sieve go to the firing. Large-sized
particles of more than 20 mm after gravitational enrichment according to the proven technology using slotted
separators, extracted from the dumps, are sent for grinding in chopping units.

Figure 3 shows the of the chopping unit device. It contains a hopper 1, a dispenser 2 with a feed drum 3
and a flow divider of large-sized mica particles 4, made in the form of alternating crossed plates. The
dispenser drum is connected to an adjustable gear motor (not shown in Figure 3) and a chain drive with one
of the receiving drums, for example, 5, the shaft of which is connected to another receiving drum 6 by a gear
drive, which provides their rotation with equal angular velocities @ in opposite directions. The trays 7,
leading from the flow divider 4 to the receiving drums, reinforced with stiffening ribs 8, have projections 9
in the lower part and channels 10 (Figure, 4 «), inside them. There are longitudinal slots 11 in the drums 5
and 6, and the channels 10 in the projections 9 are parallel to them.

/1

Fig.3. The schematic diagram of the chopping unit.

The drum dispenser delivers the large-sized concentrate to the flow divider, which distributes
approximately equally the mica particles along the trays 7. The slots 11 in the receiving drums have a depth
of /=10 mm. When large particles of mica come from the flow divider and go down the trays 7, they, being
in the channels 10, abut against the surfaces of the rotating drums 5 and 6, and slide along them until they
fall out into the nearest slot 11 (Figure 4, a).

The receiving drums, turning with a certain angular velocity m, chop off the particles on the projections
9 of the trays 7 and carry them until they fall out under their own weight into the lower part 12 of the hopper
of the chopping unit body. The remainder of the chopped off particle, sliding along the surface of the
receiving drum, falls into the next slot and this happens several times on each drum 5 and 6 until all particles
are chopped into narrow strips 10 mm wide and length determined by its original size, for example 20...30 or
20...40 mm (Figure 5). Feeding of large particles of mica by the dispenser drum is selected so as to exclude
more than two particles from falling into one place in the slot 11 in order to avoid their jamming. The width
of these slots is such that two particles can be located in it without jamming. In this case, two particles are
chopped off at once. This process of gradual splitting of particles into strips occurs across the entire width of
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each of the receiving drums. Stiffening ribs 8, located at an equal pitch one after the other, exclude sagging
of the projections 9 during the particles chopping off.

Fig.4. Schemes: a — design diagram of the technical characteristics of the unit (fragment I according to Figure 3);
b — scheme of forces acting on a particle.

40 mm and more The remainder

-~ N | 10mm
I )

| /[ 10mm
10mm] "\ /

a b c

10 mm

40 mm and more

Fig. 5. The shape and size of the particles of large-sized concentrate:
a — original; b — after cutting into strips; ¢ — photograph of a chopped particle

The chopping unit provides a gradual reduction of only one particle size to 10 mm, while its other size
remains unchanged and equal to 20 mm or more, depending on its initial size (Figure 4). But in order for the
chopped particles to expand quickly at a temperature of the heating elements of the furnace of 720...750 ° C,
this is enough [19], since the radiant energy, according to the model of the layered thermal diffusivity of
vermiculite plates, penetrates from both sides in the transverse direction over a size of 10 mm (by 5 mm left
and right).

3. Chopper unit work process theory

Based on the principle of the chopper unit operation, let’s determine its technical characteristics, having
the following initial data:

*  outer diameter of receiving drums 5, 6 (Figure 3) — D=1 m;

e the width of the receiving drums 5,6 (Figure 3) — B=1.25 m;

* the depth of the transverse grooves (Figure 4, a) — #=0.01 m;

*  width of transverse grooves (Figure 4, @) — b; = 0.0025 m;

» the width of the channels in the projections of the trays (Figure 4, a) — ,=0.003 m;

» angle of inclination of trays projections to the vertical — 16 °.

The angular speed of rotation ® of the receiving drums can be calculated by considering the dynamics
of the process of a mica particle motion at the moment of its falling out of the channel 10 into the transverse
groove 11 of the drum 6.
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Let’s consider the design scheme (Figure, b). The x axis is directed downward along the surface of the
mica plate. The point ¢ is the center of gravity of a plate of mass m, so its motion when falling out can be
described as the motion of a material point c.

The differential equation of its motion will be:

mxX = mg -sino. — mgf - cosa., (2)

where f — is the coefficient of sliding friction of vermiculite mica on steel (for large-sized Kovdor
concentrates '~ 0.68 [20]).

Reducing equation (2) by the particle mass, dividing the variables and integrating twice over the time of
motion T, we get:

x=0.5(g sino.— fg-coso) T’ +x,. (3)

Since the initial velocity of falls out particle is equal to zero, and in equation (3) the initial coordinate x,
is zero, then solving the quadratic equation (3) with regard to t, we obtain the time of motion of the mica
plate when falling into the slot of the receiving drum:

= — 2 @)
g -sinol— fg - coso

Since the depth of the grooves is #~=0.01 m, then the drop-out path is x = 0.01 m, and the angle a is
equal to: 90° — 16° = 74°.

Substituting the indicated values and the coefficient of friction into expression (4), we obtain the
dropout time or slot filling time:

t=0.052s.

For further modeling of the operating process of the chopping unit, determining the circumferential
speed of its receiving drums, and then the angular speed of their rotation, let’s make a number of
assumptions:

* all mica particles have a thickness of s = 0.001 m;

* all particles have a rectangular shape with a width of e=0.02 m and a surface area equal to the areas
of real particles averaged over the conventional diameters d;

e in a time T = 0.052 s, the receiving drum rotates through an angle corresponding to the arc of its
circumference, equal to half the width of the groove — 0.5 b;;

» the particles in the grooves of the drums are arranged in one row tightly to each other.

Let's determine the circumferential v, and angular o speed of the receiving drums:

_0.5-5, _0.5-0.0025

Vo =0.0241 m/s; Q)
T 0.052
o= e 0.0241 _ 00482 rad/s. (6)
0.5D 0.5-0.1
Let's determine the speed:
n:30_“)=0,46 rpm. @)
T

After the particle falls out into the groove, it takes some time for it to jam between the walls of the
groove and the channel of the tray, i.e., to select the gaps due to the dimensions b, and b,, which corresponds
to the length of the arc:

A=by+b,—s5=0.0025+ 0.003 - 0.001 = 0.0045 m.

After jamming, the particle is chopped off in a time corresponding to the arc length equal to the mica
particle thickness s. However, mica has a layered structure, which makes it difficult to shatter, therefore
chopping process takes longer to completely separate the severed part from the main particle. To guarantee
the results we model this process with time allowance three times longer time then actual chopping time and
the length of the drum arc /, corresponding to this time, equals to:

l,=3s.

Then the time of one cycle (from the moment the first particle falls out until the second one falls out)
will correspond to the circular arc of the receiving drums corresponding to the step of the slots 7:

r=A+s+1[,=0.0045+0.001 +3-0.001 = 0.0085 m.
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With a drum diameter of 1 m, the ratio of their perimeter L to step r gives the number of chopping
cycles k for one drum revolution. For a two-drum chopping unit shown in Figure 3, the total number of
chopping cycles will be:

kZZ_L: 2nD _ 2:-3.14-1 ~ 739
r r 0,0085

Dividing the resulted value by the rotational speed n, we get the number of choppings per minute:
k_ 739 _ 1606 (96390 per hour).
n 0,

With a drum width of 1.2 m and a conventional particle width of ¢=0.02 m, 60 rectangular plates with
dimensions of 20x10 mm are separated in one chop, and their total number falling into the lower part of the
chopping hopper per hour is 5783400 pieces. If the thickness of the plate is 0.001 m, then the volume of all
the plates dropped out per hour is:

V' =5783400:0.001-0.02-0.01 = 1.157 m’.

The true density of hydromica is approximately equal to 2300 kg/m’ [7], so the resulted volume can be
converted to mass:

m=pV=2300-1.157 = 2661 kg.

This value is equal to the theoretical hourly productivity of the chopping unit — 2.66 tons/hour.

Let us write down the formula for the theoretical mass productivity of two drum chopping units in
general form (kg/h):

2nBD.
P =602 ®)

r-n
where d_ is the average nominal diameter of a vermiculite mica particle from the bulk of the initial enriched
large-size concentrate, m. In this case, the drum rotation frequency n should be determined with the
consideration of the formulas (5-7).

If we recalculate the mass productivity for the volumetric (after firing in the furnace) according to the
formula (m’/h):

P, = kP,

If we take into account the expanding coefficient for large-sized Kovdor concentrates KVC-8, which are
closest to that obtained from chopped mica plates, equal to k. ~ 10.8 m*/t, we obtain an approximate value:
P,=28.7 m’/h. Taking into account the operational factors that reduce the theoretical productivity by
12...15%, it is possible to determine the actual monthly mass productivity of one unit with the parameters
given above:

P.=1630...1685 tn /month.

This will allow loading 27...28 railway open-top wagons with chopped vermiculite concentrate per
month.

4. Unit operation as part of a specialized electric furnace

The two-drum unit with considered operational factors is capable of producing, on average, after firing
in a furnace, expanded vermiculite about 24.8 m*/hour. If we reduce the width of the receiving drum to 1 m,
and the diameter to 0.9 m, then such a single-drum unit can be built into the dosing system of a three-module
electric furnace with a vibrating base platform [17, 18] and process large-size concentrates immediately
before firing at the consumer. Focusing on formula (8), we obtain the productivity of such a furnace for
expanded vermiculite:

0.5-24.8:0.9

1.2

which roughly corresponds to the performance of an electric furnace with two power technology units (with
P, of 4.5 m*/h each) and vibrating platforms with forced kinematic excitation (Figure 6) [22].

An industrial furnace consists of two identical energy technology blocks and contains a frame 1, baking
trays 2 with movable bases 3, thermally insulated covers 4, electric heaters 5 fixed on the fixing heads 6,
rollers 7 located in guides 8 installed transversely to the flow direction of the expanding chopped vermiculite

= 9.3 m’/hour,
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moving along the base plates. Movable bases are placed obliquely, parallel to each other and one above the
other. The furnace also contains a gear motor 9, a drive shaft 10 mounted in bearings 11 with eccentrics
mounted on it. The eccentrics are equipped with rolling bearings (in the figure they are covered with
movable bases and are not visible), which are rotated on shaft 10 relative to each other by 120 °.

The first power
technology unit

The second power
technology unit

— 1 = I I

Fig. 6. Industrial furnace consisting of two technological units with a chopping unit built into the raw material dosing
system

The hopper 12 for chopped vermiculite concentrate is located in the central part of the furnace and has
trays 13 with slide gates installed with gaps above the parts of the base plates 2 protruding on the left. A
single-drum chopping unit is installed on the hopper and in this embodiment has a drum dispenser 14 and a
drive 15, which is configured so that its transmissions set the rotation of the dispenser drum 16 and the
receiving drum 17 with such a ratio of angular velocities at which the excessive supply of concentrate to the
chopping unit and wedging of particles in the lateral slots of the drum are eliminated. The furnace is closed
on all sides by thermally insulated doors 18, which are conditionally removed on the second power
technology unit.

During the operation process, the bearings of the eccentrics, when the shaft 10 rotates with an angular
velocity ®, act on the protruding parts of the movable bases 3 and cause their transverse harmonic vibrations
with regard to the vermiculite flow with an amplitude A equals to the eccentricity value, which is the same
for all eccentrics of the drive shaft. In this case, the springs (not shown in the figure) installed on the sides of
the movable bases 3 opposite to the eccentrics provide their return movement [23-27]. Under the action of
transverse vibrations, the vermiculite concentrate from the hopper 12 through the trays 13 gradually fed onto
the protruding parts of the base plates 2 and, moving along their surfaces, enters the thermal field of the
electric heaters 5 under the thermally insulated covers 4 and in 3.5...4 under the action of high temperature
expands and comes out of the furnace (right and left). The slide gates of the trays 13 provide control of the
thickness of the layer exiting the raw material trays 13.

In the electric furnace under consideration, the vibrations of the movable bases are forced by the
eccentrics of the drive shaft. Therefore the system does not operate in a resonance mode, which is very
sensitive to fluctuations of various factors that affect the stationarity of vibrations and the parameters of
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vibration transportation of chopped concentrate along the base plates. For example, if there are changes in
the excitation frequency w, then the amplitude will remain equal to the eccentricity, and this will provide
steady fluctuations of the bases 3 and the stationarity of the technological firing process, the duration of
firing will not change, there will be no vermiculite expanding or overburning, and the furnace productivity
will remain unchanged. Even the contamination of the guide runners 8 with fine vermiculite formed during
expanding cannot affect the change in amplitude, since the oscillations are set by the drive shafts 10 and the
gear-motors 9 forcibly.

Conclusion

On the basis of the analytical dependence, there were calculated the values of the expanding time of
particles of large-sized vermiculite concentrates for the required sizes during firing in electric furnaces with a
heater temperature of 720 ... 750 © C. But these results can be considered as indicative before a study of the
process on a physical model is conducted.

Analysis of the graphical dependence correlates with the experimental data and shows that firing large-
sized particles without grinding them in chopping units will require a significant increase in firing time, and
this will negatively affect the electric furnaces capacity with movable bases. Therefore, the optimal
longitudinal size of the obtained particles of chopped vermiculite concentrate is taken to be 10 mm, which is
the minimum sufficient, since the radiant energy of the heaters, according to the model of the layered thermal
diffusivity of vermiculite plates, penetrates from both sides in the transverse direction, 5 mm from the left
and right.

The research of the dynamics of the motion of particles when they fall out into the slot of the receiving
drums has shown that the time of this falling is about 0.052 s, including friction. Based on this time and the
specified parameters of the design elements of the chopping unit, the angular speed of rotation of the
receiving drums and the operating capacity of the two drum unit were calculated. It is equal to 1630...1685
tons/month, which corresponds to a monthly shipment of chopped concentrate in the amount of up to 28
railway open-top wagons per month.

The indicated volumes correspond to 18000...20000 m® of expanded vermiculite. The basic two-drum
chopping unit is designed for operation at the deposit and processing of large-size concentrates obtained by
enrichment from stored and newly obtained vermiculite micas.

It is possible to use its single-drum version with reduced dimensions of the receiving drum and other
design elements as a chopping mechanism built into the dosing system of industrial electric furnaces with
movable base platforms in the production of expanded vermiculite at the construction industry enterprises. In
this case, the consumer buys enriched vermiculite concentrate, consisting of large particles with nominal
diameters of 20...40 mm. Such a chopping mechanism is capable of ensuring the operation of a double
industrial electric furnace of two energy technology blocks with a capacity of approximately 9.5 m*/h.

The proposed technical solution has good application perspectives for the processing of particles of
large-scale raw materials from other deposits.
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Modern mechanical engineering designs (and some others) make more and more demands on the
development of mathematical models of units in which friction is present. A condition that significantly
complicates the study of the properties of a frictional contact is its discreteness with different geometric
parameters of two contacting bodies, as a result of which the contact is formed only between a part of the
roughness of the rubbing bodies (base and slide). The geometry of the contacting surfaces can most accurately be
described by random functions, however, methods for calculating friction nodes based on random functions are
very complicated. This work is the initial stage of building a model of contact interaction of two rough bodies with
roughness parameters that are different for the two bodies, but constant for each individual body. In addition, the
model of contact interaction is considered with a variable force compressing the contacting bodies, in the absence
of an external shear force in the contact plane, and this work allows you to check the accuracy of constructing a
model of interaction of friction surfaces with a relatively simple scheme of interaction of these surfaces.

Keywords: Rough surface; analytical modelling: static interaction of rough surfaces.

Introduction

At present, reliability, efficiency and environmental friendliness of machines, instruments and devices
are increasingly determined by the tribological characteristics of parts and components that work with
friction. Frictional resistance absorbs around 20 per cent of world energy consumption [1]. This fact draws
interest of engineers and researchers towards tribological phenomena in the design and operation of
machines and mechanisms.

In fact, the influence of various phenomenological aspects of friction is still quite challenging to assess
and model [2]. It could include macro-, micro- and nanoscale effects such as influence of impurities,
adhesion, elastic and plastic deformation and cold welding [2-13]. Descriptions of the various friction
phenomena was attempted in numerous studies by considering the surface roughness effect. Surface
topography observed in microscopic scale was proved to be extremely rough and of random nature,
composed of alternating ledges and hollows of various dimensions referred to as surface heights, or
asperities and micro cavities.

A significant contribution to the development of the adhesion-deformation theory of friction was made
by L.V. Kragelskii [14], [15] and others in the form of a molecular-mechanical theory. According to this
theory, friction is caused both by overcoming the forces of molecular interaction between the contacting
surfaces and by the shape change of the relief of the contacting bodies as a result of elastic and plastic
deformations of their surface layers. 1.V. Kragelskii put forward the idea of the dual (molecular and
mechanical) nature of friction. To implement external friction, shear deformations must be concentrated in
the thinnest surface layers of rubbing bodies, and these layers must have lower shear strength than the base
metal (the rule of a positive gradient of shear resistance).

In this paper, the contact of two rough bodies is considered and the horizontal and vertical forces of
interaction are calculated, which are the sums of the set of forces of contact interaction of the roughness of
two surfaces; in this work, the horizontal external force is not considered and therefore the sum / integral of
the horizontal internal forces arising in each contact should be equal to zero.
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1. Normal force model

We will consider the contact of two surfaces at relative rest. As microscopic imaging shows, when two
macroscopically flat bodies with microroughness come in contact, the contact occurs at multiple asperities of
arbitrary shapes, and varying sizes and heights. The first step in the mechanical contacts analysis is the
surface characterization. The knowledge of some statistical surface parameters is very important for the
modeling of the surface interaction. As specified in the ASME standards, surface could be defined by
waviness and roughness profiles (see Fig. 1) [16]. The first pattern is a real rough surface profile, the second
can be the result of imperfect processing and vibrations, the third is the microroughness inherent in the
production of the material.

Total profile (includes

WW‘GW etrors in geometric form)

Waviness profile {roughness

e heights attenuated)

g A A A A A Ay Roughiness profile (waviness

heights attenuated)
Fig. 1. Schematic diagram of surface characteristics

A detailed description of the surface microgeometry of contact bodies, for the purpose of calculating the
contact interaction forces, is not practical or possible; instead a more abstract model description will be used.
The main goal of the study is to describe the qualitative aspects of the processes and laws of the formation of
frictional forces. For the purposes of this study, the model shown in Fig. 2 can be used, and, as shown below,
this scheme allows modeling the basic principles of contact interaction forces.

L

Fig. 2. Two rough contact surfaces (the slider and the base). R; and R) are micro-roughness radii of the slider
and the base, respectively, @is the overlapping of the pair of contacting micro-asperities in the vertical direction, L j

and L are period of micro-roughness of the slider and the base.

Fig. 3. Mechanical contact model between two asperities
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In Fig. 3 the following designations are adopted: 7 is the contact reaction along the line connecting the
centers of the radii of the slide and the base, n and dy are the projections of the force of roughness interaction
on the normal and tangent directions, a is the radius of the contact circle of two microroughnesses, 0 is the

angle between the vertical and the line connecting the centers.
The theory of contact between elastic bodies or Hertz Theory can be used to compute the contact of two
spherical micro-asperities. The area of contact between two spheres of radiiR;and R; is the circle of radius:

= \‘fRévg,
where
1_1_ 1

R R, R
The distribution of normal force in the contact area as a function of distance from the center of the

circle 7 is:

&
p(r) =po(1 — ),

where: p, is the maximum contact pressure given by

1/3
- =)

Where fis the total force of contact interaction between two micro-asperities and
1 _1vf 1

Eai E]. EE
Here E; and E, are the elastic modules and vy, v2 are the Poisson’s ratios associated with each body.

The area of contact is related to the applied load f'by the equation
3 _ MR
a* = =,
The depth of indentation of two spheres (or “overlapping”) 59 can be calculated as

z z 1/2
dg = % = (12?53)
Hence
f =clg 8/ (D
where:
¢ =ZRYE..
The following equation can be compiled from consideration of Fig. 3:
R]_ + Rz—(T: (:R]_ +R2—§glﬂ'&$9,

and hence:
5 =§—(R1 + R2)(1 —cas @) @)
cos @
Substitution of (2) into (1) gives:
[5 (Ry + R2)(1 — cas 6]%/2
f= cos G3/2 )

Current study focuses on the relative sliding of two bodies (as in brakes, clutches, etc.), therefore the
friction surfaces of such bodies can be considered as "lapped" and the angle € cannot be big.

3
Hence cos@ =~ 1,1 —cos & = % and that simplifies (3):

g21%/2

f=c l& —(Ry + 321?] “)

The use of the following symbol

g2 — 28

® R +R,

gives

f = co(85 - 67)°/2 ©)
where

8/2
R, +R
cg = c(—lz 2) :
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The simplest way to compute the total force of contact interaction is the integration of (5) over the
whole angle 6 with apparent assumption of equal probability of any of its values from the interval

-G, =0=6,

where & is the greatest angle up to which it is assumed that the micro-asperity of the slider opposed to
the micro-asperity of the base:

— _Latly
O = 2(Ry+Ry)’ (6)
The total force of contact interaction is
F=2X:ift,

where the summation of forces of contact interaction is over all pairs of contacting micro-asperities. If
we suppose that the number of pair of micro-asperities is big enough then the total force of contact
interaction can be calculated by integrating as follows:
ja [%
F=2.-| fdo O
L)-g,
where j, is the number of opposing pairs of micro-asperities, yis the angle at which the surface
roughness only touch each other and it can be found as:

2d
by = !lez- ®)

Comparison of (6) and (8) tells that for real surfaces & << @ and, therefore, only a small fraction of the
total number of micro-asperities is in contact. The geometry of the frictional contact can be represented in a
simplified form using Fig. 4. Here, all micro-asperities of the base are reduced to one spherical element, and
a plurality of micro- asperities of the slider is presented by the gray mass. In contact all micro-roughnesses of
the slider are in the range of angle from -6 to 6. It should be emphasized that for relative rest of the friction
pair elements, the angle to which contact exists on both sides of the slider microsphere is the same and is
equal to £6.

Fig. 4. Reduced model, where all microasperities of the base are reduced to one spherical.
N is a vertical force applied to the slider, ) is maximum contact angle of the slider and base roughness.

The vertical component of /' (normal contact reaction in a single contact under angle é to the vertical) and
horizontal component (friction force) can be calculated as follows:

n=fcos@ t=Ffsind.
As the angle 6 is small, the

ﬂmf(l—%)%f. T 2 6,

or:
n = cg(8% — 02)%/2, T = cg(8% — 62)%/%8. 9)
The total value of these forces for all of the contact points may be computed by integrating:
: [
[ia/ L]
N =2 | (62 - g2)%/2 g, (10)

26, g,
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Jacs (% 2
T="—| (82-6%) 6d6.
26{. _g‘}( Q )
Taking integrals (10) we finally get:
_ Blgcenti
N= 166, ° (11)
T =0 (12)

In this system there was no external perturbation applied in the horizontal direction and the friction force T
equal to zero confirms the correctness of computations above. Equation (11) allows getting a formula for
contact stiffness:

5= VZ2(R, * Rp)(Ly + L2)N (13)
JaR1R2E.

The vertical force of contact interaction obtained here (11) is not absolutely accurate. However, this force
allows you to see the qualitative side of the contact interaction of rough surfaces and, at the same time, with
a qualitative choice of the characteristics of the friction surfaces, it should allow calculating the contact
interaction and friction forces with not very large errors.

2. Results and discussion

The vertical force of contact interaction (11) is not absolutely accurate. However, this force allows to see
the qualitative side of the contact interaction of rough surfaces and, at the same time, with a qualitative
choice of the characteristics of the friction surfaces, it should allow calculating the contact interaction and
friction forces with not very large errors. The graph of the contact stiffness having a quadratic parabola in
Fig. 5 is based on (13). More accurate theories built using more accurate description of the micro-geometry
of surfaces using random functions for the distribution of the surface textures [14], [15], [17] give other
power functions in these dependences. However as is evident from (13) obtained functions quite accurately
reflect qualitative dependences of the processes in contacts and hence can be used to study the qualitative
aspects of the friction processes.

The parameters of the friction system used to construct the graphs shown in Fig. 5 were chosen for the
materials considered in [14], [15], [17]. It should be noted that the qualitative aspect of the contact stiffness
graphs shown in Fig. 5 has been correspond to the real data used in these books. Our experience in
calculations says that in the case of developing a sufficiently high-quality method for choosing the
parameters of rough bodies, there is reason to hope for an acceptable quantitative agreement of the
calculations with experimental data.

)
m

\s
0.3+ _— \ 2

0.1+

4 0 20 30 0 N kN
Fig. 5. Graph of contact stiffness (due to the deformation of the micro-roughness)
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Table 1. The parameters of the graphs in Fig. 5

Lines on the graph 1 2 3
R;,,m 5.00E-05 1.50E-04 3.00E-04
R;,m 8.00E-05 2.00E-04 5.00E-04
L;,m 1.00E-04 3.00E-04 5.00E-04
Ly, m 2.00E-04 6.00E-04 9.00E-04
E*, Pa 1.067E+11 1.067E+11 1.067E+11
Ja 1.00E+08 5.00E+07 2.00E+07

Thus, the friction pair model considered here can be used to build a qualitative model of the friction force.

Conclusion

This article deals with the static contact of rough surfaces under the action of a normal force on them,
but without the action on the considered bodies of a shear force in the contact plane. The consideration of
this problem includes the main parameters of the roughness of the contacting surfaces and the mechanical
characteristics of the bodies and, of course, the friction force in the conditions under consideration is zero.
This condition is verified by integrating the friction forces over all active contacts, and the results obtained
here make it possible to accept the considered model for calculating the friction force with stable sliding of
bodies relative to each other.
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This work was attended to the study of the accumulation of deuterium, also to the investigation of the
process of capture of deuterium in tungsten samples upon irradiation with a plasma beam. It was shown that after
irradiation on the surface, a change in the surface is observed as the development of the relief as a result of non-
uniform etching of the surface. The degree of change in the relief and structure of the surface layer of the
irradiated samples depends on the irradiation temperature. The accumulation of deuterium tungsten under
irradiation with deuterium plasma was studied. The conducted thermal desorption analysis of tungsten samples
irradiated with deuterium plasma showed that the tungsten surface is saturated with deuterium. The data obtained
by the method of emission spectrometry and thermal desorption spectrometry showed that the majority of the
captured deuterium accumulates at a depth under the 7 um.

Keywords: deuterium, irradiation, tungsten, a plasma beam.

Introduction

Tungsten is considered as a priority material for use in the diverter region of the ITER reactor due to
such qualities as high melting point and high threshold energy of physical sputtering [1-4]. Today, one of the
main requirements for materials in contact with thermonuclear plasma is the reduction of tritium content in
these materials [5,6] fluxes of tritium and deuterium. It will be up to 1270 K [7]. It should be noted that the
investigation of the tritium inventory. In addition, the study of the accumulation of hydrogen isotopes in
tungsten materials when exposed to deuterium plasma is of particular interest for assessing the content of
radioactive tritium in reactor elements during the operation of a fusion unit [8-10].

In connection with the foregoing, the purpose of this work is to study the accumulation of deuterium in
tungsten materials upon irradiation with deuterium plasma.

1. Materials and methods

99.97% purity tungsten was selected as the object of study in accordance with the objectives. Samples
in the form of a cylinder with a diameter of 10 mm and a height of 5 mm, were cut on the EDM machine.
Before irradiation, the samples were ground and polished. Tungsten samples were irradiated with a
deuterium plasma with an ion energy of 2 keV for 180 min. Samples were irradiated at temperatures of 1273
K (sample W-D-1) and 1773 K (sample W-D-2). During irradiation, the pressure in the chamber was 2x10°
Torr.

Irradiation of samples with hydrogen plasma was carried out on a plasma-beam discharge setup that
simulates plasma-surface interactions [11,12]. The plasma beam installation was developed to support the
creation and operation of the Kazakhstan Material Tokamak for testing small-scale samples of KTM
materials and equipment [13].

The study of the microstructure of tungsten samples before and after irradiation was performed using a
JSM-6390 scanning electron microscope. The elemental analysis of the surface layer of irradiated tungsten
was determined by the method of optical emission spectrometry on a Glow Discharge Spectrometer HR. The
GD-Profiler emission glow discharge spectrometer is designed to determine the mass fraction of elements in
solid samples with a pre-polished surface. The surface roughness of tungsten and the depth of craters formed
after the study on an atomic emission spectrometer were determined on a Micro Measure 3D Station three-
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dimensional contactless profilometer. The accumulation of deuterium in tungsten after irradiation with
deuterium plasma was studied by thermal desorption spectrometry using an experimental VIKA unit [14—
15]. Experimental installation VIKA allows to conduct experiments on the study of gas emission from
various materials by the method of temperature-programmed desorption in the temperature range from 390 K
to 1750 K with mass spectrometric recording of the emitted gases. The vacuum working chamber of the
VIKA unit is shown in Fig. 1.

pump down
the chamber

Fig.1. Vacuum working chamber installation VIKA
(1 - water cooling pipes; 2 - tantalum heater with crucible;3 - thermocouples BP; 4 - water cooling circuit;
5 - cover of the vacuum chamber; 6 - current leads; 7 - vacuum chamber housing)

Method of research was concluded in: the cut out sample of irradiated tungsten was degreased, loaded
into the crucible of the working chamber of the experimental setup [16]. After that, degassing of the working
chamber walls was carried out at a temperature from 473 K to 500 K for two and a half hours with
continuous pumping with a vacuum magnetic discharge pump NORD-250 and an EXT 75DX
turbomolecular pump. Then the chamber walls were cooled to room temperature, and then an experiment on
linear heating of the sample under investigation to a temperature of 1750 K with a heating rate of 15 K/min
was carried out, with a constant pumping of the evolved gases from the volume of the working chamber and
recording the partial gas pressures in the chamber. The release of H, and D, molecules was measured with an
RGA-100 quadrupole mass spectrometer. During the experiments, the time dependences of changes in the
partial pressures of gas in the vacuum chamber of the installation as a result of gas evolution from tungsten
samples in the process of linear heating of the studied samples from 390 K to 1500 K were obtained.

2. Results and their discussion

The microstructure of the surface of tungsten before and after irradiation with deuterium plasma you
can find in the Fig. 2. It can be seen from the figure that after irradiation, a change in the surface is observed
as a development of the relief as a result of non-uniform etching of the surface. The resulting relief consists
of chaotically located protrusions and depressions of various shapes. The development of the relief on the
surface of tungsten under irradiation, apparently, is due to the sputtering of the surface. Thus, differently
oriented crystals are characterized by different sputtering coefficients. In this case, irradiation at T=1773 K
leads to the formation of small cracks.
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Fig. 2. The microstructure of the surface of tungsten before (a) and after irradiation
with hydrogen plasma at T=1273 K (b) and T=1773 K (¢)

The surface roughness was measured on an optical profilometer to assess the resulting of relief. It was
determined that after irradiation with deuterium plasma the surface roughness changes. For irradiated
samples at T=1273 K, the roughness parameter was Ra=0.275 pm, which is several times larger than the
original sample. After irradiation at T=1773 K, the roughness was Ra=0.453 um (Fig.3a-c).
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Fig. 3. The results of research on an optical profilometer
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Research of the accumulation of gases in samples of tungsten under irradiation were carried out by the
method of thermal desorption spectroscopy. Before conducting TDS experiments with the samples of
tungsten under investigation, an experiment was carried out on gassing from an empty crucible when it was
heated to a temperature of 1750 K at a rate of 15 K/min with a constant pumping out of the vacuum chamber.
Fig. 4 shows the characteristic time dependences of the change in the partial pressures of gases in the volume
of the working chamber when the crucible is heated.

The common view of gas evolution from an empty crucible presented in Fig. 4 may vary slightly in
subsequent experiments, but the nature of gas evolution from an empty crucible remains the same. These
dependences of gas evolution allow us to estimate the errors in the interpretation of data obtained during gas
emission from the samples under study. From these graphs it can be seen that in the fourth mass (aum 4,
corresponding to D»), no peaks of gas evolution in the region up to 1600 K are observed in which deuterium
is always present) from the elements of the design of the working chamber (growth in masses of amu 2 (H,)
and amu 3 (HD)).

Fig. 5 shows the time dependences of the change in the partial pressures of gases in the volume of the
working chamber during the TDS experiments with the W-D-1 tungsten sample.
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Fig. 4. Gas release from an empty crucible under heartening at a speed of 15 K/min

It can be seen that with a temperature of 1500 K and above, a significant increase in the gas evolution
curves for all hydrogen isotopes begins due to separation from the crucible From the gas release graphs that
was shown in Figure 4-5. This effect makes it difficult to interpret the results of TDS experiments with the
test samples, therefore, further analysis of the results was carried out in the temperature range of samples
from 300 K to 1500 K.

Figure 6 shows the temperature dependences of D2 excretion (amount 4) when the empty crucible is
heated, samples W-D-1 and W-D-1. On the graph of gas evolution D2 (amount 4) there is a pronounced peak
corresponding to the release of D2 from sample WD-1 at a sample temperature of 1223 K. The sample
temperature WD-1, at which the maximum deuterium emission occurs, corresponds to the sample
temperature the WD-1 sample was saturated on a plasma beam installation (approximately 1223-1273 K).
For the W-D-2 sample, it was not possible to fix a noticeable deuterium release due to the high background
caused by the release of deuterium from the crucible and the design elements of the vacuum chamber during
linear heating.
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Fig. 6. Dependence of the change in the partial pressure D2 (a.e.m 4) on the sample temperature
(crucible) in the working chamber of the experimental setup



Engineering. 121

Calculated from the obtained TDS dependences of the amount of released deuterium are given in Table
1. The total amount of released deuterium from the sample under study was 4,09-10"" mol despite the high
irradiation temperature. The deuterium release peak had the form of a classical diffusion peak and is
generally characteristic of the activation energy of deuterium diffusion in a sample with a value in the range
from 130 kJ/mol to 200 kJ/mol.

Table 1 - The number of released deuterium from an empty crucible and the samples under study

Calculated data Empty crucible Sample, W-D-1

The amount of deuterium released to T=1500 K, mol 2,84-10™" 6,93-10""

The amount of deuterium released to T=1500 K minus the background ) 4.09-10°"!
due to the heating of the crucible, mol ’

The amount of deuterium released to T=1500 K (referred to the mass of
the samples)

- 8,95-10""

Fig. 7 shows the results of a study of tungsten samples W-D-1 and W-D-2, obtained on an optical
emission spectrometer. From Fig. 7 it can be seen that a noticeable accumulation of deuterium is observed
only in the sample W-D-1. In this case, hydrogen (deuterium) accumulates in the surface layer of the W-D-1
sample to a depth of ~7 um. At a depth of 0.5-3.0 um, a pronounced peak is observed, which is associated
with the accumulation of deuterium mainly in the near-surface layer. This means that most of the traps in the
volume of the material is not active and does not capture deuterium at the irradiation temperature (1273 K).
The TDS method showed small amounts of trapped deuterium, since the samples were irradiated at high
temperatures. And the method of optical emission spectroscopy, we obtained only the qualitative
characteristics of the distribution of deuterium. The data of both methods are consistent with the nature of the
temperature dependence. A noticeable accumulation of deuterium is observed at an irradiation temperature
of 1273 K. At a temperature of 1773 K, the accumulation is significantly reduced, which is associated with
the formation of traps with low binding energy with hydrogen.
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Fig.7. Results obtained on an optical emission spectrometer for W-D-1 tungsten samples
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Conclusion

So, it has been established that, upon irradiation of tungsten, a change in the relief is observed as a
result of non-uniform etching of the surface. The degree of change in the relief of the surface layer of the
irradiated samples depends on the irradiation temperature and at T=1773 K small cracks form on the surface.
Thermal desorption analysis showed that samples of tungsten irradiated with deuterium plasma at a
temperature of 1273 K accumulate residual deuterium. In samples of tungsten irradiated with deuterium
plasma at a temperature of 1773 K, no noticeable release of deuterium could be detected. Comparison of the
data obtained by thermal desorption spectrometry and optical emission spectrometry suggests that the
structure defect during irradiation leads to the accumulation of deuterium in the surface layer of tungsten,
despite the high irradiation temperature.
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The paper proposes an approach to object tracking for public street environments using dimensional based
object detection algorithm. Besides the tracking functionality, the proposed algorithm improves the detection
accuracy of the dimensional based object detection algorithm. The proposed tracking approach uses detection
information obtained from multiple cameras which are structured as a mesh network. Conducted experiments
performed in a real-world environment have shown 10 to 40 percent higher detection accuracy that has proved
the proposed concept. The tracking algorithm requires negligible computational resources that make the
algorithm especially applicable for low-performance Internet of things infrastructure.

Keywords: object tracking, smart city, object detection, street lighting.

Introduction

Different object tracking algorithms are actively used in applications for automatic traffic monitoring,
surveillance, and security. Typical purposes of object tracking algorithms are identification of an object in a
video scene (e.g. in consecutive video frames) and prediction of possible object locations in the future. The
problem of object tracking is extensively researched in the area of computer vision [1-4], however, these
algorithms still have a number of limitations: high computational requirements to a processing unit [1], [5]
strong dependency of tracking accuracy on image quality (environment illumination, contrast, resolution,
etc.) and varying object representation between frames [6]. There are some implementations of tracking
algorithms [7,8] which use background subtraction as a detection technique that can be applied on low-
performance computational platforms, however, such an approach does not provide object classification
functionality as needed e.g. by Smart Lighting applications [9]. For sure, as a low computational power
solution, global positioning system (GPS) tracking algorithms can be used instead of computer vision
methods [10], however, it makes devices for such tracking more complicated and expensive from hardware
point of view.

The proposed algorithm combines the tracking approaches described in the references above to create a
new tracking system that includes a computer vision approach and GPS coordinates extraction that can be
executed on low-performance hardware in real-time. The tracking method is developed in a frame of the
smart city applications, in particular, diverse smart lighting systems aimed at energy saving and lighting
pollution reduction via effective control of the street lamps. The decision to switch the lamp on is made
depending on object presence in the street. Each lamp of such a system has its (fixed) GPS coordinates, a
low-performance computation unit (e.g. Raspberry Pi based), and a low-resolution camera. The camera data
is processed by the real-time detection algorithm (DBOD) [11]. This detection algorithm provides to the
system a number of object parameters: object class affiliation probability, coordinates of the object in real
world coordinate system, and approximate real-world dimensions (height and width) of the object. All the
street lamps inform neighbors about the moving objects [12] through a common wireless mesh network. The
tracking algorithm in this system improves the detection accuracy of a particular lamp by taking into account
the object detection information received from the lamps which have previously detected the object.
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1. Tracking algorithm description

The proposed tracking algorithm accumulates the object detection information from multiple nods. The
previously obtained information affects a decision about an object class affiliation on an active node.

The following requirements must be satisfied before applying the proposed tracking method:

— the nodes can communicate through a common network;

— abasic object detector outputs the detection result in a form of an object class probability
(confidence score);

— GPS coordinates of each particular node are known;

— the route distance between the neighbors is known to the nodes.

When an object has been detected in the street for the first time, the system registers properties of this
object (table 1): a unique ID, GPS coordinates, probabilities of class affiliation, estimated real-world
dimensions and its velocity. The velocity parameter is calculated based on GPS coordinates and
corresponding timestamps (according to the equation 1). These properties are continuously updated after
each detection cycle and broadcasted to the mesh network. These parameters are received by the neighboring
nodes and stored as a history set for further calculations.
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where R — the approximate Earth radius; €, ¢ — latitude and longitude in radians; t —timestamp.

Table 1 - Data structure of the detected object

Detected object Example

ID (10-byte string) 5b759d52b4

GPS array (latitude, longitude) [(51.1657442, 12.3555677), ..., (53.1453441, 11.1345685)]
Object width (m) [0.65, ...,0.33]

Object height (m) [1.77,...,1.85]

Velocity (km/h) [3.2,...,2.5]

Object class probability [p_pedestrian=0.7, p_cyclist=0.1, p_vehicle=0.1, noise=0.1]
Timestamp (Unix time) [1607554893, ..., 16075548991

“the new value is appended to the array after each detection iteration

The tracking algorithm proposes solutions for the two most common scenarios of camera installation in
the street: with and without overlap of the camera's angles of view (AOV). Decision about applying the
concrete scenario depends on the camera’s installation scenario which are shown on Fig. 1.

'Ml camz2
cam2 / A
O
(0]
caml
caml!
a b

Fig.1. Handover scheme: a) explicit handover; b) implicit handover

In the first scenario (Fig. 1a) the object is observed by both cameras (camland cam2) simultaneously,
when the object enters the mutual area M between the cameras. If cam2 finds an object which has the same
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coordinates as caml, the object inherits the label assigned by caml. The transition of the object between
caml and cam? is referred to as explicit handover. The properties of the object are recalculated during the
handover that leads to cumulative precision growth of the system. The object detection probability is
recalculated in the following way [13]:
N _Pr
1 72 2)
N It

where § — an updated probability of detection based on probabilities from N sources; p; — a probability
of i-th source; N — a number of sources.

In the second scenario, there is no mutual area between the lamps (Figlb), therefore the system will try
to predict the coordinates and timeframe of an object's appearance in cam2 AOV based on information
obtained from the camera caml. This scenario is referred to as implicit handover. The implicit handover case
is error-prone since the object enters the area of uncertainty and can be interpreted as another or new object
at the moment of the next detection. To authenticate the object several verifications should be made.

Firstly, the system checks whether the recent value of the dimensional parameter (width and height)
belongs to the inter quartile range (IQR) [14] of the object dimensions history set. To calculate a timeframe
of expected object appearance in the area of the next camera the IQR of object velocities is used. Having a
distance between areas of observations it is possible to calculate the time interval of the object's expected
appearance in the area of the neighboring camera.

p":

5. Experimental results

To confirm the effectiveness of the developed tracking algorithm a number of experiments in a real-
world street scenario have been conducted. These experiments include movements of pedestrian, cyclist, and
vehicle during nighttime. The points of observation have been equipped with Logitech C920 HD cameras
which captured images with a resolution of 320x240 pixels. The horizontal AOV of the camera was equal to
40°. The angles of the camera incline varied in the range of 10 — 30°. The height of the camera installation
lays in the range of 3.5 — 4.5 m. The tested environment included 6 areas which are shown in Fig. 2.

-+ route of the pedestrian “*,

Fig.2. Map of the experiment area

These areas comprise scenarios of explicit and implicit handover shown in Fig.1. So the transition
between areas AQ and Al is an implicit handover case. Transitions between other areas that have mutual
regions (Al — A6) operate explicit handover. Each individual camera detection results are shown in Fig. 3.
These images represent a route of the same pedestrian shown in Fig. 2. Image 0 corresponds to the time t,
images 1-3 have been taken at times t;, image 4 —t,, and images 5, 6 — at time t;.

The detected object is highlighted by a green rectangle and has a class affiliation with corresponding
probabilities. The green-colored values are the un-updated probabilities. The probabilities for all objects
classes are plotted in Fig.4a. According to this plot, the detection probability does not exceed 0.85. The
lowest detection probability is 0.34 that is below the chosen decision threshold [11] and leads to
misclassification.

The red-colored values in Fig. 3 are reinforced by previous observations. The updated probabilities are
recalculated using equation 2 and plotted in the in Fig. 4b. As can be seen, the cumulative probability update
increases the reliability of the system by 10 to 40 percent since the system becomes more rigid to sudden
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errors. For example, misclassifications that are made by node 1 for the pedestrian class and by node 4.5 for
the cyclist class have been corrected using observations history. The curves for the pedestrian and cyclist
classes approaching detection probability to value of 1.

Fig.3. The pedestrian movement in the experiment area observed from multiple cameras
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Conclusion

The described tracking algorithm covering explicit and implicit handover scenarios has been
implemented and tested on a public street of a small town in Germany. The proposed tracking algorithm has
increased the overall reliability of the system by 10 to 40 percent. The tracking method workability has been
proved by the results of experiments on the setup in a real-world environment. The experiments on low-
performance computational equipment have shown negligible extra load of central processing unit (CPU)
load of the tracking algorithm. These CPU requirements make possible applying the proposed tracking
approach in real-time on low-performance hardware in contrast to existing analogues. These results can be
achieved via the nodes communication in a mesh network. In spite of tracking method specifics, the idea of
such tracking can be generalized and applied in other scenarios of object tracking.

There is a frame for further investigations and improvements. The behavior of the tracking system
should be refined under more complicated object movement scenarios, e.g. high traffic intensity. The
important question is finding suitable method for estimating an object geometrical similarity. In the case of
implicit handover, the object location prediction mechanism can be improved for a better object
identification in areas of uncertainty.
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Efficient power control techniques are an integral part of photovoltaic system design. One of the means of
managing power delivery is regulating the duty cycle of the DC to DC converter by various algorithms to operate
only at points where power is maximum power point. Search has to be done as fast as possible to minimize power
loss, especially under dynamically changing irradiance. The challenge of the task is the nonlinear behavior of the
PV system under partial shading conditions. Depending on the size and structure of the photovoltaic panels, PSC
creates an immense amount of possible P-V curves with numerous local maximums - requiving an intelligent
algorithm for determining the optimal operating point. Existing benchmark maximum power point tracking
algorithms cannot handle multiple peaks, and in this paper, we offer an adaptation of particle swarm
optimization for the specific task.

Keywords: maximum power point tracking, partial shading, meta-heuristics, particle swarm optimization.

Introduction

Increasing interest in the solar industry and advances in computing capability led to the development of
more forward-looking and efficient power control techniques previously ignored due to computational
difficulty and challenges in testing. Maximum power point tracking related reliability issues was one of the
tasks for solar technology to overcome and opportunity to gain 25-30% additional electrical efficiency [1].
To resolve this matter which might led to more than 70% power loss [2] - a myriad of MPPT procedures
with different principles behind - ensuring operation on optimal points was developed [3 - 7]. Some of them
owe their functionality to the tested by time control methods history of which links back to many decades if
not centuries (calculus-based) [3 - 4]. While there are plenty of products of recent advances in computational
science (artificial neural networks (ANN), meta-heuristics, Etc.) [6 - 7] In general, peak finding algorithms
for MPPT could be classified into two distinct categories [8]: direct control (DIRC) and soft computing (SC)
techniques. If the first mentioned methods use sampling or modulation based active control procedures, the
later decides by exploring the performance of the system. DIRC approaches have serious limitations when it
has to deal with non - linear behavior of the function and get easily trapped at local maxima. Such a
shortcoming is extremely undesirable, as the output of photovoltaic systems shows a high level of non-
linearity under non-uniform solar irradiance. Depending on the structure of the PV panel - more than n! (here
n number of PV cells ) different P-V curves could occur under operating conditions. Hence, MPPT requires a
robust algorithm that has a general structure and able to deal with any output of the PV system in a timely
manner. When calculus cannot provide means to achieve the desired solution without going through all
search space - heuristics are used to obtain a more rapid result.

However, global optimization of function lacking convexity - remains an unsolved mathematical challenge.
Monte Carlo based methods in the form of heuristics [9] cannot guarantee an exact solution every time, if at
all. Nevertheless, they are proven to be the most superior technique existing today for dealing with non-
convexity. One promising SC method is PSO nature-inspired algorithm [10] derived from the social behavior
of birds, which relies on swarm intelligence to locate the global optimum. PSO has a beautiful structure that is
easy to hybridize for further performance enhancement and adjustment to suit numerous tasks. In this paper,
we present an adaptation of PSO to track the maximum power of the PV system. The reliability of the
algorithm was extensively tested on various scenarios imitating real-life conditions.
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The most common and well-known algorithms for MPPT are Perturb and Observe P&O [3] and
Incremental Conductance INC [6] - both of which are direct control methods. The performance of new
algorithms is usually compared to well established standard techniques. Furthermore, [11-13] mentioned that
modifications done to the PSO should take into account the fundamental principle behind and provide
numerical computations. However, under PSC conditions - benchmark MPPT algorithms (INC, P&O ) don’t
function properly without improvements. Therefore, we use basic PSO as a reference to any additions done to
the original recipe, and the enhancement procedure is constructed around physical and to a less extent -
biological principles. Furthermore, we attempted to preserve the generality of the algorithm and focus on
architectural improvements rather than parameter configuration so that procedure developed could be adapted
to many other optimization and control procedures.

1. Modeling PV system

The response of the PV panel to varying environmental conditions is an objective function Equation 1 to
the PSO algorithm which will sense the I-V and point to the optimal operational voltage by setting the duty
cycle of the DC/DC converter Figure 1. Stated differently, the task of the controller is to locate an
operational voltage under which the power output of the system is maximized.

max, f(x) subjectto xeyx (1)

Modeling of the PV system response done as shown in [19] using the basic unit as a single-diode PV cell.
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Converter
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PV array

LI

MPPT |— PWM

Fig.1. PV system simplified scheme

For more precise and comprehensive models we refer readers to [15]. Further analysis included
simulation of the electrical circuitry of PV cells connected in a series-parallel configuration. Results are
presented in the Figure 2.
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Fig.2. Possible outputs of PV array under PSC (test scenarios for PSO)
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They were selected to represent wide variety of multi-modal situations that MPPT algorithm has to deal in
real life conditions. Figure 2 A contains 4 curves and 1 curve is the result when the solar panel is not shaded,
and the other curves are the result of partial shading. Figures 2 B, 2C and 2 D show the results of partial
shading of the solar panel depending on the shading location on the panel. The number of possible peaks
dictated by the number of PV elements connected, and takes place due to cells going out of operation range
in a non- synchronous manner. Similarly to PSC conditions, non-uniform temperature also causes such
peaks. A Significant reduction in electrical efficiency could take place if the MPPT algorithm gets trapped in
one of the local maxima Figure 2. Test scenarios represent the output of 20 x 20 solar array connected
in a series-parallel connection.

In a brief summary of characterizing the P - V curves of an (n x n) array, at most (n - 1) local maxima
could be observed. Depending on temperature and irradiance non-uniformity, peaks might shift in any
direction - making it hard to derive straightforward algorithms for MPPT. Although not always correct, what
works for complex cases should operate well for more ordinary ones. Therefore, we selected a relatively big
array to test the peak finding algorithm and extract difficulties it might face. As will be seen in the preceding
sections, some PSC conditions cause more challenges for the MPPT algorithm rather than others. Therefore,
to prove its validity - modeling and extraction of as many cases as possible stands extremely important. In
most of the MPPT literature - the algorithm is tested on a relatively small array size where it might
successfully determine the correct peak among few. However, the functionality of the algorithm can not be
proven if not tested in extreme cases. Furthermore, in our testing’s, we found that with increasing numbers
of peaks, the complexity of tasks for algorithm rises as well.

2. Original PSO structure

Since the introduction to the scientific world, PSO found application in various engineering problems,
and many modifications were offered by researchers. Before introducing our recipe, we go through a very
brief review of the original PSO structure. Here our goal is to decompose the components of the algorithm
for further analysis and adaptation to MPPT. PSO search for optimal solution by moving through search space
with certain velocity as described in Equation 2 - 3:

k+1 _ k k k
v = wv; + ¢1y (Pbest - xi) + 1y (Gbest - xi) (2
= x4+ v A3)
where: w — inertia; v* - velocity of the i-th particle at iteration k; ¢, - cognitive acceleration constant; xF
- position of the i-th particle at iteration &, c, - socidl acceleration constant; Py, - best solution obtained so
far by the particle; ry, , - random number in the ranée of [0, 1]; Gpes, - best solution obtained so far by the
swarm

Algorithm 1 Original Particle Swarm Optimization

1: Initialize Particle population { x;},i € [1, V]

2: Initialize velocity of each particle { v}, i € [1, V]

3: Initialize the best-so-far position of each individual:, i € [1,/V]
4: Define Topology (GBEST topology)

5: Define social & cognitive acceleration constraints.

6: Define limits of velocity and position

7: While ( k < maximum iteration set ) Iterate
through equations 2 - 3

2.1. Damped mass spring system analogy

Heuristic methods are inspired either by nature or physics [9]. In other words optimization problem is
described as physical system where ground state needs to be found or as a biological system where fittest
individuals needs to be described. For instance one of the most powerful technique in the arsenal of heuristic
optimization tools simulated annealing [16] (SA) is imitation of physical process - cooling, while genetic
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algorithms are derived from theory of evolution. Therefore, fundamental knowledge behind algorithm is a key
for understanding it and altering it’s behavior according to our needs. It was noticed that mechanics of
particle movements could be described by stochastic damped mass spring system [17], which at each
iteration has a center of oscillation around point Equation 4:
k _ 61P§c+ Czﬂak
% = Tove, )
We modify PSO according to this underlying physical principle and control exploration and exploitation
characteristics of the algorithm which will be suitable for our problem.

2.2. Convergence analysis

Continuing on an assumption of stochastic damped mass spring analogy convergence analysis of the
algorithm [12,13],[17], Etc. could be accomplished from control theory. Where stability of linear system
could be confirmed if it lies within the first order stability region: Equation 5.

(@) o] < 1,0 < ¢ < 2(w + D}, 5)

€1+C;

where ¢ = 5

This knowledge allows to fine-tune parameters of the algorithm with guaranteed convergence and
enhances understanding of the search mechanics. Furthermore, the concept of "center of mass" - opens
doors to a more intelligent particle movement across search space and could be exploited to regulate the
position and velocity of the particles.

2.3 Challenges in PSO algorithm
2.3.1. Premature convergence

In some instances due to limitation of search procedure, a feasible solution is not reachable, and Monte
Carlo based methods converge on sub-optimal points. The exploration mechanism of the algorithm ensures
that enough points were explored in the search space to conclude. However, in an extremely large search
space for the algorithm, to converge it has to rely on collected information and execute decisions. Tricky
entropy barriers or so-called golf-hole landscapes are known to cause challenges for heuristic techniques. In the
case of PSO ensuring diversity of solutions is controlled by cognitive acceleration while the social coefficient
assures exploitation. However, this is not only parameters that influence the mechanics of the particle
movement, the architecture of the algorithm could be altered for additional enhancements. The problem of
premature convergence is one of the primary directions in the research of PSO and an enormous number of
solutions are offered in the literature by various researchers: swarms running on parallel [18],[7], introducing
predators to the model [19], inserting invisible walls in search space [20], enforcing diversity [21,22] Etc.
Ensuring the reliability and reproducibility of the control stands even more valuable when an algorithm is used
in the engineering problem. Therefore, our main focus during this research is to test means of achieving a
reliably functioning PSO and techniques which could enhance exploration characteristics of the PSO while
preserving speed.

2.3.2. Complexity

Most of the benchmark algorithms (DIRC) used for the MPPT are simple and easy to realize. While for
PSO - parameter selection needs to be accomplished for balanced exploration and exploitation. The task is
usually achieved by another algorithm and optimization problem on its own. In literature, examples of
training PSO by PSO or other Evolutionary algorithms to perform specific optimization tasks at an optimal
time. However, such an option doesn’t work for MPPT, as was mentioned before more than n! possible
outcomes of the PV system need control. Therefore, promoting a necessity to preserve - general structure of
algorithm, to find the peak of many possible outputs of the PV panels.

In addition to it, extra complexity of PSO is its architecture, which is harder to optimize rather than
parameters. Population size, velocity and position limiting rules, information exchange policies, and many
other details that make the algorithm very flexible with the vast capability and adaptability also make it
complex to optimize.
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3.PSO adaptation to MPPT

3.1.Particle initialization & landscape meshing.

The starting position of particles is known to affect the convergence of the PSO [18]. For instance,
initialization using Voronoi tessellation reported improving the performance of the algorithm in terms of
finding better solutions [23]. In the original PSO, particles are initialized randomly across the search space
[10]. Thus, however, occasionally cause unwanted grouping of the particles in a specific section of the
landscape, therefore, trap them in local minima or maxima. It is especially evident when fewer particles
used. While more particles, in general, lead to an increase in reliability, it comes with a cost of calculation
time. To avoid particle trapping into local maxima due to initialization, we decided to come up with a
procedure that manually distributes particles uniformly. Although various methods of position initialization
exist, we decided to stick on the simplest segmentation inspired by meshing in the field of numerical
computations or cells of cellular automata.

Uniform initialization procedure - for the search space in the range of [0,X] each particle out of N is
randomly initialized at the range of [0,X/N], [X/N, 2X/N] ,etc. (2D example is shown in Figure 4) This is
could be considered as (Manual enhancement to search) as particles are forced to be distributed across the
search space, while in random initialization they might get stuck in specific region if the start was unlucky
enough.

x§c+1 xi_c+1

1%t stage 2" stage
Fig.3. Visualization of the particle movement

Such an initialization could be effectively used further for creating diversity and warrant a uniform search
of the landscape. Midpoints of segments, if utilized as an additional component - would give each particle an
individuality bias. It will urge them to investigate the initialized section with higher probability - therefore,
study its surroundings before converging on a specific spot. Equation 6:

vi"—H = WUQ( + on (Pbest - x{{) + 1y (Gbest - Xf) + C313 (X;n - xi‘) ) (6)
where: ¢; - acceleration constant; r; - random number in the range of [0, 1]; X" - midpoint of the
initialization section of the particle.

Now after initialization the new center of oscillation at each iteration shifts to:

o;" _ CIP? +629§‘ + €320, )
c1+cr+c3

Our attempts could be compared to the stud like operator in genetic algorithms [24]. An additional term
is not rare in PSO design - fully informed PSO [25] influenced by a neighborhood, and a global solution is
known for delivering better results. Furthermore, [22] term introduced to push away particles from the best
position produced additional diversity to the search. Our extension dedicated to enforcing uniform
exploration of the search space. It also prevents unnecessary over-exploration of a specific region - which
might lead to premature results and waste time. Put differently - it is a term that corresponds to the learning
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of the swarm members about the landscape they are exploring and prioritizing the search space after

necessary information was collected. Therefore, leaving behind unsuccessful search regions only after enough

exploration. ¢3 could be described by condition to segment the PSO into two distinct stages or phases where its
behavior reshapes:

{%,Jk<j

“s 0, otherwise ®)

During the first phase, we limit the dynamic range of particles by X, but with one eye in the global
best solution. In the following stage, when enough information about the landscape was acquired - particles
recombine in one segment to merge efforts and look nearby the best solution to possibly improve the result.
Stability and convergence analysis is an essential part of the algorithm. However, for the initial stage —
when the particles set to explore — we don’t have to arrange acceleration parameters necessarily according
to the condition in Equation 5. In contrast, configure them to warrant uniform and unbiased exploration.

The introduction of the new,ferm makes it possible to prioritize search space according to obtained
results, and change the center of oscillation to particles located in low priority regions. Nevertheless to not
make algorithm too complex for our application we didn’t implement hierarchy or introduce diversity

control mechanism to regulate ¢ or Xy, like in [33-34] rather used 7 = 18 as a 18 iterations invested on
reliability. Depending on function which will be optimized number might vary, while for our case starting
from 7 =15 we observed no failure. This is roughly the size of the tested array or # of possible peaks. c;
was set to ¢3 = ¢; +¢,. Although different interpretations of the biological principle behind PSO exists - the
analogy between human communal activity, the social behavior of the birds, theory of evolution, Etc. We
justify our additional term on the fact that no matter what will be the eventual destination of biological life,
in the initial stage - it is bounded to the geography it was born and start exploring from what is reachable.
In other words, diversity in nature is preserved by geographical fact as well.
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Fig.4. Visual representation of segmented initialization and dynamics of particle movement.

Moreover, the complex behavior of biological life forms probably cannot be comprehensibly
described by two terms. Therefore, supplemental information ensuring the permanent diverse attitude of
each element seems a reasonable addition to us. This discussion on biological analogy is just our
interpretation and hypotheses. We leave the scientific explanation for social and biology experts.

3.2. Velocity Initialization & Limiting

The velocity of the particles, just like their position - could be initialized randomly or at specific values.
How it is regulated during the simulation is more critical. In the first studies of the PSO [10], it was reported
that without velocity limiting particles could jump out from the boundaries of the search space. Therefore, to
control the dynamic range of each swarm member, their velocities limited by the Equation 9.
v
If |Ni | > Vimaxh Vi = %T:lax} )
For our recipe we went by rule of thumb and v,,,, for the first stage was to jump at most 15% of the
search space and for the second stage 25%.
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3.3. Adjusting Inertia

Another important parameters of the PSO algorithm is inertia. The importance of inertia to the
convergence rate are reported by many researchers. Limiting the inertia according to certain rule might result
in faster convergence.

However, reduced velocity could trap the particles in local maximum as their velocity would be too low to
escape local maxima as search progress. In this section several inertia update rules are presented:

Constant value could be used to control the inertia by [26] Setting inertia a constant value is simple
solution.

Linear - control of the inertia could result in reduced convergence time [27]. Usually upper and lower

bounds of inertia w,,;, and w,,,, are set to [0.4, 0.9]

k k(Wmax— Wmin)

W™ = Wpnax — Koma (10)

Similar to the linear, exponential control of the inertia was experimented in [11] to accelerate
convergence.

k _ k)
W = Wnpin + (Wmax - Wmin) exp _3( ) (11)

kmax
Inertia update rule [10] which regulates particle movement according to explored distance are shown in

Equation 12 & Equation 13. Significant gain in speed could be obtained by online regulation of inertia.
ko —1
tk Amax+t Gmin— Gmean
w - Wmax - (WINR.\' - Wmin (12)

dm ax

wk = —W’;”'" +rw® (13)

Here d is voltages which were tested to locate GM and r is random number in the range of [0, 1].
Benefit of exploiting statistics of visited points is getting rid of need to determine maximum number of
iterations which is required for other methods.

3.4. Acceleration constants (social, cognitive)

As mentioned before, tuning acceleration constants (parameter configuration) is done to improve the
performance of the PSO to accomplish a specific task. However, due to a wide range of outputs from the PV
system - calibrating the acceleration constant seems quite a difficult task if even possible. Therefore, we rely
more on the improvement of the algorithm architecture and preserve its generality (the ability to deal with a
variety of functions). Upon recommendations in literature we selected ¢; and ¢, as (1.5 & 2.05)

3.5. Topology Selection

Information exchange policies between particles of a swarm exhibits a substantial consequence on the
mechanics of their movement, so, to the algorithm performance. Topology modifications result in vastly
varying results. It was observed in very first experiments on cellular automata by von Neumann that
information exchange between cells can lead to the vast diversity of results.

In the case of PSO particles, this is no exception - topology receives important purpose in algorithm
functionality. For instance, two completely independent swarms could run on parallel due to complete
isolation (absence of communication) Figure 5b. A myriad of arrangements for information exchange exists.
Some of them force particles to explore by delaying propagation of information [18] Figure 5c. However, our
goal is to locate a global maximum within the least amount of trials possible. For this reason, large swarms
don’t suit our purpose. In our adaptation - the number of particles was limited to as small as three, and we
followed the original information exchange structure Figure 5a GBEST topology.
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Algorithm 2 Modified PSO

1: Initialize Particle population (In uniform sections N=3) { xj}, i € [1, N]
2: Initialize velocity of each particle { v}, i € [1, V]
3: Initialize the best-so-far position of each individual:,i € [1, V]
4: Define Topology (GBEST topology)
5: Define social & cognitive acceleration constraints.
6: Define limits of velocity and position (For stages 1 & 2) .
7: While ( k < maximum iteration set )
1st Phase:
Iterate through equations 6 - 3
Set: w = 0.72
2nd Phase:
Iterate through equations 2 - 3
Adaptive inertia update

(a) Information exchange in GBEST topology (b) Swarms running on parallel in GBEST topology

(c) RING (IBEST) topology

Fig.5. Visualization of various PSO topology (here E is particle)

4.Simulations

To our surprise - steps (# of attempts by particles in total, till global best was found) required by the
modified version of the algorithm didn’t differ considerably from the offered test scenarios. Examining the
literature, we found that similar results were observed by. Meshing the landscape offers reliability close to the
exact solution even for a population size of 3 as we received no failures for 1000 runs for all test scenarios.
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The additional term cannot guarantee a uniform exploration of the search space. But adds a probability to
explore the region where particles are initialized and contribute to the final answer.

In Table 1 results of numerical experiments were we compare original PSO with linear and adaptive
inertia update to the modified version are presented. Uniform initialization was implemented only for the later
to point on its importance. Our interpretation of convergence is when all particles are within 1 % range of
GM. Failure is counted if voltage at GM differs from the real GM more than 1 %. However, all the failures we
detected ended up converging in wrong peak. Every optimization problem needs adjustments of some kind
[28], and there is no optimization algorithm which could effectively tackle every single problem [29].
However, for MPPT controller we did our best to preserve the generality of the algorithm to deal with wide
variety of PV system outputs.

Table 1 - Simulation results (here PSOL1 - is original PSO with linear inertia, PSO2 - is PSO with adaptive inertia,
PSO3 - is modified PSO)

Test cases PSO1 | PSO2 | PSO3 | PSO1 | PSO2 | PSO3

Fails for 1000 runs Expected convergence
1 0 0 0 194.39 | 42.56 73.01
2 0 6 0 196.70 | 41.91 72.92
3 155 183 0 213.39 | 42.28 95.63
4 106 108 0 216.70 | 42.42 86.53
5 0 30 0 198.08 | 38.14 72.18
6 0 36 0 195.02 | 39.18 72.08
7 0 32 0 197.80 | 40.35 72.92
8 1 35 0 206.54 | 42.60 75.37
9 14 340 0 193.67 | 41.16 83.17
10 0 0 0 204.15 | 40.11 72.64
11 1 14 0 192.07 | 39.06 72.81
12 1 5 0 213.60 | 42.22 75.77
13 0 4 0 197.91 | 40.76 72.78
14 5 40 0 210.90 | 39.23 73.22
15 103 239 0 193.24 | 39.86 74.74
16 9 67 0 194.51 | 42.63 73.44

Conclusion

Although adding extra parameter and segmenting the algorithm increases the undesirable complexity
of the initial structure. The measure is inevitable as the exploration and exploitation stages require
different mechanics of the particle movement across search space. Including a constant term that vanishes
after some period when enough information was collected showed good reliability even with a population
size of 3 particles. It could be considered as meshing the objective function prior to calculation. Our
adaptation of PSO demonstrated superior characteristics in terms of reliability and showed good speed. As
further research, it will be interesting to see if PSO could be hybridized with machine learning algorithms
to enhance its intelligence more significantly. Most biological creatures, if not all - exhibit learning features
and utilize the information they collected over time to improve the quality of the process they are
performing. While PSO uses comprehensibly only from several points, and the vast majority of the data it
collected remains unused. Our attempts to manually guiding the exploration quality of PSO show the
necessity of another component for the algorithm to learn from the past search and avoid stagnation and
inefficient exploration.
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The paper analyzes the possibility of describing the accelerated sintering of lithium-titanium compacts under
high-power radiation effects in terms of classical physical models developed by Kuczynski and Johnson based on
the kinetic analysis of ferrite compact densification. LiTi ferrites synthesized by ceramic technology in laboratory
conditions were investigated. The first portion of the compacts was sintered in air in thermal ovens at 900—-1100°C
for 30 minutes at a heating rate of 900 °C/min. The second portion of the compacts was sintered in a similar mode
but using a radiation-thermal method: the exposure to pulsed electron beam with energy of 1.5-2.0 MeV using the
ILU-6 accelerator. The geometrical dimensions of the compacts were measured before and after sintering to
determine shrinkage. Mathematical approximation of the experimental shrinkage data showed the discrepancy of
both models to describe sintering of LiTi ferrite samples both under thermal sintering conditions and radiation-
thermal effect.

Keywords: lithium ferrite, radiation-thermal sintering, shrinkage, kinetic analysis

Introduction

Diffusion-controlled solid-phase reactions form the basis of many physicochemical processes [1-4]. At
the same time, interactions in the solid phase are among the slowest reactions, since the limiting reaction
stage in most cases is related to the diffusive mass transfer of components through the layer of reaction
products, and to the crossing of the activation barriers that separate the phases of heterogeneous systems [5-
7]. Classical methods used to accelerate solid-phase reactions associated with increased temperature are
naturally limited due to the thermal stability of materials [8-11]. Therefore, the development of methods to
further increase the efficiency of solid-phase reactions is inevitably associated with unconventional methods
used to supply energy to the reacting systems. The most promising method of stimulating solid-phase
processes is the effect of high-current fluxes of ionizing radiation [12-22]. The advantages of this method are
the selectivity of local overheating of phase boundaries, inertia-free heating, the ionizing effect and increased
diffusion permeability of the medium due to defect formation.

In radiation materials science, accelerated electron fluxes are most widely used variety of ionizing
radiation [23, 24]. This is due firstly to the progress in accelerator technology and relatively small, but
powerful electron accelerators. Secondly, electron beams exhibit convenient geometrical parameters, easy to
control irradiation mode, and do not induce radioactivity, they are cheaper compared to other sources of
ionizing radiation, and highly efficient in conversion of electricity into electron beam energy [25-28].

The first studies that addressed solid-phase transformations in inorganic materials performed using
high-temperature electron irradiation, which featured higher reaction rates, improved product quality, and
reduced temperature of the processes, were investigations oxide under these specific conditions conducted
for the synthesis of europium [29] and lithium ferrite compacts [30]. In [31], the authors report data on the
effect of the high-power electron beam on solid-state inorganic synthesis occurring in a number of systems.
It is shown that the magnitude of the effect depends on the following factors: the nature of the system,
temperature and dose rate. Similar effects were found during the synthesis of a number of complex oxides in
[32]. These effects were also used in current studies in sintering of MnZn ferrite [33, 34] and radiation-
thermal synthesis of lithium-substituted ferrites [35-37].

During sintering of powder compacts of oxide systems (including ferrite ones), the radiation effect is
characterized by increased speed of compact densification, especially at initial stages of sintering. However,
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despite a large number of studies, the mechanism of the radiation intensification of sintering processes
remains unclear. There are dispersed opinions on the mechanisms of the radiation activity of the processes:
from overheating of grain boundaries and grain surfaces, which provides inter particle slip, to diffusion
processes enhanced by the generation of non-equilibrium vacancies.

From the above, it can be seen that there are no objective assumptions to choose an adequate model of
radiation sintering. The efficiency of radiation used to control solid-phase reactions depends crucially on the
depth of understanding of the mechanism of its effect on the nature of the processes. The most common point
of view on the mechanism of radiation acceleration of solid phase sintering implies a radiation-stimulated
increase in the mobility of diffusing particles. However, a priori use of these ideas to interpret the effects of
radiation-thermal sintering is inappropriate, since the diffusion mechanisms of mass transfer are not the only
ones occurring during compact sintering. Therefore, this study analyzes the possibility of describing
accelerated sintering of lithium-titanium compacts under powerful radiation effects by classical physical
models based on the kinetic analysis of ferrite compact densification.

1. Experiment

The study explores mainly lithium-titanium ferrite powders synthesized from a mechanical mixture of
oxides and carbonates containing (weight %): Li,CO; — 11.2; TiO, — 18.65; ZnO — 7.6; MnCO; — 2.74; the
rest is Fe,O;. The components are weighed as specified and then ground and mixed for 1 hour using a
vibration grinding mill with distilled water previously added to the mixture in a mixture-water ratio (by
weight) equal to 1:2. After treatment in the vibration grinding mill, the mixture is dried at 80 °C at normal
atmospheric pressure for 24 hours and then rubbed through a 0.7 mesh sieve. Distilled water is added to the
resulting powder in the amount of 10% of the powder weight, and then it is briquetted. The briquettes are
heated in thermal furnaces at a rate of 200°C/h up to 900°C, held at this temperature for 6 hours and cooled
to room temperature, after which they are crushed, ground and sieved through a 0.9 mesh sieve.

After re-grinding in the vibration grinding mill for 45 minutes, Bi,O; dissolved in concentrated nitric
acid in suspension (0.22 weight %) is added to the powder and mixed in the ball mill for 4 hours. The quality
of the powder is determined using the method developed by us. To prepare the powder compact, 10%
solution of polyvinyl alcohol is added to the synthesized mixture in the amount of 12 weight % of the
mixture, and the resulting mixture is alternately rubbed through 0.7 and 0.45 mesh sieves. To study the
sintering processes, the compact samples are made by cold single-action compaction in the form of pellets
(15 mm in diameter and 2 mm thick). The compaction pressure is typically chosen experimentally for each
specific ferrite composition according to the determined dependence of the volume density (p) of the
samples on the compaction pressure (P) (Fig. 1).

4,4+
4,01
3,6

3,2 1

p.g-em®

2,8

2,4

210 T T T T T
0 100 200 300 400 500
P, MPa

Fig.1. Dependence of the density of ferrite compacts on compaction pressure: 1) raw samples; 2) sintered samples

The compaction pressure varies within 25-500 MPa. The compacts are sintered in the thermal furnace
at 900—1100°C for 30 minutes in air at a heating rate of 900°C/min. High speed is achieved by placing the
compact samples into the furnace heated to a predetermined point. As follows from Fig. 1, the dependence
of the density of the sintered samples on compaction pressure is similar to the dependence of densification of
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raw samples (curves 1, 2). It is established that at pressures below 40 MPa the compacts exhibit low density,
and at pressures above 250 MPa, the samples have cracks and delamination (over-compaction phenomenon).

Thus, the most optimal compaction pressure to provide an acceptable density of both raw and sintered
samples is in the range of 110200 MPa. The study employed the following pressing mode: P = 130 MPa,
the holding time of the material under pressure is 1 min; and two modes of compact sintering: radiation-
thermal (R7) and thermal (7) modes. R7-sintering was carried out by irradiation of the compacts by the
pulsed electron beam with energy of 1.5-2.0 MeV at the ILU-6 accelerator developed at the Institute of
Nuclear Physics (SB, Novosibirsk, Russia) [38]. The beam current in pulse was 0.5-0.9 A, the duration of
irradiation pulse was 500 ps, the pulse repetition rate was 5—50 Hz, and the heating rate of the compacts was
1000°C/min. The samples were irradiated in a lightweight fireclay box with a bottom 15 mm thick. The side
of the box exposed to irradiation was covered with a radiation-transparent protector with a mass thickness of
0.1 g/cm. The temperature was measured using a check sample placed in close proximity to the compacts
sintered.

T-sintering was carried out in a preheated chamber electric furnace, which provided a heating rate
comparable to the rate of radiation heating. The sintering cell design and temperature control technique are
similar to those used in R7-sintering. Both sintering modes were carried out in the air. To date, a large
number of sintering theories have been advanced at the atomic level. We used the model representations by
Kuczynski [39] and Johnson [40] to perform the analysis. Kuczynski's theory in its simplest and clearest
form contains fundamental principles underlying most of the sintering models. Johnson's theory takes into
account a number of additional significant factors, such as coexistence of several types of mass transfer
(volume and grain boundary diffusion, transfer through the gas phase) and change in the geometric
dimension of grains during sintering.

2. Results and Discussion

2.1. Kuczynski's model

According to this model, the interpenetration of powder grains (the initial phase of densification) is
carried out through the mass transfer by the mechanism of volume () or grain boundary (GB) diffusion [24—
27]. In volume diffusion, the densification kinetics is described by the equation:

(ﬁ) _ (31yV Dy/RT)*/°¢%/° 25 (1)
L/y 4q5/5 )
According to the mechanism of grain boundary diffusion, the kinetics takes the form:

2

T1/3,

(AL) _ (96y8V Dgp/RT) /3713
L GB N 4a4/3

In (1) and (2): AL/L is linear shrinkage; a is the radius of spherical grains; 7y is the coefficient of surface
tension; ¥ is the material molar volume; & is the grain boundary width; Dy and Dgg are coefficients of
volume and grain boundary diffusion, respectively; T is sintering temperature; T is sintering time.
Mathematical approximations in (1) and (2) limit the applicability of these expressions to 4 L/L = 6 %.

The experimental results were processed as follows. The diameters of the sintered samples were
measured, and the kinetic dependences of diameters in the time interval of 0—400 s were constructed for all
sintering modes, in which the diameter linear shrinkage did not exceed 10%. After compaction, the diameters
of all samples were similar and equaled 15.05 mm. This value d, was taken as L,. The intermediate values of
diameters with respect to the diameters measured were taken from the constructed dependences d = f{1) to
calculate linear shrinkage AL/L =Ad/d.

Figures 2 and 3 show dependences plotted in double logarithmic coordinates: Ad/d = f{(t) for thermal (line
1) and radiation-thermal (line 2) sintering modes. The dependencies are straight lines. This indicates the
exponential functional dependence of shrinkage on sintering time [39]. Using the least squares method, the
densification dependences were approximated by exponential functions:

Ad 3)
d—O—AT ’

where A4 is the temperature dependent constant; #z is the sintering mode dependent exponent.
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Fig.2. Dependence of linear shrinkage on time of Fig.3. Dependence of linear shrinkage on time of
sintering at 900 °C: 1) T-sintering; 2) R7-sintering. sintering at 1000 °C: 1) T-sintering; 2) R7-sintering.

Table 1 presents the numerical values of the exponential function parameters for both sintering modes in
the temperature range of 900-1100°C.As can be seen, the Kuczynski's model does not satisfy the
experimental results despite the exponential dependence of the initial densification. This follows from the
fact that the exponent, which characterizes the mechanism of mass transfer to the contact area, monotonously
changes with temperature. This may be due to a continuous change in the mechanism of mass transfer (when
the temperature changes), which contradicts the theory of Kuczynski.

Table 1 - Parameters of exponential functions (3)

Sintering mode
Sintering temperature, °C Thermal Radiation-thermal
n A n A
900 1.11 5.4-107 0.38 5.7-10°
950 0.61 14107 0.31 1.1-107
1000 0.51 3.4-10° 0.18 3.5-10°
1050 0.28 1.8:107 0.14 47107
1100 0.46 0.7-10° 0.09 6.7-10

It should be noted that the correspondence of the parameter # to any sintering mechanism depends on
the contact geometry. However, this correspondence should not depend on temperature. In this regard, we
can conclude that the mechanism of sintering LiTi ferrites does not satisfy the Kuczynski's model.

2.2. Johnson's model

Johnson's model assumes that mass transfer, which leads to material densification, is performed
through diffusion in the volume and along the grain boundary. For the case of sintering the compact from
spheres of similar diameter, in which the number of contacts per sphere does not depend on time, the

relationship between the linear shrinkage rate V = dio (AL/L)and the current contact geometry is expressed
by equation [40]:
X3R 2y02DyS 4y02Dgp 4)
X+R  nkTaX | kTa* '
where X = x/a is relative neck radius; Q is atomic volume; R is theminimum radius of the neck surface
curvature divided by the sphere radius; S is the neck surface area divided by a’; x is the inner radius of the

spherical contact neck; a is the radius of spherical grains. Knowing Ad/d and X, the values of R and S can be
calculated by the equations:

_ (4d/d)* —2(4d/d) + X?
B 2(1-X) '
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S =4nR[Q(1 + R)cosQ — RsinQ],

where Q = sin *[(1 — (4d/d))/(1 + R)].

When graphically depicting the left side of equation (4) depending on S/X, the coefficients of volume
diffusion and diffusion along the grain boundaries can be calculated from the slope of curves and their
intersections.

Equation (4) can be greatly simplified if we confine to the analysis of the initial stages of isothermal
densification. In this case, the relative neck radius X=x/a can be expressed analytically through linear
shrinkage (Ad/d):

Z:f—dz (:—S)Z,X == 2/ad/d. ®)

Thus, to apply equation (4) with the approximation (5), it is necessary to know the kinetic dependences of
shrinkage y=f(t) of the average grain size a=f(t) only. The approximation limits the range of changes Ad/d to
10%. Microstructural analysis of ferrite samples sintered in thermal and radiation modes at 1100°C was
performed to determine the kinetic changes in the grain size. The measurement results are presented in
Figure 4. It can be seen that recrystallization growth of grains becomes evident at T>1800 s in both sintering
modes. That is, at the initial stages of isothermal sintering, changes in grain sizes can be neglected and a =
const in (4). The processing of experimental data according to equation (4) was carried out as follows. The
kinetic dependencies of the initial densification were approximated by exponential functions (3) with the
parameters given in Table 1. The shrinkage derivatives for the sintering time range of 0—400 s (60 s steps)
were calculated by differentiation (3). Then, according to (5), X was calculated and the values of S, R, O
were determined for each point of time.
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Fig.4. Dependence of the average grain size on time of sintering at 1100 °C: 1) 7-sintering; 2) R7-sintering.

w/ (X + R)in (4) as a function and S/X as an
argument. Some graphs are presented in Figures 5 and 6. According to (4), in case the Johnson's model is
valid, the curves should be obtained in given coordinates, the slope of which is proportional to the volume
diffusion coefficient Dy, and the intercept in the ordinate axis is proportional to the boundary diffusion
coefficient Dgg.

However, the experimental curves behave arbitrarily depending on the sintering mode and temperature.
In particular, the curves obtained show either non-linearity (Fig. 5, curve 1 and Fig. 6, curve 2) or negative
values of the intercepts in the ordinate axis (Fig. 5, curve 1 and Fig. 6, curves 1, 2). Nonlinearity of the
curves contradicts equation (4). Negative values of the slope and intercepts indicate negative diffusion
coefficients, which has no physical sense.

Thus, the analysis of the experimental results within the Johnson's model shows inefficiency of this
model for describing the sintering process of LiTi ferrite samples under both thermal sintering and radiation-
thermal exposure.

The function graphs were plotted taking TRX >
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Conclusion

Classical physical models cannot be apparently used to describe the kinetics of ferrite compact
densification due to the infeasibility of simplifying assumption (simple geometric shapes of powder grains,
equal grain size, etc.). In this regard, the current stage of development of physics of sintering does not allow
the description of the processes of electron-beam sintering of ferrite ceramics using physical models, and the
phenomenological approach is preferable. This approach, in particular, will allow aquantitative comparison
of radiation and thermal sintering modes to identify their features and to interpret these in terms of some
hypotheses.
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Introduction

A cohomological approach is used to describe field theory models as a powerful instrument to reveal
hidden symmetries and especially topological properties. The use of the theory of differential forms and
external calculus is a feature of Einstein-Cartan’s theory [1, 2], teleparallel gravity [3] and field theories on
symplectic manifolds [4]. We note that the action for gravitational field in general relativity introduced as a
4-volume integral of the scalar curvature of the field, or other scalars are built from metrics and connections
(see, for example a review work [5]). The reason for such choice is to keep invariance and follow minimal
model set up. Similar approach is used in the gauge theory of gravity, where the covariant derivative is
introduced by analogy with the theories of physical fields, but the action of the field itself is postulated in the
standard form used in general relativity; see, for example, one of the first work [6].

In our approach, we build the action based on the well-known inner product of differential forms,

(E@) =[EA*q, (1)

where * is the Hodge star operator. The concept of external differential forms is generalized to the objects
defined simultaneously on the tangent and cotangent bundle and written in the antisymmetric basis,

= L1 P Baggain Adx® Ady AAD
= W, o X% A LA AT g, NN Dg .

plgl ™

The objects are well-known and called (p, g)-forms. We introducing these and use in such a way that
the action can be constructed in a cohomological approach.

We use the following concepts and notations. Let ** be coordinates in a certain area of the Riemannian
manifold R"?. We naturally assume that a small neighborhood of each point R'* is isomorphic to Minkowski
space. That is, at each point R'* a local coordinate system X% (a = 0,1,2,3) can be chosen, in which the
metric takes the simple form Mz = diag(1,—1,—1,-1).

Here below, we use Latin letter indices for local coordinate system and x“ Greek letter indices for the
global system x* on R'*.Thus at each point on R'? the following elements are defined: the elementary

interval ds = y/1,,dx®dx?, the elementary oriented area dx® A dx”, volume dx® A dx” Adx®, and
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1 . . .
4-volume form = 2 Cabed dx® Adx? Adx® Andx d, where €,5.4 is totally antisymmetric tensor;

€012 = L.
The relation of the differentials of the local coordinate system dx® with the differentials dx* at a
given point is determined by the coefficients k] and hf (hihy = &%, hih? = &):

dx® = hidx¥, dx* = hidx*®.

If we define a basis dx® independently at each point of the space R'” then the coefficients iy and hf
turn into functions of the system hj (x#), hh(x*). Since dx® is independent at different points in space,

they can be considered as a tetrad of basis fields 1% (x*). These are not necessarily holonomic ones [3].

The space-time metric on R'? in the holonomic basis dx* is definedin the standard way:
G = nﬂbhg hZ.

In the following, along with the notation dx* and dx® for the anti-symmetric basis with multiplication
denoted by A, we will use notation ¢ and ¢, assuming the antisymmetric property c*c* = —c"c¥.

On TR', an antisymmetric basis dual to ¢* can be introduced, which we denote as €, . In this basis,
contravariant antisymmetric tensors called here as g-forms, dual to the usual antisymmetric differential p-
forms, can be expanded. In particular, vector space can beun derstood due to isomorphism as the space of
contravariant 1-forms § = &* €,. Generally, c®(x*) can be treated not only as the differentials of dx®. For
example, one could assign it Fadeev-Popov’s ghost fields meaning; see [7] for details. In this set up, the
fields ¢ and €, acquireghost numbers

ghost#(c") = 1, ghost#(c,) = —1

and the total ghost number should be conserved.

The basis for contravariant vectors is usually denoted as @/ dx*, as a dual to the differentials of dx*.
The choice of such a notation is determined by the corresponding law of the gradient transformationof the
function 8, f (x”). Geometrically, the main this is their transformation rules. Taking into account the
possibility of a scalar product between basic elements on TR'* and T*R'?, it is more convenient to associate
with €, the operator d/ dc* rather than 3#. In the conjugate representation, ¢/ can be associated with

a/f 35#. We stress that the ¢ introduced above are the same as h® but antisymmetric multiplication
through the wedge A should be used.

1. External Calculus on Riemannian Manifold

Let p-forms be ordinary differential antisymmetric forms defined on the cotangent bundle T*R'?. They
can be written in a form

1 1
W= —w, ., dx#e A LA dxHe or w= —w, . ct  dctr
p! 1 P i ; .

Let g-forms be contravariant antisymmetric tensors of rank ¢ defined on a tangent bundle TR'”. They
have a form

1 L — l R — —
;= EX“_ Hg aﬂl Mo A ayq or ¥= EX“- Hqcﬂl . ch

Let (p, g)-forms be antisymmetric tensors with ¢ contravariant and p covariant indices. The tensors are
antisymmetric with respect to the both sets of contravariant and covariant indices. Therefore, the (p, g)-forms
defined simultaneously on the tangent TR'~ and on the cotangent T*R'3 bundles and can be written as
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Let’s define the generalizations of these operators GA, which trans-form (p, g)-forms into (g, p)-forms
using the metric tensor due to the rule

_ 11 My Hy v, B, Vg By -, ag =
1= et N vy Fusaytr Gugan @0 @ FPCT e G

A covariant exterior differential d that converts (p, ¢)-forms to (p+1, g)-forms can be defined as
d = C“Vm or

_ ¥
d=¢c%d +c“1"mgc)a_ . )
In particular, when it is acting on (0,1)-form X = X.€. we have:
d, = (¢, +c"T ¢, 7% 2 yy.E. = c“VxFép.
Here and after, by 1";3 is meant the Levi-Civita connection, consistent with the metric

¥ _ 31 @a
Tag =597 (9282p + 9pG2a — 9194p).

Note that the nil potency property of the exterior differential d*=0is preserved on the space of (p,0)-
forms. However, on the space of (0, g)-forms this property is violated. In particular, for X = X.€. we have

1
2o = T oM E
d=yx zc et Ry X"
where R\‘,r“# is the Riemannian curvature tensor.

It can be shown that the dual to d operator d = GdG that converts (p, g)-forms to (p, g+ I)-forms can
be represented as d = €, Vg, or

Using the 4-form of volume {1 = ;\; ~G€u, upgn, cHickzctacts and its dual, fully antisymmetric

. = 1
contravariant tensor {1 = . we can define two types of the Hodge star

—g Mo ag Ty
operators: the operator * Wthh 1S transformmg (p, g@)-forms into (4—p, q)-forms in a standard way and the
conjugate operator * converting (p, g)-forms into (p,4—q)-forms.

The Hodge star operators * and * allow us to construct the divergence operator & =# d #, lowering the

p-rank of the form by one ((p, g)—(p—1, q)), and its dual operator 8 =xdx* acting like (p, ¢)—(p, ¢—1). It
can be shown that
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|m
|m

=4

T

' d
+ c" F;L ;-,c (3)

Con

=t

€

L=t

Note that the operator can be derived from (2) by formal replacing ¢ — d/dc,, .
It is easy to check that commutators [d-, 3] and [5 8 ] give the same Laplace operator (up to the

isomorphism 5). We use the term ’commutator’ both to commutators and anti-commutators assuming that
the latter applies only for odd (p+¢) rank. We now see that methods of cohomology theory (see for example
[8]) can be applied here to a full extent. However, it is easy to verify that the commutator of conjugate
operators (2) and (3) gives the Ricci tensor when acts at the (0,1)-form:

(d6+8d)¢ = —c°R,.&". )

The inner product (1) allows to build entities like usual scalar product but it has a wider scope. In this
paper, we are using the following formulas. For usual functions (0-forms) f(x*) and f(g*) we have

(f.g) = iffgemg}, V"—_gd;r‘l Adx®adxf adxY = [fg \;"—_gd.ﬂ, 5)

where d = dx®dx'dx*dx? is an elementary 4-volume.
For 1-forms ¢; = ¢,c* and @; = @, c* we have

(P @) = [ d, 0, g*\[—gda. ®

For 2-forms @, = (1/2)ew,,c*c" and 0, = (1/2)0,,c"c" it follows

(wy0,)=2] Wy Tag ghgfr ,v."—_gdﬂ. (7)

2. Scalar Field

The complex scalar field @(x*) can be considered as taking values in ’inner’ spaces attached to the
points of R, with a complex structure C' so that @ = @' + i¢*, or Euclidean one R? with metrics
fap = diag(1,1). In the last case,

¢ =¢* = (9" ¢%).

The inner product of two complex scalar fields @ and ¢ gives the invariant with respect to the action of
transformation group U(1),

(¢7.¢) = [@T A+ @,

where the Hermitian conjugation f is acting only on the internal space. In particular, in the complex
representation T is reduced simply to the complex conjugation and in the matrix representation to transpose.
As it follows from (5) and (6) the inner square of the complex scalar field @ = @(x*) and its first
differential are

(¢*.¢) = [1¢]*/lgldn,

and

(d¢*.de) = [ g* 8,¢"8,¢/lgldn.
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This allows us to represent the action of a complex scalar field,

1

5= ;f(g“" d,¢*d,¢ — m* ¢* ¢) ,‘I.-‘mdﬂ,

in the following form:

m

5S¢ =1(do",dp) = (¢",). ®)

This action can be varied directly using properties of the inner product (see [9]) and one can get usual
Klein-Gordon equation in the form (d* 3“ —m~)¢ =0. To turn on an interaction with external

electromagnetic field let’s consider a basis on an ’inner’ space ex (A = 1, 2). Let’s define an internal
connection in standard way as

dey, = egfﬁﬁx“, 9)
with imposed local U(1) symmetry we get

HE _ B e
T = S5 A4,(x"),

where Sf = (_01 3) is a generator of u(1) algebra.

Thus, the covariant derivative D, which is a variant of the Fock-Ivanenko derivative [3], acts as
follows:

Doy = a#qu —szﬁl#(:(“)qbg,

iopl e F . . .
In the complex representation @ = @ (x#)ete® "5, the covariant derivative takes the form
D,¢= 6#4’) +id, .

In field theory, the covariant derivative usually includes the charge e as a characteristic of the
interaction with the field, D, ¢ = 9, ¢ + ie A, ¢. Here we put e= 1 for simplicity.
Generalization of external calculus to complex-valued forms implies the replacement 3# — D,. The

consequence of this is the loss of the nilpotency property of the external differential, as occurred above for
the covariant differential on Riemannian manifold. Namely, on Minkowski space we have (see [9] for
details)

d’¢ = c"D,(c*D,¢) = ;éf;\,qbc“c",

where £, = 9,4, —d 4.
Explicitly, taking into account the rule 5# — D, the action of the scalar field (8) takes the usual form
for complex scalar field interacting with exterior vector field A%:

Se=1(8,0"—iA,07)(0"¢ + iA*p) — m*¢'¢.
3. The Actions of Electromagnetic and Gravitation Fields

The expression (9) allows us to define the differential of the basis vector in the form
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de, = egS, A#(}{”:]C'u (10)
For double differential we have

d?e, = eBSfA#(;r“)c“+eB 10,4, (xH)cVcH —ecS A, SEA (x“)c"c“+eBSA d, A, (x*)c e

Obviously, the first term is identically equals to zero. So, we get

d’e, = —eBSA F, . dx" Adx"
Taking into account the relation § f;ﬂ =—-5 éi and (7) we have

2 4 n 1 1 -
(d%e4, d%e,) = —= f e SEFng" g epSLFap[—gd0 =3 f e F,,g"" g"*e,F,p/[—gd0

= f E, F* [—gdQ.

Finally, the action of the electromagnetic field 5S¢y, = — ﬁ [ Fo F¥— "— gdQ) can be rewritten in the

terms of structure elements of tangent bundle space,
Spyy = —— (d2e4, d%e,).
EM 16w A

Note that the inner square of the first differentials of the basis vectors (de®, de,), by virtue of (10) is
proportional to A#A'“' Such term is not included in the action of charged particles and the electromagnetic
field due to the zero-mass assumption for photons. The action for general relativity case can be constructed
almost in the same way, with the basis have to be taken due to (4). For basis fields ¢® = II-:C‘“ and

« = Ny €, .we have

(c“,(d§+ 5d ) ) =— [hiR, W, g™ [—gdQ = - [R,[—gdQ,

where R = Rﬂgg“'e is the scalar curvature.
Thus, the Einstein-Hilbert action [5] for the gravitational field canbe written as

Sen =~ 1::{; (C“’ (d§+ ad) C“}'

Conclusion

In the present work, we demonstrated that the action for scalar, electromagnetic, and gravitation fields
can be represented as the sum of the internal squares of the scalar field, the basis fields and their differentials,

5 = 2(dg", d¢) ——(¢T ¢) ——(d*e?,d%e,) — ﬁ(c“,(dc’?+ a*d) cﬂ).

As a final remark we note that construction of a Lagrangian as 4-form on Riemannian space imposes
some restrictions on the acceptable forms of action of field theoretical models.
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SUMMARIES TYCIHIKTEMEJIEP AHHOTAIIUN

Stary O., Manviwes A.B., Jlvicenxo E.H., [lemposa A.

PapnanuaabIK-TepMUsIIIBIK KYHIIpy Ke3iHaeri ¢eppuTTepAiH MATHUTTIK KACHETTEPiH KAJBINTACTBIPY.
JKyMBICTa KBUIYNIBIK JKOHE PaJHAllMsUIBI-KBUIYIBIK pPEKUMACPIHAC KyWreH QeppuT TrucTepe3uci NUKIIHIH
mapaMeTpIIepiH KaJBINTACTBIPY 3aHIBUIBIKTAPBIH CABICTBIPMAJBl TalIay HOTMDKEIEPl KeNTipinreH. Pamuanusiibik
OCEp/IiH OHJICY Y3aKThIFBl MEH TEMIIEpPaTypachiHa OalIaHBICTHl MUKPOKYPBUTBIM aKayJIapBIHBIH 63apa TYPICHYIHE jKOHE
onapaslH GeppUTTEpIeTi KypaMblHa dcepi aHBIKTaIel. CoHmaii-ak, CoyJeleHy XarIaWbIHIAFbl KaiTa KpUCTaIIAHY
JIOHIHIH 6CYyi TePMISUTBIK KbI3ABIPY KE3iHJCTI JOHHIH OCYIHCH achlll TYCETiHI KepceTiireH. balkanFaH paauarvsiibik
ocepiiep paauanrsHbIH MUKPOKYPBUIBIMFA dcepiMeH OalIaHbICThI 00JApl. MarHUTTIK MapaMeTpiepAiH MOHIEP1 YATiHIH
TBIFBI3JATYBIMEH Oip MOH/II aHBIKTAIA]IbI.

Stary O., Manviwes A.B., Jlvicenxo E.H., I[lemposa A.

@DopMHPOBAHHE MATHUTHBIX CBOICTB eppPUTOB BO BpeMsi paIHAIHOHHO-TEPMUYECKOT0 CIIeKAHUS.

B pabote mpeacTaBiieHbl PE3yJIbTaThl CPABHUTEIILHOTO aHAIH3a 3aKOHOMEPHOCTEH (hOPMHUPOBAHUS MMAPAMETPOB METIIN
rucrepesruca (eppura, CICYCHHOTO B TCIUIOBOM U PaJHAMOHHO-TCPMHUYCCKOM PEKHUMaX. YCTAHOBIICHO BIUSHHC
PaJMAIIOHHOTO BO3ICHCTBUS HAa B3aUMOIIpeBpalleHue Ne()eKTOB MUKPOCTPYKTYPBI M HX COJCpKaHUE B (peppuTax B
3aBHCUMOCTH OT TPOJODKUTEIFHOCTH M TeMIeparypbl o0paboTku. Tarxke OBUIO TOKa3aHO, YTO POCT 3€pHA
PEKPHUCTAIUIM3AMN B YCIOBUSIX OOJYUCHHs OIEpEeKacT POCT 3€pHA NPU TepMHUYECKOM HarpeBe. Halmromaemeie
paauanioHHble 3G GEKTHl OBUTH CBS3aHBI C BO3JCHCTBHEM H3ITYyYCHHS Ha MHUKPOCTPYKTYpPY. 3HAUCHHS MAarHUTHBIX
apaMeTPOB OJTHO3HAYHO OMPEEIAIOTCS YILIOTHEHHEM 00pasIia.

Halamani Koushallya M., Mathad Shalini K., Kulkarni Akshay B., Mathad Shridhar N., Jeergal Pundalik. R., Hiremath
Chidanandayya.S., Pujar Appanna S., Pujar Rangappa B.

AJIIOMUHHIMEH KOCHAJIAHFAH HUKeJIb-KaAMuii (peppuTTepiHiH KYPHUIBIMIABIK KacHeTTepiHiH Kyiiaipy ke3ingeri
e3repicrep.

BepinreH JKYMBICTBIH MakcaTbl allOMHHUHAMEH KepaMHKaJBIK omicrieH kocmanmanran Ni-Cd deppurrepinig
KYPBUIBIMIBIK KACHETTEPIH CHHTE3IeY KaHE 3epTTey O0Jbin Tadbutaabl. Yruepai Kyiaipy temmepatypacs! 1100 © C,
Ky#aipy yakeitel t = 9, 11, 13, 15 carar. YurinepaiH cumarTamanapsl PEHTICHAIK Oudpaknus, CKaHepieyIli
JIEKTPOHABIK MUKPOCKOII, SHEPTHSUIBI-ANCIIEPCHSUIBIK, PEHTTCHIIK Tanjay xoHe dypbe TypiaeHaAipyiMeH HHPPAKbI3bLT
coyneneHy Taijayel apkputel 3eprrenareH. lnumeenpmin  Oip  Qazanmsl  KapamaidbiM - KYOTBIK — KYPBUIBIMBI
nugpakTorpaMmmanapMen pactaiisl. TopasiH napameTpi 8.478-8.481 A apanbirbinja sKaThip. PacTpiiblK M€KTPOHIBI
MHUKPOCKOIITHIH KOMETIMEH ajlblHFaH MUKpodoTorpadusiiapaa exmeMaepIiy Oipkenki Taparysl Oalkanapl. DIeMEHTTIK
Tanmaay ¢GeppuT GOPMYNACBIHIAFHI OYKUI METa/lT WOHJAPBHIHBIH OONYBIH pPACTAWTBIH OSHEPTHUSIIBI-TUCIICPCHSITBIK
PEHTTEHIK Taluaay apKbUIbI Kypri3iareH. dypbe TypieHAipyiMeH HHGPAKBI3bUI CIIEKTPJIep COMKECIHIIE TeTpadIpIIiK
JKOHE OKTadApJiK MO3WIHsIIapIa METAIIBIH OTTETi OailIaHBICHIHBIH TepOemicTepine ynectepin Oeperin ov; (381-582
em’) xoHe v, (400 cM™'-IeH a3) eKi KONAFBIH KOPCETTi.

Halamani Koushallya M., Mathad Shalini K., Kulkarni Akshay B., Mathad Shridhar N., Jeergal Pundalik. R., Hiremath
Chidanandayya.S., Pujar Appanna S., Pujar Rangappa B.

H3meHeHne CTPYKTYPHBIX CBOHCTB HUKEIb-KAIMHUEBBIX ()ePPUTOB, IETHPOBAHHBIX AJTIOMUHIEM, IIPH CIIEKAHHM.
Llenpro naHHON pabOTHI SIBISETCS CHHTE3 M MCCIEAOBaHUE CTPYKTYPHBIX CBOWCTB (epputoB Ni-Cd, merupoBaHHBIX
AIOMHHNEM, KepaMuuecKiuM MetonoM. O6pasisl cnekanu rnpu temneparype 1100 © C, Bpems cnekanust t =9, 11, 13,
15 4yacoB. XapakTepHCTHKH O0pa3lOB HCCIEIOBAINCH C TMOMOIIBIO PEHTI€HOBCKOW IH(paKuny, CKaHUPYIOLIETO
AMEKTPOHHOTO MHUKPOCKOIIA, SHEPTO-AUCIIEPCHOHHOTO PEHTTEHOBCKOTO aHajiW3a M HH(QPAKpaCHOTO H3IYYCHHS C
npeobpazoBaaneM  Dyppe. OnpHodaszHas mpocras  KyOWdeckas  CTPYKTypa  IIMAHETW  TOATBEPKIACTCS
nudpakTorpaMMamu. IlapaMeTp perieTKH HaXomuTca B amamasoHe 8.478-8.481 A. PaBHoMepHOe pacmpenencHHe IO
pa3mepaM HaOmIOAanoCch Ha MHKpo(doTorpadusx, CACTAHHBIX C MOMOIIBI0 PACTPOBOTO SJIEKTPOHHOTO MHKPOCKOIA.
DJIeMEHTHBI aHaJH3 BBIIONHAJICS C IOMOIIBI0 SHEPTOAUCIIEPCHOHHOTO PEHTTEHOBCKOTO aHaN3a, OATBEP)KIAIOIIETO
MPUCYTCTBUE BCEX HMOHOB METANIOB, TPHUCYTCTBYIOHUX B Qopmyne deppurta. MuppakpacHsle CIEKTpHl C
npeobpazosannem Dyphe MoKa3atM JABE MONOCH v; (381-582 cm’) u v, (menee uem 400 cm™’) | KOTOpHIE JAIOT BKIAN
KoJIeOaHHSIM KHCIIOPOJHOM CBSI3M METalljIa B TETPAdIPUUECKUX U OKTadAPHUECKHUX MO3HIMSIX COOTBETCTBEHHO.

Kaowvipocanos K.K., numac /1., Kanwxos E.FO., Kanuexnepos M.E.

Cu-Bi :kaObIHIAPBIHBIH (pa3anbIK KYPAMBIHBIH HMOHAAYNIBI CJyJIeJdeHYdeH JKpaHaay THIMIUIIrine acepin
aHBIKTAY.

Kymeic Cu-Bi »aObiHnapbeiHblH (azanblk KypamMblHa OaiyIaHBICTBI ayblp MOHAAPBIH PAJHAMSIIBIK dCepiHe dKpaHIay
THIMIIIITIH 3epTTeyre apHairad. KopraHbIC XaOBIHAAPBIH Ay OMici PETiHIE JJIEKTPOXUMUSUIBIK TYHIBIPY OJIicCi
KonpaHbulgpl. Dazanblk KypaM TYHIBIPY Ke3iHAE KOJIIAHBUIATHIH MOTEHIMAIJAp aWbIpMachlH TYPICHAIPY apKbLIbI
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e3repTiireH. 3epTrey OapbichiHAa (Da3alblk KypaMHBIH o3repyi, CuBiO, (a3achlHBIH YCTEMIIT1 XKoHE KYPBIIBIMIBIK
PETTUTIK JOPEKECiHIH >KOFaphlUIaybl HOTMDKECIHIC >KaOBIHIAPIBIH THIFBI3IABIFBIHBIH apTYbIHA OKEJICTiHI aHBIKTAJIBI.
DKpaHnay THIMJIUITIH aHBIKTayFa OaFbITTAIFaH CHIHAKTAp OapbICHIHIA KPHUCTANIBIK ICHTCHIHIH €H YJIKCH TOMCHICYI
MBIC JKaOBIHIAPHl YIIiH OaifKalaTBIHABIFBl AHBIKTANABI, OJIAp VIIH MaKCHMAIIbl COYJEICHY (GIIIOCHCI Ke3iHae
KYPBUIBIMHBIH amopgu3anusicel 12 %-maH sxorapel oonsl, an CuBiO, Herizinaeri skadbIHAapaa aMopQu3ams MOHI
Oacrankpl MOHHEH 1,2 %-man acmaiigsl. JKorapsl coyneneHy Jo3aliapbl Ke3iHAE IOHICPIIH YCaKTaIybl MEH
amopdu3amsACHl SKpaHaay THIMIUIIHIH TOMeHaeyiHe, COHbIMeH KaTap AU aybITKy MOHIHIH apTybIHa oKeJei.

Kaowviporcanos K. K., numac /.U., Kanwros E.IO., Karuexnepose M.E.

Onpenenenue BausHuUsi (PazoBoro cocraBa Cu-Bi mnokpeiTuii Ha 3PPeKTHBHOCTH IKPAHHMPOBAHUS OT
HOHU3HMPYIOIIEro U3JTyYeHHUs.

Paborta mocBsmena u3ydeHHI0 3(GQGEKTHBHOCTH SKPAaHUPOBAHUS PATMAIMOHHOTO BO3JICHCTBHA TSKEIBIX HWOHOB B
3aBUCUMOCTH OT (pasoBoro cocraBa Cu-Bi mokpeiTuii. B kauecTBe MeToma MONyYEHHUs 3aIUTHBIX MOKPBITHA OBIIT
MIPUMEHEH METO]I SJICKTPOXMUMHYICCKOTO OCaXIcHHS. M3MeHeHrne (pa30BOT0 COCTaBa MPOBOMIOCH ITyTEM BaphUPOBAHHUS
PA3HOCTH TMPHKIAABIBACMBIX MOTCHIMAIOB NMPU OCAKACHUU. B X0Je HCCIeNOBaHHS YCTAHOBICHO, YTO H3MCHCHHE
($a30BOTO cocTaBa MPUBOJIUT K YBEIUYCHUIO IUIOTHOCTH IMOKPHITHH, B pe3yibTare qoMuHHpoBaHus ¢asel CuBi,O4 u
VBEJIIMYCHUIO CTCNCHH CTPYKTYPHBIX YIOpsAOYeHWi. B Xome WCHBITaHWI HampaBICHHBIX Ha OIPEICIICHHUE
3¢ (GEKTUBHOCTH 3KPAHUPOBAHUS YCTAHOBICHO, YTO HAWOOJNbBIICE CHIKCHHUE CTCIICHU KPUCTAJUIMIHOCTH HAOIOACTCs
JUTS. METHBIX MOKPBITUH, U1 KOTOPBIX aMOp(U3aIHs CTPYKTYPhI IPU MaKCHUMAIEHOM (IFOCHCE OOTYYCHHUS COCTABHIIA
6omee 12 %, B To Bpems Kak JJIs HOKPHITHHA Ha ocHOoBe CuBi,04 BennumHa amopdu3anuu coctasmia He 6oxee 1.2 % ot
Ha4aJIbHOTO 3HaueHUs. AMopdu3zaius u ApoOieHre 3epeH MpH OONBIIUX J03aX OONYICHHS MPHUBOIUT K CHUKCHHIO
3¢ EKTHBHOCTH SKPAHUPOBAHIS, a TAKXKE YBEIMICHUIO BETMINHBI OTKIIOHEHH AU.

IOpoe B.M., I'vuenxo C.A., Canvreesa A.K., Kycenosa A.C.

I'mapounauHApJep ITOKTAPLIH a30TTAY.

JKyMBICTa THAPOUMIMHAPIEPAIH >KBUITBHIPATBUIFAH INTOKTAapBIH HOHABI-IDIA3MAaJbIK a30TTay ofici KapacThIPBUIFaH.
Honppik a3oTtay KesiHzme OemmexTepniH OeTTik OepikTeHyi aiKbIH kKepiHeni. byn OemmexTiH OeTTTiK KabaThIHBIH 20
HM-ZIEH acTaiTHIHABIFBIMEH OaiJIaHBICTBI, SIFHW OJ1 HAHOKYPBUIBIM OOJBIN TaObUIafbsl. by HAHOKYpBIIBIMIA a30TTHIH
muddysust mporecTepi KeeMAIK IpolecTepieH auTapibIKTall epekuieneHe1i. HaHOKYpBUIBIMAAFEl ©JIIeMIIK dcepiiep
KabarTa OUKTIH «KIACCUKAJIBIKY TCHICYJEPIHIH KYMBIC icTeMEHTIHAIr He aHe Oyi1 KadaTTarsl a30TThIH ()} y3HUICH
OonaTThIH KacueTTepiHe OaiyaHbICTBl Jiorapudmai Toyemminirine okeneni. Hanommacrrarsl muddysust mMaccuBTi
yarinie o auddy3us kosdduimenTi apKpUTbl TNIACTHHAHBIH MaTEepHANIbIHA J1a, eJeMIIK (pakTopra na OalTaHbICTHI
EKEH/IIT1 TEOPHSUTBIK TYPFBIIaH anblHFaH. KilacCuKanbIK yKaFnaiaa MyHIai TOyeIIiTiK JKOK.

FOpoe B.M., I'vuenxo C.A., Canvreesa A.K., Kycenosa A.C.

A30THpOBaHNe IITOKOB I'NIPOLUIMHIPOB.

B pabote paccMoTpeH MeTOJ HOHHO-IDIA3MEHHOTO a30THPOBAHHS IMOJUPOBAHHBIX INTOKOB THAPOUMIMHAPOB. Ilpn
HOHHOM a30THUPOBAHHWU HAMOOJIee SPKO MPOSBISIECTCS MOBEPXHOCTHOE YIPOYHECHHE ACTaieid. ITO CBSI3aHO C TEM, YTO
MMOBEPXHOCTHBIA CJON jAetanu He mpeBblimact 20 HM, TO €CTh NPEACTaBISACT CO0OW HAHOCTPYKTYpy. B aroii
HAHOCTPYKType mporecchl auddy3nn a3ora CyIIECTBEHHBI OTIMYHBI OT OO0OBeMHBIX. Pasmepnbie 3(dekTs B
HAHOCTPYKTYpE MPHUBOAAT K TOMY, UYTO B CIOC HE pabOTAIOT «KiIaccuueckuey ypaBHeHus Puka u auddys3us azora B
9TOM CJIO€ 3aBHCHUT JIOTAPU(PMHUUYCCKH OT CBOMCTB CTalU. TEOpEeTHUECKU MONTydYeHO, 4TO Muddy3us B HAHOIUIACTHHE
3aBHCHUT KaK OT MaTepuaia IUIACTHHEI Yepe3 kod(hdunueHt muddys3un MmaccuBHOro odpasna [y, Tak U OT pa3MepHOTro
¢akropa 0. B xiaccuueckoM ciryuae Takoil 3aBHCHUMOCTH HET.

Cyporcuxos A. 11., Quuepuna H.B., Pocaues, A.B. , Apmonenxo M.A. , Pyoenkos A.C., Pocaues A. A., Wang Jicheng
DJIeKTPOHIapMEeH UHUIMPJIEHTeH YHI0TEPMHSIIBIK MPOIeCTePAiH aFbIMbIH/IA TYHABIPbIIFAH METAJT OKCHATEPi
skoHe TITOD Herizinaeri KOMIO3UIUSIIBIK KAOBIHIAPABIH KYPaMbl Me€H KYPbLJIbIMBI.

Meran HUTparTapbl, MeETaljap HeTi3feri HbICaH Kypaylibulapbl apachlHIArbl (U3HUKA-XUMHSIIBIK MPOLECTEPAIH
ANEKTPOHIAPABIH TOMEH SHEPTHsUIbl aFBIHMEH WHUIMUPJICHTCH aFbIHHBIH €PeKIICTIKTepl aHbIKTaJFaH, ONapIblH YIIa
eHIMAEpAIH Maiaa 00My KMHETHKACBIHA dCepPi, TYHIBIPHUIFAH XaOBIHAAPABIH XUMUSIIBIK KYpaMbl MEH KYPBUIBIMBIHA
ocepl aHBIKTANIBL. JJNEKTPOHAAP AIOMUHHNA HUTPAThl MEH IWCICPCTI AJFOMHUHHMIA KOCIACBhIHA dcep €Ty Ke3iHJe
KypaMbIHJa MBIPBII HaHOe3eKmleaepi Oap MBIPHIII OKCHAI KAaOBIHIAPBIHBIH TY3UTyl aHBIKTAIABL. Temip HUTpaThl
YHTAaKTapbl MEH JUCIEPCTI AOMHUHHN YHTAKTAPBIHBIH MEXaHUKAIBIK KOCHACHIHA 3JICKTPOHIAp AaFBIHBIHBIH Jcepi
HBICAHAHBIH JKaPBUIFBIIITH OyIaHYBIMEH KaTap JKYpell jKOHE MeTall OKCHITepI MCH HAHOOOINIICKTEepiHe Ue KaObIH
OeTiHmeri HBICAaHAHBIH OCTKI KabaTTaphlHOa OK30TCPMUSUIBIK —pPEaKUUsUIap aFBIMBIHBIH —COHFBI  CATHICHIHIIA
TYHIBIPBUTATHIH KOMTETCH MHUKPOTAMINBUIBI Ty3imiMaep TipkenareH. [ITDD, anroMuHUI KOHE TEMip HHUTPATHIHBIH
MEXAaHUKAIBIK KOCIACHIHBIH  JJCKTPOHABI-COYIETIK MUCTEPTUPICHYIHIH VIINa eOHIMAEpiHEeH TYHABIPBUIFaH
KaOBIHIAP/BIH KYPBUIBIMBIHBIH, XHMUSUIBIK KYPaMbIHBIH €pEKIIeNiKTepi aHbIKTanabl. MyHgai ra3 (a3achlHbIH
TeHepaIUsICHl JKaFIaiIapblHaa TOJIMMEPIi MaTPUIAaH TYPAThIH JKOHE KYpaMbIHIA OKCHA, 00C MeTayul skoHe Oenriii
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O0ip Memmepne OacTamKbl BIABIPAMANTHIH TY3MapFa We >KaObIHIAp Taiina OONaTBIHABIFEI KepceTiureH. THUrenbaeri
9K30TEPMHSUIBIK PEaKUUsUIApAbIH Calaphl imrHapa aedTopiaHy XoHe (TOpOIUIACT MATPULACHIHBIH MOJCKYIAJIbIK
KYPBUIBIMBIHIAFBI JKOFaPhl aKayJIbIFbl OOJIBIN TaObLTAIbI.

Cyporcuxog A. 1., Quuepuna H.B., Pocaues, A.B. , Apmonenxo M.A. , Pyoenros A.C., Pocaues A. A., Wang Jicheng
CocTaB M CTPYKTypa KOMIO3MUMOHHBIX NMOKPBLITHI Ha OcHOBe OKCHIOB MeTauia, IIT®D, ocaikaeHHBIX B
YCJI0BHMAX NPOTEKAHUS HHULIMUPYEMBbIX 3JIEKTPOHAMHU YHAOTEPMHUYECKHUX MPOLECCOB.

YcTaHOBICHBI OCOOCHHOCTH HMHHUITUMPYEMBIX HHU3KOIHCPICTHYHBIM IIOTOKOM 3JIEKTPOHOB  (PH3HUKO-XUMHYCCKUX
MPOLIECCOB MEXJY KOMIIOHEHTaMHU MHILIEHH Ha OCHOBE HHUTPATOB METAJJIOB, METAJJIOB, UX BIHUSHHE HAa KUHETUKY
00pa30BaHUs JIETYYUX MPOAYKTOB, XUMHUYCCKUN COCTaB U CTPYKTYPY OCaKITArOIMUXCs MOKpbITHH. [Ipu BO3melicTBHU
ANIEKTPOHOB HAa CMECh HUTpPAaTa aTIOMUHUS U TUCIIEPCHOTO ANFOMUHHSA YCTAaHOBIECHO (hOPMHUPOBAaHNE MOKPBITHH OKCHAA
[UHKA, COIEpKaIlMX HAHOCTEP)KHU ITMHKA. Bo3meicTBHE MOTOKA 3JIEKTPOHOB HA MEXAHWYECKYIO CMECh ITOPOIIKOB
HUTpaTa >Kele3a W AWCIEPCHOTO ATIOMUHHS COTMPOBOXKAAETCSA B3PBIBHBIM HCIAPCHHEM MUIIEHH M Ha MOBEPXHOCTH
MTOKPBITHS, CONEPIKAIIEr0 OKCHIBl W HAHOYACTUIBI MeTaula, (PHKCHPYIOTCS OOJBIIOE KOJIMYECTBO MHKPOKAIEIHHBIX
00pa30BaHMiA, OCaXJAEMBIX HAa 3aKIIFOYUTEIIFHOM JTalle MPOTEKAHUS IK30TEPMHUYECKHX PEAKIHUH B TTOBEPXHOCTHBIX
cnosix MumieHd. OnpeereHbl 0COOCHHOCTH CTPYKTYPBI, XUMHYCCKOTO COCTaBa MOKPBITHH, OCaXICHHBIX M3 JETYYHX
MPOAYKTOB DJIEKTPOHHOIYYEBOIO TUCHIEPrHpOBaHUs MexaHuueckod cmecu [ITDD, amomMuHMsS W HUTpaTa >Kejesa.
[Toka3zaHo, 4TO NMPH TAKUX YCIOBHUIX FCHEPALUHU Ta30BOi (a3bl POPMUPYIOTCS MOKPBITHS, COCTOSIIUE U3 MOIUMEPHON
MATpUIEI ¥ COJACPKAIME YACTHIBI OKCHAA, CBOOOZHOTO MeETallla ¥ HEKOTOPOE KOJMYSCTBO HCXOMHOM
Hepaznoxupiiehcss conu. CreacTBUeM NPOTEKaHUsT B THUIVIE OK30TEPMUYECKUX pPEaKUuil sBISETCA 4YacTUYHAas
e TOPUPOBAHHOCTH M MOBHIICHHAS TE(EKTHOCTh MOJICKYIIIPHOM CTPYKTYpPHI (PTOPOILTACTOBOM MATPHIIEL.

Kanabaes 3.7K., Hxpamosa C.b., Tiney A.O., Typrvikoocaesa /] A.

HaHokeyekTi I1aaeTKi3rim KadbIKIIAIapAbIH YHEPTeTUKAIBIK THIBIM CaJy 30HACBIHBIH €Hi.

JKyMBICTBIH MaKcaThl MAJaeTKI3TII HAHOKEYEKTI KYPBUIBIM JKaTapbl MEH TOK MOHIEPIHIH CeKipiCTepiHiH maiina 6oy
cebenrepin Toxipubeae aHBIKTay OOJBIT TaObUTaIbl. KeyekTi HAaHOKYPBUIBIMIAP AJICKTPOXUMUSIIBIK KEMIpy apKbLUIbI
anbpIHABL.  YJITUISPAIH BOJBT-aMIIEPIiK CHIATTaMachl KEYeKTI KpEeMHHUH JKOHE JKYyKa KaOBIKIIAIbl XaJbKOTEHI1
MIBIHBITOPI3IEC  IMIANAOTKI3rimm  yImriH  enmeHred. Jlazep coynmeciH TycipreH Ke3le KEyeKTi  KpeMHUi
HAHOKAOBIKIIAMAPbIHIA TOKTBIH THCTEPE3UCI MEH CEKIpMeNi aXBIPaThUIBII-KOCBUTYBI OOJATHIHBEI TAKipHOeIe
KOPCETUITeH. AXBIPAaThUIBII-KOCBUTY KEpHEYl MOHIHIH TBHIHBIM caly 30HAachl €HiHIH HAHOKAOBIKIIA KEYEeKTUTriHeH
Toyesniniri OoWbplHIIA OaiaHBICKl aHBIKTAJABL. byl HoTIKenep eKiHIII peTTi (asanblK aybicy TEOPHSCHIHBIH
epexemNepiHe CyHeHe OTHIPHINT TOKTHIH a)KBIPATHUIBINT-KOCHUTY JKOHE OHBIH THCTCPE3UC TEOPUSACHIH KYpyFa MYMKIHIIK
oepeni.

Kanabaes 3.7K., Hxpamosa C.b., Tiney A.O., Typrvikooicaesa /. A.

[InpuHa 3HepreTHYeCKH 3aNpelleHHOI 30HbI HAHOMOPHUCTBIX MOJYNPOBOJHUKOBBIX IJIEHOK.

[enpto HacTosIIeH PabOThHI SIBISIETCSI SKCIEPUMEHTANLHOE BBUICHEHHE MPUYMH BO3HUKHOBEHHS CKAYKOB BEJIMYHHBI
TOKA U MaMSITH [TOJIYIPOBOJIHHUKOBBIX HAHOTIOPHCTHIX CTPYKTYP. [lOpHCThIE HAHOCTPYKTYPbI OBLTH MOJTY4YEHBI METOIIOM
ANEKTPOXUMHUUYECKOTO TPABICHHUS. BoJbT-aMIepHbIe XapaKTePUCTUKU 00pa3I0B H3MEPSUIUCh JJIsl IOPHUCTOTO KPEMHHS
M HAa TOHKUX IUICHKAaX XaJbKOTCHUIHOTO CTEKJIO00Pa3HOrO MOJYIMPOBOJHUKA. ODKCICPHUMEHTAIFHO ITOKa3aHO
CYIIECTBOBAaHUE CKAYKOOOPa3HOT'O MEPEKIFOYCHUS U THUCTepe3nca TOKAa B HAHOIUICHKAX IMOPUCTOTO KPEMHHUS MPH
nmazepHOM ocBemeHuH. OOHapyXeHa CBsI3b 3HAUCHHWH HANPSKCHUS NCPEKIIOUCHUS C 3aBHCUMOCTBIO IIHMPHHBI
3aIpEeICHHON 30HBI OT MOPUCTOCTU HAHOIUICHOK. DTH PE3YJBTAThl MO3BOJISIOT IOCTPOUTH TCOPHIO MEPEKIIOYCHUS TOKA
U €T0 THCTEPE3Uca 10 MOJIOKEHUSIM TCOPHH (a30BBIX MEPEXO0J0B BTOPOTO POJIA.

Ecoicanos A.B., Jlocmacambemosa C.C.

MemOpaHaabIKCY3y apKbLIbl CYHBIK PagHOAKTHUBTI KaJAbIKTapabl Ta3ajay YIIiH TpeKTi MeMOpaHajapabl
ruapgodu3anusaiay.

Bepinren makanana monusTHICHTepedTaNaTTaH KacaylFaH TUAPOPOOTH TPEKTIK MeMOpaHajiapAbl KOJaHa OTBIPBIIL,
TIKEJeH KOHTAKTLII MEeMOpaHANBIK Cy3y OIICIMEH CYHBIK TOMEH JCHTCWIl paJHOAaKTHBTI KAIJIBIKTAPIBI Ta3apTy
HOTIOKeNepi KenripinreH. TpekTik MemOpaHamapasl runpodoOusanmsiay yibTpagHoJeT CcayJeleHy acepiHEeH
TPUITOKCHBUHUJICHIAHABICTUPOIIMEH €Ty IOJUMEpJIey KoHe (TOpHl 0ap CHIaHIApMEH apKbUIBI XKY3€re achbIpbUIIbL.
I'mapodoOTEl  MeMmOpaHamap  CKaHepieylli  BJIEKTpOHABI  MHKpockon, ®Dyppe TypleHyiMeH HHQPaKbI3bUI
CIIEKTPOCKOMMACHI, JKaHACy OYPBIIIBIH OJIICY XKOHE CYHBIKTBHIKTBHIH CEPIHIiHIIK KBICBIMBIH Tajfay apKbUIBI 3€PTTEITCH.
AnpIHFaH MeMOpaHaiap CYWBIK TOMEHTI JEHIeill paJrioaKTHBTI KaJABIKTapIbl MeMOpaHa Cy3y apKbUIBl TazapTyla
ceHanApl. Keyektep MenmiepiHiH OHIMIUTIKKE JXKoHE TY3JapAaH Tazapy HIopekeciHe ocepi 3eprrenreH. Taszaprty
JIOpeKeci KOHITYKTOMETPHUSUIBIK JKOHE aTOMJBIK dIMHCCHS dicTepiMeH OaramaHabl. ['aMMa-CrieKTPOCKOINS KOMeTiMeH
0Co, 'Cs xome **' Am vymiH ecemrenreH ae3aKTHBTCHIIPY KOO(G(HUIHEHTTEp] — IONMCTHPON IKOHE
TPUITOKCHBUHMJICWIIAH MOIUUKaNMsIaHFaH MemOpaHanap ymiH 85,4, 1900 xone 5,4 (keyexaumamerpiepi 142 HM),
85,0, 1462 sxaHe 4 nepTopoaeHMIITPUXIOPCHIAHMEH MOAN pUKanMsuIaHFaH MeMOpananap 150 HM keyek 1uaMeTpi MeH
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YIIiH CoWKeCiHIe Kypanbl.

Eporcanos A.b., [Jocmazambemosa C.C.

I'mppodobn3anust noamITHICHTepeGTANATOBBIX TPEKOBBIX MeMOPaH NI 0YHCTKH OT KHAKHX PAIHOAKTHBHBIX
0TX00B MeMOpPaHHOM TUCHUJLISIIIUEIH.

B naHHO# cTaThe MpenCTaBICHBI PE3yIbTATHI OYMUCTKH KUAKUX HU3KOAKTHBHBIX PAJAMOAKTHBHBIX OTXOIOB METOIOM
MpsIMOMl  KOHTaKTHOH MEMOpaHHOW IUCTWUISIUH C HWCIOJh30BAHUEM THUAPO(POOHBIX TPEKOBBIX MEMOpaH u3
mommdTIIeHTepedTanara. ['mapodoOuszanus TpekoBEIX MeMOpaH ObUIa TpPOBEICHA IyTeM NPUBUBOYHOU
MOJMMEPH3AlMA  TPUITOKCHBHHWICHIAHA CO  CTHPOJIIOM TOjA  jAckicTBHeM Y®-m3inyueHUs W MOKPHITHA
¢dTopcoaepkamumMuciianamMu. ['uapopoOHbpIe MeMOpaHbI UCCICIOBAIN C MOMOIIBI0 CKAHHPYIOMIETO JJICKTPOHHOTO
MHUKPOCKOIIa, WH(ppPaKpacHOW CIEKTPOCKOMHU ¢ mpeoOpasoBanuem Dypbe, U3MepeHHs KpaceBOTO yriia W aHalu3a
JTABJICHUS TPOCKOKA >KuAKOCTH. [lomyueHHbIe MeMOpaHbl ObUTH MPOTECTUPOBAHBI B OYMCTKE XHUIKUX HU3KOAKTUBHBIX
PamIMOaKTUBHBIX OTXOJOB METOAOM MeMOpaHHOW IUCTWUIAIHMA. M3ydeHo BIHsSHHME pa3MepoB TIOp Ha
MIPOU3BOIUTEIHHOCTh U CTENICHh OYUCTKH OT cojieil. CTeneHp OYMCTKN OLEHMBAIH KOHAYKTOMETPUIECKHM M aTOMHO-
SMHCCHOHHBIM MeTonaMi. Koo dHIHEeHTs! 1e3aKTHBAINY, OLEHEHHBIE ¢ TOMOIIBI0 raMMa-crieKTpockorun st °Co,
YCs u 241Am, cocrapmsaor 85,4, 1900 wm 54 g memOpan, MOIU(DUIMPOBAHHBIX IMOJHUCTUPOIOM |
TPUITOKCHUBUHHWJICHJIAHOM ¢ amameTpoM mop 142 um m 85.0, 1462 m 4 mist MeMOpaH, MOTUPHUITAPOBAHHBIX
nepGTopACHUNITPUXIIOPCUIIAHOM, C JHaMETPOoM mop 150 HM COOTBETCTBEHHO.

Auimyxanos A.K., 3etinuoenos A. K., Omapoexosa I'. U., I[Inomnurxoea U. B.

NIO/PEDOT:PSS KOMIO3UTTIK Ka0bIKINATAPLIHBIH ONTHKAJIBIK JHe 3JIeKTPOGH3HKAIBIK CHIIATTAMAIAPbIH
3epTTey.

Kymeicta Nickel Oxide/poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (NIO/PEDOT:PSS) xomnosurrik
KaOBIKIIANAPBIHBIH MOP(OIOTHUAIBIK, ONTHKANBIK KOHE JJICKTPOGU3UKANBIK MapaMEeTPIICPiH 3epTTey HOTHXKEIepi
Kepcetired. TeceMeHiH alfHaNy >KbUIIaMABIFBIHBIH apTybl NiO KaObIKmanmap OeTiHiH Kemip-OyIbIpIBIFBIH a3aiTyra
oKeJieTiHi kepceTired. Hukens okcuai OeTiHIH Kemip - OyapIpasiFel ToMeHneren ke3gae PEDOT:PSS kaObipmarbIHBIH
Kelip-OyABIpIBIFel 1a ToMeHaehai. TeceMeHiH aiHalmy XbUIAAMIBIFBIHBIH JKoFapbutaybl NiO KaOBIpIIaKTapbIHBIH,
conpaii-ak NIO/PEDOT:PSS kKoMMO3UTTIK KaOBIPIIAKTAPBIHBIH JKYTHUTY CHEKTPIIEPIHIH ONTHUKAJBIK THIFBI3IBIFBIHBIH
toemenaeyine anbm  kenemi. NIO/PEDOT:PSS  KOMITO3WTTIK KaOBIpIIAKTapbIHBIH MOP(OIOTHACHIHBIH — ©3Tepyi
WHKEKIUSUTBIK ~ KEMTIKTEPIH CBIPTKBI AJIEKTPOJKA KBUIJAM TaChIMaJJaHYbIHAa JKOHE Kepi peKOMOWHAIus
BIKTHMAJIIBIFBIH a3alTyFa BIKIAN CTeTIHAIrT AHBIKTAIIbL.

Auimyxarnos A.K., 3eiinudenos A.K., Omapbexosa I U., [Inomnurxoea U. B.

HcciienoBanue onTHYECKUX H 3JIEKTPO(PU3NIECKUX XaPAKTEPUCTHK KOMIO3UTHBIX IIeHOK NIO/PEDOT:PSS.

B pabote mnpencraBieHBl pe3yJbTAaThl HCCICAOBAHHS MOP(GOIOTHUSCKUX, ONTHYCCKUX U IICKTPOPHU3HMUCCKIX
napamMeTpoB  kKoMmo3uTHBIX IieHOK Nickel  Oxide/poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(NiO/PEDOT:PSS.) Tloka3zaHo dYTO YBENWYEHHE CKOPOCTH BpAIICHHS TIOJIOKKH TPHBOTUT K YMEHBIICHUIO
IepOXOBAaTOCTH MOBepXHOCTH IuleHOK NiO. [Ipym yMeHBIICHHH IIEpOXOBAaTOCTH MOBEPXHOCTH OKCHAA HUKEIS
mepoxoBaTocTh ieHKH PEDOT:PSS Taxke ymeHbImaeTcs. YBeNIndeHHE CKOPOCTH BPAIICHUS TIOIONKKA TPUBOJIUT K
YMCHBIICHUIO ONTHYECKOW IUIOTHOCTH CIIEKTPOB MorjomeHus MuieHok NiO, a Taxke KOMIO3HUTHBIX IUICHOK
NiO/PEDOT:PSS. VYcraHoBieHO, dYTO H3MEHeHHE MOpPQOJOoTuH KOMIO3UTHBIX 1mieHok NiO/PEDOT:PSS
CIOCOOCTBYIOT OBICTPOMY TPAHCIIOPTY WH)KCKTUPOBAHHBIX JBIPOK K BHEIIHEMY OJJICKTPONY M YMCHBIICHHUIO
BEPOSITHOCTH 00paTHOW peKOMOWHALINHL.

Typmyxambemos A.XK., Aimmarnosa K.A., Omeecenosa C.b.

TypOyneHTTiKk OpTafaFbl KOHBEKTHBTIK KbLIYyaJIMacyAbl (PPAKTAIABI — KYPBUIBIMABIK TYPFBIIAH TAJIAAY.
TypOyneHTTI opTajgarbl JeHeJEpHiH KOHBEKTHBTI JKbIIy aJMacybIHBIH EpeKIIeNiKTepi KapacTelpraH. TaxipuOemix
3epTTeyJiep HATIDKeNepi TalKbulaHFaH. TaxipHOeiK 3epTTeyiep KbUlyalMacy KapKbIHABUIBIFEIHA TAOUFH KOHBEKIIHS,
OpTaHBIH KbITY(DH3UKAIBIK KACHETTEPi, aFbIHHBIH KBICAHIIBUIBIK OPEKECi CHSAKTHI KoM (aKTopiap ocep ETETIHIITiH
kopcTekeH. COHIBIKTAaH KOHBEKTHBTI JKbUIyaJIMacy TIPOIECIH CHIMATTAWTBIH OENTUll MaTeMaTHKaIbIK ©pHEKTep
KypaMBbIHIa Typa (PM3MKAaJBIK MarblHACH JKOK KOIT TYpaKTbUIapFa We XOHE KYpZelli, COHOBIKTAH OJlap MPaKTHKAaJIBIK
KOJIIAaHBICTAp YINiH KoJaichi3. JKyMbIcTa KOHBEKTHBTIK KBIIyaaMacylbl TOXKIpHOETIK 3epTTeyiep HOTHXKeIepi
(dpakTangap TEOPHUACH KOMETIMEH CapamnTalblll, >KBUIYIABl TYpOYJICHTTIK TachiMaliay KapKbIHIBUIBIFBIH ©31HIIIK
KaybIMIacy A9pexeci KpuTepHilepiMeH 0aillaHbICTBIPATHIH CAaH/IBIK KaThICTap ajlbIHFaH.

Typmyxambemos A.JK., Aiimmanosa K. A., Omezenosa C.5b.

@DpaKTaJbHO- CTPYKTYPHBII aHAIN3 KOHBEKTHBHOIO TeI1000MeHa B TypOyJIeHTHOI cpefe.

PaccmaTpuBaroTcs 0cOOEHHOCTH KOHBEKTHBHOTO TEII0O0OOMEHa Tell B TypOylneHTHOH cpene. OOCyKIatoTcs pe3yJIbTaThl
9KCTIEPUMEHTAJIBHBIX HCclieoBaHNH. [laHHbIe SKCIIEPUMEHTOB TOKa3bIBAIOT, YTO HA TEIUIOOTIAaYy c(hepUUECcKOro Tesa
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BIIMSIIOT €CTECTBEHHAs KOHBEKITHUS, TETUIO(PHU3UUIECKIE CBOMCTBA CPEbl, CTECHEHHOCTh ITOTOKA, TYPOYICHTHBIN peXuM
Te4eHHs W T.O. B cmiry yka3aHHBIX (QakTOpoB Qopmyna Il pacdeTa KOHBEKTHBHOTO TEIIOOOMEHa, BKIIOYACT
MHOXECTBO OJKCIIEPUMEHTAJIBHBIX IOCTOSHHBIX, CTAHOBUTCA TPOMO3AKOH ¥ HEYJOOHOH IUIsI MPaKTHYECKOTO
npuMeHeHHs. B pabore mpuBeneHBI pe3yNbTaThl MPUMEHEHHS METOAOB (PpakTambHO-CTPYKTYpHOTO aHajm3a Uit
OTHCAHUS YKCICPUMCHTANBHBIX JaHHBIX KOHBEKTUBHOI'O TEIUIOOOMEHA IIOX000TeKaeMbIX (MMIIHHApA U cepsl) Tea B
kaHaye. [Tomy4eHbl KOJMYeCTBEHHBIC COOTHOMICHHSI, CBSI3BIBAIOIINE HHTCHCUBHOCTh TYPOYJICHTHOTO TIEPEHOCA TEIlIa ¢
KPUTEPUSIMHU CTEIICHN CaMOOpTaHU3aIiH.

Kasn B.1I1., Jlebeow A.T.

BackapsLiaTeiH Kajgakmapra e /lapbe THITI KeJl TYpOMHACKI.

Ken sHeprusichlH maiiganany THIMAUITIH apTTBIpY KoHE TIK Kaylakmanapra ue Jlapbe TUNTI el TypOMHACHIHBIH
JNMHAMUKAJBIK CHITaTTaMajIapblH J)KaKcapTy MYMKIHIIITIH 3epTTey HOTIKENepi YChIHbUFaH. TypOuHa Olirinaeri aiHary
MOMEHTIHIH [IaMayiapbl TYpOUHA KaJaKlIaJapbIHbIH aFbIHFa KATBICTBI OPHBIH 0acKapy apKbUIbl Kajail OHTalIaHIbIpYFa
OoNaTBIHABIFE KepceTired. Kanakmanapael 0ackapy JKemiJieri apHaWbl MMNHII IIHHAPIIK JKOJIMEH KaMTaMmachl3
erineni. XKemizeri >KONIBIH MIITiHI KaJaKIIaHBIH TOHTEIEKTIK KOJIBIHBIH opOip OeiriHae oHTaimbl madybul OYpPHIIEIH
KaMTaMachl3 eTyre MyMKiHIik Oepai. byn Cp sHeprusceiH naiinanany koddduuueHTin 1,5 ece apTThIpyFa XKoHE Kel
TypOMHACBIHBIH ©3/1iK CTapT aly OOJIaThIH >KeJl KbLIJaMBIFBIHBIH MOHIH TOMEHAETYT€ MYMKIHJIIK Oepi.

Kasn B.I1., Jlebeov A.T.

Berporyp6uHna Tinna Jlapbe ¢ ynpabJisieMbIMH JIONACTSIMH.

[IpencraBneHsl pe3ynbTaThl HCCIEIOBAHMS BOBMOXHOCTH YBEJIMUEHHS () (EKTUBHOCTH HCIIONB30BaHMS SHEPTUH BETpa
U yIIy4IICHHs] TMHAMHUYECKUX XapaKTepPUCTHK BEeTPOTYpOHHBI THIa Jlapbe ¢ mpssMbIME JonacTsMu. [TokazaHo kak MOTyT
OBITh ONITUMU3UPOBAHB! BEJIHIHHBI KPYTSIIETO MOMEHTA Ha BaJTy TYpOUHBI ITyTEM YIPABJICHUS MOJI0KEHHEM JOMacTeH
TypOMHBI OTHOCHTEIIBHO HAOETAIOIIEro MOTOKA. YTIPAaBICHUE JIONACTIMH 00ECIICUNBAIOCH IMIMHAPHIECKOH JOPOKKON
cnenuanbHOW (Gopmbl B mane. @opma AOPOXKKH B IUIAHE ITO3BOJIUIA OOECHEUNTh HA KaXJOM YYacTKe KPYroBOH
TPaeKTOPUH JIOTIACTU ONTHMAIBHBIN YTroil aTaku. DTO TO3BOJMIO YBEIWYHUTh KOI(P(PUIMEHT HCHIOIb30BAaHUSA SHEPTHU
Cp B 1.5 pasza u yMCHBIINTH 3HAUEHHE CKOPOCTH BETPa IIPU KOTOPOIl MPOUCXOIUT CAMOCTapT BETPOTYPOUHBIL.

Epwuna A.K., Cagvinosa C.E.

Ken TypOMHAHBIH THIMAUIITIH apTTBIPY dAici.

Makanana sxen TypOMHAIAPBIHBIH AHEPreTUKANBIK TYPFBIJAH THIMIUITIH apTTBIPY MYMKIHAIKTEpPi KapacThIPBUIFaH.
Banamans! sHepreTUKaHbIH, atan aiTKaHaa KasakcTaHmarsl ke SHepreTHKachIHbIH Ka3ipTi JaMy XaraaifblHa KbICKalla
tanaay Oepinren. Ecenrik 3epTreynep kepceTkeHnel, bunapre-2 Koc poTOpIIBI JKeJl 3JIEKTP KOHABIPFHICHIHBIH KyaThIH
apTTHIpyFa XYMBICIIBI KaJlaKIaJapbl KOTepy KYIIiHIH aifHaly MOMEHTIH OiliKKe >XKiOepeTiH ceplepiiepiHiH ©3iHIIK
OPHUTHHANBAI KOHCTPYKIMACHIH KOJAAHY apKbLIbI KOJI XKETKi3iinedi. JKen aFbIHbIHAH aJIbIHATHIH KyaTThl €49Yyip apTThIpa
anaTelH bunapee-2 xken TypOMHACHl KOHCTPYKIMSCHIHBIH KbICKAallla CHMAaTTamachl KenTipinreH. KoHueHTpatopis!
KOJIIaHa OTBIPHIT, bumapbe-2 kel TypOWHACHIHBIH THIMIIITiH, [TOK omaH opi apTThIpy MYMKIHZIITI TamKbUTaHIBL. XKemn
TypOMHACBHIHBIH calaTTaMalapblH XKEJIIH KOFapbl KbULAAMABIFBIHIA KAKCAPTY YINIH OaFbITTayIIbl KOHIIEHTPATOPABIH
KBUDKBIMaJIbl KAKIAKTaPbIH KOJIIAHBIIL, JKEJI aF bIHBIHBIH XKbUIAAMIBIFBIH PETTEYIIH €PEKIIe 9/1iCi YChIHBIIFaH.

Epwuna A.K., Cakunosa C.E.

Cnoco6 nopbimennst 3pGpeKTHBHOCTH BeTPOTYPOUHBI.

B cratbe paccMaTpUBarOTCS BO3MOXKHOCTH IMOBBINICHUS 3HEProd((EeKTHBHOCTH BETPOTYpOUH. JlaH KpaTKuii aHau3
TEKYIETO COCTOSIHHS PAa3BUTHs aJbTCPHATHBHON JSHEPreTHKH, B YACTHOCTH BeTpodHepreTuku B Kazaxcrane.
PacueTHBIM HCCIETOBaHHEM MOKA3aHO, YTO YBEIUYCHHE MOIIHOCTH JBYXPOTOPHON BETPOIHEPIETUYCCKON YCTAHOBKU
Bunapre-2 nocrturaeTcs 3a CYET HCHOJIB30BAHUS OPUTMHANBGHOW KOHCTPYKIIMHM pPa3MaxoB, MEPEHAIONINX Baly
BpamaTeIbHBIIl MOMEHT MTOIEMHON CHITBI pabounx somacTtei. JlaHo KpaTKoe OMHCaHNe KOHCTPYKIIMHA BETPOYCTAHOBKU
bunapne-2, koTopas IO3BOJISET 3HAYUTEIHLHO YBEITUUUTH MOIIIHOCTh, OTOMPAEMYIO OT BETPOBOTo moToka. O0cyxmaeTcst
BO3MOXHOCTH AanbHeliero moseimenus KI1/I BOY bumapre-2 ¢ moMoripio KoHIEeHTpaTopa. [IpeiokeH YHUKaIbHbBIH
METOJI PETyIHUpOBaHHUA CKOPOCTH BETPOBOTO TIOTOKA C TIOMOIIBIO CKOJB3SAMMX 3aCIOHOK HAIPABISIOMIETO
KOHIIGHTPATOpa € IENbI0 YIYJIIEeHUS XapaKTePUCTHK BETPOTYPOMHBI P BEICOKOI CKOPOCTH BETpa.

bespoonwiii M.K., Mucropa T.O.

APTBIK bLIFaJI 00yiMeH eHIIpicTiK 001MeHi KelieTy MeH KOHAULMOHEePJIeY/IiH *KbLIYy COPFbINI JKyiieci.
Makanaga >KbULABIH JKBUIBI ME3TUTIHIC apTHIK IIIKI BUIFAJFa ME OHMIPIC aliMarbl IMIHIETI KOJAMIBI JKaFaaimapsl
CaKTay VIIiH bUTy COPFBICHI Oap KEJJEeTy jKoHe ayaHbl Oanray JKyHeciHIH maiijanaHy MYMKIHAIKTEpI MEH SHeprus
TUHIMALTITI 3epTTenreH. OchblFaH OalTaHBICTHI MAlIaTaHBUTFAH ayaHBIH IMIiHApa KaiTa alfHAJIBIMBI JKOHE Ta3a CHIPTKBI
ayaHBIH aybICTIABI YJIECIMEH XKBUTY COPFBIII XKXYHECiHe TepMOIMHAMUKAIBIK TaJay kyprizimren. Keitin temneparypa
MEH CaJBICTHIPMAITbl BUIFAIBUIBIKTEIH ©3TepYiHIH JKOHE XKENJETy, COHbIMEH Oipre KOHIUIIMOHEPIEY OOBEKTICiHIH
CHUTIaTTaMaJIApPBIHBIH JKYHECIHIH MapameTprepiHe ocepiH Oarajay VINIH CaHABIK Talfay >KypriziireH. bym OepinreH
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JKYWEHIH OHIIPICTIK alMaKTarbl KOJAWJIBI >KaFmaiyiapAbl caKTay YIIH MOTCHIHAIABI MYMKIHIIKTEpiH aHBIKTayFa
MyMmKiHIik Oepmi. CoHnmali-ak, ayaHbl KOHIUITHOHEPJICY KaKETTUTIKTEpi YIIiH OefMeHiH KipeOepiciHmeri ayaHbl
KOCBIMIIIA CAJKBIHAATYIbl KapanmaibiM Kod((UIIMCHTTIH KOMETIMCH aHBIKTayFa OOJATBIHIBIFBI KOPCETIIII KOHE
Makanaga OHBI ecenTey ofici kenTipiareH. Temmeparypa MEH BUFAIABUIBIKTBEI CAaKTayIbIH JKbUTY COPFBINI KYHEcl
KOpIIaraH OPTaHBIH CAIBICTBIPMAIIBI TOMEH TeMIIEpaTypallbl aiMaKaTap/a €H JKOFapbl DHEPTUsl THIMIUIITIHE He XKOHE
KoOiHeCe CBIPTKBI ayaHBIH CAJBICTBIPMANBl  BUIFANIBUIBIFBIHAH TOYENAi. by 3epTTenreH Kyle KOHBIpXKaid
KOHTHHEHTAJIJIIK KJIMMATHI 0ap enepae KoJgaHyFa skapaMIbl AereH i Oimipeni.

bespoouviii M.K., Mucropa T.O.

TenJjioHacocHasi CHCTeMa BEHTWISIHUU U KOHJAHIIMOHUPOBAHNS MPOU3BOACTBEHHOI0 MOMEIIEHHs ¢ H30BITOYHBIM
BJIArOBBI/IeJIEHHEM.

B cratbe wWCCHemylOTCs BO3MOXXHOCTH IIPUMEHEHHs H  9Heprod(®(eKTHBHOCTh CHCTEMbl BEHTHILSIIMH U
KOHJMIIMOHUPOBAHHS C TEIUIOBBIM HACOCOM JUIsl IMOJJIEPKaHUs KOM(MOPTHBIX YCIOBHU BHYTPU TMPOH3BOACTBEHHOU
30HBI C W30BITOYHBIM BHYTPEHHUM BJIarooOpa3oBaHMEM B TEIUIOC BpeMs rofa. B cBs3u ¢ 3TuM ObUI MPOBEACH
TEPMOJAVHAMHYCCKUI aHAIN3 TEIUIOHACOCHOW CHCTEMBI C YaCTHYHOW PEIUPKYISALNUCH OTpabOTaHHOTO BO3AyXa H
MIEPEMEHHOM JTONIEH CBEXEro HapyKHOTO BO31yxXa. 3aTeM ObLI MPOBENEH YUCICHHBIM aHANWU3 JUIA OICHKH BIMSHUS
M3MCHCHHU TEMITEPaTyphl U OTHOCUTEIBHOH BIIAYKHOCTU OKPYIKAIOIICH CPEIbl H XapaKTePUCTUK 00BEKTa BEHTHIIAIHH U
KOHIUIIUOHUPOBAHHS HA MApaMETPhl CUCTEMBL. JTO MO3BOJHIIO ONPEICIIUTh MOTCHIIUAIBHBIE BO3MOXKHOCTH JaHHON
CHCTEMBI TIOJICPKUBATh KOM(OPTHBIC YCIOBHS B IPOU3BOJICTBEHHOM 30HE. Tarke OBLIO MOKa3aHO, YTO HEOOXOIUMOE
JIOTIOJTHUTEIPHOE OXJIaXICHUE MTPUTOYHOTO BO3/1yXa Ha BXOJE B MOMEIICHHE JUISl HYXK/ KOHIUIIMOHUPOBAHUS BO3IyXa
MOXKHO OIPEIeNUTh C MOMOIIBI0 MPOCTOr0 KOI(PQHIMEHTa, U B CTaThe MPUBEJCHA METOJHMKa ero pac4era.
TemoHacOCHAasE CHCTEMA MOACPIKAHMUS TEMIIEPATYPhI U BIAKHOCTH MMEET HauOOoIbIYI0 3Heprodd ek THBHOCTH B 30HE
OTHOCHTENIbHO HHU3KHUX TEMIIEPATyp OKpYKalolled cpeasl U BO MHOTOM 33aBHCHT OT OTHOCHUTEIBHOW BIQKHOCTH
HaApyXXHOTO BO3Iyxa. JTO TOBOPUT O TOM, YTO HCCJIeIyemas CHCTeMa IMOIXOMUT IJisi NMPUMEHEHHUs B CTpaHax C
YMEPEeHHO-KOHTHHEHTAJIbHBIM KIIMMATOM.

Bumiox B.A., Bumiok I''A., Cxaxoe M.K., 2Kaeunaposa JLK.

HMmnynsctik rpaguT peakTopbiHAa ChIHAK 00beKTiNepiHaeri Oepijiren 3Heprus MIBIFAPBLIYBIH icKe achIPY/AbIH
ecenTik Herizgemeci.

Makaiaga MOJICNBIIK TBAJAEP/E JKOHE KbUTY HIBIFApPFbINT )KUBIHTHIKTAP/Ia SHEPTUsl IIBIFAPBUTYBIH OEpUIreH aKkCHaJabIK
KOHE paaua/iblK TapaTyblH KaMTaMachl3 €Ty YIIiH HMMIYJNBCTIK TrpadUT pPeaKTOPbIHAA CBhIHAKTApAbl AadbIHIAY
ToXKiprOECiHe KOJIAHBIIATHIH TEXHUKAIBIK MISHIiMIEPi KOHE TOCUIIEPi YCHIHBUIFAH. beiHeTiH 3aTTapIbl )KaHFBIPTY
YIIiH TaianaHbUIaTeIH KEMITIITeH ypaHbl 0ap OTBIHHBIH KaOaThIMEH OAaWBITHIIIFAH OTHIHIBI €Ki aiMakKa OWIKTiKTIK
OeJIiHy TPUHITUTII KOJJAHBUIFaH, TETEPOTCHIIK KbUTY O6JIeTiH KypacThIpMa MBICAIBIHIA ChIHAK OOBEKTICIHIE OepilTeH
DHEPTUS IIBIFAPBUTYBIH KOJIEMIIIK TapadyblH KaMTaMachl3 €TETiH MICIIIMIEPiH eCeNTiK HeTi3JeMEeCiHiH TopTioi
KapacTHIPBILIBL. benriieHreH TOpPTINTi iCKe achIpyhl )KOHE COMKEC TEXHHKAIBIK MENNMIepai KaOblIaaysl CoyIeleHIipy
KYPBUIFBICBIH jk00ajiay CaTBICBIHAA MOJENbBIIK JKbUIYy OeJIeTIH KYpacThIpMa SHEprus IIBIFApBUIYBIH aKCHAIIBI XKOHE
panuainisl TapaiyblH OepinreH npoduibae KamTamachl3 eTyre MyMKiHIik Oepai. 3eprrey HoTKenepi OolibiHima 90,6
Bt/r (UO,) xone 74 B1/r (UO,) coiikec neHrelae alblHybl MYMKIH 9KCHEPHUMEHTTIK JKbITY 06JIeTiH KypacThIpMaHbIH
YCTiHTi JKoHE acTHIHFBI Oeiy aliMakTapnaa OipKeski paauaiibl LIbFapy MEH OENrieHreH opTa SHEPrHsl LIBIFapy.Ibl
KaMTaMachl3 eTyre MYMKIHIIK OepreH Imapanap KemleHi KepceTinmi. bynm mapamap sxeiry OeneTiH KypacTelpMa
KaTapiapbl OOWMBIHIIA OTHIHIBI TabJeTKanapiasl OaibITyIbl KallbIHA KEJNTIpYIi, aiiMakTapAblH IMIET >KaKTapblHIA
KYTKBIIIBl 0ap OTBIHAAPIBI TMaijalaHyAbl >KOHE pPEaKTOp OWIKTITiHAE CoyNeNeHIIPeTiH KYPBUIFBIHBI Oemnriii
TYPFBUIAHABIPYIBI SHT13€1I1.

Bumiox B.A., Bumwox I'.A., Ckaxos M.K., ’Kacunaposa JI.K.

PacyeTHoe 060CHOBaHUWE peajM3aliU 33JaHHOTO JHEPIOBBIIEJIEHUs B 00bEKTAX MCHBITAHUI HAa HMIYJbCHOM
rpauToBOM peakTope.

B cratbhe mpencTaBieHbl MOAXO/AbI U TEXHHYECKUE PELICHUS, NPUMEHSeMbIe B MPAKTHKE MOATOTOBKH HCIBITAHUII B
HMIOYJIBCHOM TPa(pUTOBOM peakTope, Ui OOCCIICYCHHS 3aJaHHOTO aKCHAIBHOTO U PaJUAIBLHOTO PACIpEICICHUS
SHEPTOBBIICICHUST B MOJCIBHBIX TBAJIAX M TEIUIOBBIICIAIONMX cOOpkax. PaccMoTpeHa mporeaypa pacdeTHOro
000OCHOBaHHS pCIICHUA, O0CCICYUBAIOIINX 3aJaHHOC OOBEMHOE paCHpElCICHUE JHEPTOBBIICICHUS B OOBEKTE
UCTBITAHAN HAa TpPHMEPE TeTCPOTCHHON TEIUIOBBIICIIONICH COOpPKH, B KOTOPOW MPUMEHEH NPUHIIMII BBICOTHOTO
paszencHus 00OTAlIEHHOT'O TOIDIMBA HA JIBE 30HBI CIOEM TOIUIMBA C OOCTHECHHBIM YPaHOM, HCIOJIB3yEMBIM IS
BOCITPOM3BOJICTBA JEJSIIIMXCS BEIIECTB. Peanu3aiys yka3aHHOH MpoueAypbl W TNPHHATHE COOTBETCTBYIOIIUX
TEXHHYECKUX pEIICHUH MO3BOJMIN OOECIeUNTh 3aaHHbIH MPO(UIbL aKCHATbHOTO M PAIMAIBLHOTO PACIpEIe/ICHUs
SHEPrOBBIJCICHHUS B MOJIENILHOM TEIUIOBBIICISIONICH COOpKE HA CTAJANHU MPOSKTUPOBAHUS 00Iy4aTeILHOTO YCTPOUCTBA.
ITo pesynbrataM HcCCEIOBaHUs IPOAEMOHCTPUPOBAH KOMIUIEKC Mep, IMO3BOJMBIINN 00ECHEeUUTh pPaBHOMEPHOE
paauanbHOE SHEPrOBBIICICHHE M 3alaHHOE CpPEJHEe DHEProBBbIACICHHE B BEpPXHEW W HIDKHEH 30HAX JeNCHUs
AKCIIEPUMEHTAIHLHOM TETUIOBBIICIISIIONICH COOPKH MOXeT ObITh moxydeHo Ha ypoHe 90,6 B/t (UO,) n 74 B1/r (UO,)
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COOTBETCTBEHHO. JlaHHBIE Mephl BKIIOYAIOT NPOPUIMpPOBaHHE OOOTAIICHMS TOIUTMBHBIX TaOJETOK IO psiaaM
TEIUIOBBIACTAIONME COOpKH, WCIONB30BAHME HA TOPHAaX 30H TaONETOK C TMOTJIOTHTEIEM U OIpEACTICHHOE
MTO3UIIMOHUPOBAHUE 00IYIaTEIFHOTO YCTPOHCTBA IO BEICOTE PEaKTopa.

Xacenoe A.K., Hycynbexos V.b., Kapabexosa JI.7K., Cmoes M., borambexosa M.M.

CyJibl KeMip OTBIHBIHA KA2KeTTi YCaK JUCIEePCUsIJIbI OHIM/I aJIyAbIH 3J1eKTPONMITYJIbCTI dici.

O3zexTi Mocenenepniy Oipi - KabaTThl HeMece INAHJBI JKaFyMEH CalbICTHIpFaHAa OipKaTtap apTHIKIIBUIBIKTapFa He
KeMip/ii cy KeMipJli OTHIH TYpiHIE *Xaryabl THiMAI maipanaHy. Kemip oTeIHBI OipKaTap SKOHOMHUKAIBIK, MaiinanaHy
JKQHE HKOJIOTHSUTBIK apTHIKIIBUIBIKTapFa e, Makamnaa 3JISKTp UMITYJIbCl 9/1ici KOMip OTBIHBIHBIH YCaK AUCIEPCTI OHIMIH
ay Ke3i peTiHxe KapacThlpburraH. KeMipai YHTaKTayAblH YCHIHBUIFAH 9[iCI CYMBIKTHIKTAFbl YIIKBIH JICKTP Pa3psiibl
HOTIKECIHJE Taiia 00IaThIH UMITYJIBCTIK COKKBI TOJKBIHBIHBIH SHEPTUSCHIH Naiifananyra Herizaeiared. Kemip oThIHBI
KYpaylIblIaphIHBIH KaXETTI TPaHYyJIOMETPHSIIBIK KYPaMbIH ajiy YIIiH OJJIEKTPUMITYJIBCTI pa3ps mapaMmeTplepi
OpHATBUIFaH.

Xacenoe A.K., Hycynbexos V.b., Kapabexosa JI.7K., Cmoes M., borambexosa M.M.

DJIEKTPOMMITYJIbCHBIH MeTO MOJyYeHUs] MeJKOIUCIIEPCHOHHOT0 MPOAYKTAa BOJA0Yr0JILHOT0 TOIJIMBA.

OIHUM U3 aKTyaJbHBIX BOIIPOCOB CTAHOBUTCS 3(P(PEKTHBHOE HCIIOIB30BAHUS CXKHTAHHS YIS B BUIC BOJOYTOJIBHOTO
TOIUTUBA, KOTOpas UMEET PsJl MPEUMYIICCTB M0 CPABHCHUIO CIOCBBIM WJIM TMBUICBUIHBIM CXKHUTaHHEeM. BomoyronbpHoe
TOILTUBO UMEET Psi/I SKOHOMHYCCKUX, FKCIUTYaTAI[HOHHBIX M SKOJIOTUYECKUX MPEUMYIIECTB. B cTaThe paccMaTpuBaeTcs
ANEKTPOUMITYJICHBIA METOJ] KaK MCTOYHHK ITOJYYCHHUS MEIKOAUCICPCUOHHOTO MPOAYKTa BOJOYTOJIHHOTO TOILIHBA.
[pemmaraeMeiii crmoco® W3MENBYCHUS YIS OCHOBAH HA WCIOJIB30BAHWM JHEPTHH UMITYJIBCHOU YIAPHOH BOJIHBI,
BO3HUKAIOIICH B pE3yJdbTaTe WKCKPOBOTO AJIEKTPHUYCCKOTO paspsia B OIKUIKOCTH. YCTAaHOBJICHBI MapaMETPBhI
3JIEKTPOUMITYJIbCHOTO ~ paspsiia Ui [OJydeHHss TpPeOyeMoro TIpaHyJIOMETPHUCCKOTO COCTaBa KOMIIOHECHTOB
BOJIOYT'OJIBHOTO TOILIHBA.

Hwmxeroponos A.U., T'aspunun A.H., Moiizec b. b., Kysmunos K. A.

KoBop keH OpHBIHBIH ipi eJmeMai BEPMUKYJIHMT CJIIOAAJAapbIH KaiiTa eHJeyre apHAJIfaH TEXHOJIOTHUS KIHe
KYpaa-Ka0abIK.

KoBIop KeH OpHBIHBIH Tay-KeH KaJAbIKTapbIHAH ANbIHFaH ipl KeJeMJi BEPMHKYIHUT CIIOAajapblH Kaiita eHueyre
apHaJIFaH TEXHOJOTHSUIAp MEH Kypall-KaOAbIKTapIsl o3ipiey - eHjey ©oHepKaciOiHe ipi Keiemai BepMHKYIHTTI
KalTapyra MYMKiHIIK Oepeni. bepinren makamaga 20 MM KOHE OJIaH Ja KOl eNIIeMJIepre Ue ipi KeJeMIi CIFOJaHbI
KalTa eHJIey TEXHOJIOTHICHIH JaMBITYy acleKTiIepi KapacThIpbUIFaH. 3epTTeyIiH MakKcaThl — radapurTi OesiexTepai
YHTaKTay apKbUIBI ipi eJIMIEeM]li BEPMHUKYJIHT [IUKI3aTHIH YHTAKTAy TEXHOJIOTHACHIH 3€PTTEY, TEXHOJOTHUSIBIK Kypa-
XKaOJBIKTBI 33ipJiey XKOHE OHBI MaiilaylaHy MPOLECTEPiH 3epTTey OOJIBIN TalObLIabl. 3epTTey HbICAHBI — ipi eJmeMi
BEPMUKYJIMT LIMKI3aThlH YCAaKTayFa apHaJFaH KeCy KOH/BIPFBICBIHBIH JKYMBIC MPOLEC] kKOHE OHBIH KOHCTPYKIHSICHL.
3epTTey omicTepi KecureH ipi enmemai OeNmeKTepaiH KO3FaIbICHIH aHAIMTUKAIBIK MOJAETBACYTe KOHE OCHI HETi3ze
KeCy KOHABIPFHICHIHBIH KYMBIC MTPOLIECIHIH HET13T1 CUITaTTaMajapblH aHbIKTayFa Heri3aenred. Kecy KOHIBIPFUIaphIHIA
ipi OemmmexkTepai MaimanamMai KyHmipyi - 2JIEKTp MeMTepiHiH OHIMIUTTIH TOMEHIETYTe OKENETiH KYHIIPY YaKbIThIH
eIoyip apTTBIPYBIH KaXKeT eTeTiHi aHbIkTadraH Kecy arperaThlHBIH KaObuimay OapaOaHapbIHBIH TUTIKTEpiHE
OemIIeKTepAiH TYCY YaKbIThl aHBIKTAJIbI, COHBIH HETi3iHAe KaObuigay OapabaHIapbIHBIH alHATY >KbUIIAMJIBIFEI MECH
OHBIH Maiia’any eHIMJIUTIT €CeNTEIICH.

Huoicecopoooe A.U., I'aspunun A.H., Moiizec b.b., Kysuiunog K.A.

TexHosiorusi U 000pyA0OBaHHE /s MePepadoTKU KPYIMHOPA3ZMEPHBIX BEPMUKYJIHUTOBBIX CJIO KOBIOPCKOIO
MEeCTOPOKIEHHS.

PaspaboTka TEXHONIOTHH U 000PYIOBaHHS TSI IEPEPaOOTKH KPYIMHOPA3MEPHBIX BEPMUKYIUTOBBIX CIFOJI, TOMTYyYCHHBIX
U3 OTXOJIOB TOPHBIX PaboT KOBIOPCKOro MECTOPOKACHHS, TO3BOJISET BO3BPAIIATh KPYIMHOPAa3MEPHBIN BEPMUKYJIHUT B
nepepabaThIBAIONIYI0 MPOMBIIUICHHOCTh. B JaHHO#W CTaThe paccMaTpUBAIOTCS AaCMEKThl Pa3pabOTKH TEXHOJIOTHU
nepepaboTKH KpYMHOTA0ApUTHON cirofsl ¢ pazMepamu 20 MM u Oonee. Llenpio uccieqoBanusl SIBISICTCS H3ydeHHUE
TEXHOJIOTHH HM3MENBYCHUS] KPYIMHOPa3MEPHOI'O BEPMHUKYJIMTOBOIO CBHIPbs IyTEM HM3MENbYCHHs TrabapUTHBIX YacTHUI,
pa3paboTka TEXHOJOTUIESCKOTO OOOPYJIOBAHHMS W M3yYEHHE IMPOIECCOB €ro dKCIuryaTarui. OObEKTOM HCCIeTOBaHUS
SIBJIsIETCsI pabOUHii Mpoliece pyOUTENIBHOTO arperaTa JJisi H3MeJIbUeHUs] KPYITHOPa3MEPHOTO BEPMHUKYJIIUTOBOTO CBHIPbS U
€ro KOHCTPYKIHs. MeTobl HcciieoBaHus 0a3upyIOTCs Ha aHATUTHICCKOM MOJCIHPOBAHUU JIBHKCHUS Pa3pyOacMbIX
KpPYIMHOPa3MEPHBIX YaCTUI[ W ONPEACICHHA Ha 3TOW OCHOBE OCHOBHBIX XapaKTEPHCTHK pabouero Imporecca
pyOHTEIBHOTO arperaTa. Y CTaHOBICHO, YTO OOKHMT KPYIHBIX YACTHI[ 0¢3 WU3MENBUYCHUS B PyOUTEIBHBIX arperarax
TpeOyeT CYIIECTBCHHOTO YBEIHYCHHUS BPEMEHH OOXHra, 49TO CHI)KACT MPOU3BOIUTEIHHOCTh JIICKTPOICUCH.
OmnpenencHo BpeMs MOMATaHUs YaCTHII B IPOPE3H MPUEMHBIX 0apabaHOB PYOUTEILHOTO arperara, HCX0As U3 KOTOPOTro
paccuuTaHa CKOPOCTh BpAIlleHHsI IPUEMHbBIX 0apabaHOB M ero SKCILTyaTalOHHAS IPOU3BOAUTEILHOCTS.
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Xaupanues C.U., Katiwybaesa H., Cnumac K., /[picynoubaes B.E.

KaabInThl KYIITiH dcepiHeH Teric eMec 0eTTepaiH CTATHKAJIBIK 63apa dpeKeTi.

MammHa kacayIpIH Kas3ipri 3aMaHFbl KOHCTPYKIMsUIaphl ((koHe OacKaiapbl) yikenic 6ap TYHIHIepAiH MaTeMaTHKAaJIbIK
MOJIETIbJICPiH XKacayFa koOipek Tanamn Kosiabl. OpUKIMsIIBIK OaliIaHBICTBIH KaCHETTEPiH 3ePTTEYl €19yip KMbIHAATAThIH
IIapT OHBIH €Ki OaiaHbICATHIH ACHEHIH 9p TYPJi T€OMETPHSUIBIK MapaMeTpiIepiMeH JUCKPETTUIIr OOJIBI TaObUIaIbI,
COHBIH HOTW)KECIHJE TYHiCy TeK YHKeJIeTiH JeHenep i (Herisi koHe chlpraHaybl) Oip OeiriHiH apacklHAa FaHa maiina
Oonanel. JYKaHacaThlH OETTEpIiH T'€OMETPHSICHl Ke3AeHCOK (YHKIMSIapMEH aHaFypibIM 9Nl CHUIATTajajbl, anaina
Ke3ZIeHcoK (YHKIMsUIap HeTi3iHne yHKenic TYHIHAEpIH ecenTey omictepi oTe Kypaemi. by skymbic Teric emec
napamertpiepi 6ap Kemip-OyabIpibl JEeHEHIH TYHICIIei e3apa opeKeTTecy MOJETIH KYPYABIH 0acTankpl Ke3eHi OOJIbITT
TabBIIaAbI, Oipak op JeHe YIIiH TYpakThl. byman 6acka, OaiaHbIC Ka3bIKTHIFBIHIA CHIPTKBI KOJIIEHEH KYII OOJIMaraH
JKarmaina OalulaHbICAaTBIH JIEHEeNepAl KbhICAThIH alHBIMANIbl KYIINeH OalTaHbIC MOJEN KapacThIPBLIAAbI JKoHE Oy
JKYMBIC OCHI OCTTepaiH ©3apa OpEeKEeTIHIH CcalbICTRIpMalbl KapamalbiM CyI0achIMEH YHKeldic OeTTepiHiH e3apa
OpeKeTTeCy MOJICNiHIH KYPBUTY JJNIIITiH TeKCepyre MYMKIHIIK Oepeti.

Xaupanues C.HU., Kauwybaesa H., Cnumac K., [{ocynoubaes B.E.

Craruyeckoe B3aHMO/IeiicCTBHe IEPOX0BATHIX MOBEPXHOCTell NPH 1eliCTBUY HOPMAJILHOM CHJIBI.

CoBpeMeHHbIe KOHCTPYKLUHMHM MAIIMHOCTPOCHHsI (M HEKOTOpHIE Jpyrue) INpeabsBIAIOT Bce OoJblie W OoIblie
TpeOoBaHMIT K pa3pabOTKe MaTeMaTHYeCKHX MOJeNeil y370B, B KOTOPBIX IIPUCYTCTBYET TpEHHUE. Y CIIOBHEM,
CYIIECTBEHHO YCIIOKHSIONIMM HCCIIEAOBAaHNE CBOMCTB (PPUKIMOHHOTO KOHTaKTa, SIBISAETCS €ro JUCKPETHOCTH C
Pa3HBIMH TE€OMETPUYECKUMH IapaMeTpaMH [BYX KOHTaKTHPYIOIIUX TEJ, B PE3yJIbTaTe 4YEro KOHTaKT oOpasyercs
TOJIBKO MEXy YacThlO IICPOXOBATOCTH TPYIIUXCS Tel (OCHOBAHMUE WM CKOJBKCHHE). |'eOMETpHs KOHTaKTHPYHOIIUX
MIOBEPXHOCTEH HanOoJee TOUYHO OMUCHIBACTCS CIydaWHBIMH (YHKIMAMH, OJHAKO METOIBI pacdeTa y3JIO0B TPEHHS Ha
OCHOBE CITy4alHBIX (DYHKIMH OdYeHb CIOXHBL JlaHHas paboTa sBIAETCS HAYaIbHBIM JTAllOM IIOCTPOEHHS MOJAENIH
KOHTaKTHOT'O B3aUMOJAEHCTBHUS ABYX IIEPOXOBATHIX TEJI C ITApaMETpaMH MIEPOXOBATOCTH, KOTOPBIE Pa3IMIHBI IS ABYX
TeJI, HO TIOCTOSHHBI JUIi KaXAOro OTAeNpHOro Tenma. Kpome TOro, paccMaTrpuBacTcsi MOJENIb KOHTaKTHOTO
B3aUMOJICICTBUS C IEPEMEHHON CHUIOH, CXKMMAIOIIed KOHTaKTUPYIOIUE TeNa, IPH OTCYTCTBUH BHEIIHEH MONEepeuHON
CHJIBI B IUIOCKOCTH KOHTAaKTa, U JaHHas paboTa MO3BOJISIET IIPOBEPUTH TOYHOCTh IOCTPOCHHUST MOJIETH B3aMMOJCHCTBHS
MOBEPXHOCTEH TPEHUSI C OTHOCUTENBHO NIPOCTOM CXEMOM B3aUMOACHCTBHS 3THX TOBEPXHOCTEM.

Paxaounos B.K., Cxaxos M.K., Munuszos A.JK., Kypeposa JI.I'., Hyeymanoea A.b., Xacenos A.K., Kapabekxosa J].2K.
Korapsl TeMnepaTypajbl INIA3MAJIbIK cdyJleeHAipy Ke3inae Bob(ppam yirinepinae aeiirepuiini Kapman aaysl.
byn xyMmbIc neHTepuilIiH >KMHAKTAJBI MIOFBIPIAHYBIH, COHIAH-aK IUIa3MajblK IIOFBIPMEH COYJICNICHHIPY Ke3iHIe
BobpaM VATIEpiHIAE NOeHTepuiii KapMmam aiy yAepiciH 3eprreyre apHairad. CoyleleHIIpreHHEeH COH YJTiHIH
Oetingeri esrepictep, OIpKaJIBIICHI3 Oezepiiey YAEpICIiHIH HOTWXKeciHIe Naima OosraH OeTki Oexepiiep TypiHze
Oakpiranapl. CoyneneHAipiyieTiH yiriepaiH OeTki KaOaTBHIHBIH KYPBUIBIMBI MEH OelepiHiH e3repy mAspexeci
CoyneNneHIipy TeMIiepaTypacbiHa Tayenyi. [lnasmaMen coyneneHaiprer ke3ue Bosbppamaa qeHTepHiIiH )KUHAKTAIBII
LIOFBIPJIAHYBl  AMHUCCHSUIBIK JKOHE TEPMOJIECOPOLMSUIBIK CIIEKTPOMETPHS SJICTEpIMEH 3€pTTENIiHIeH. AJIBIHFaH
HOTIDKEJIEpre CoMKec KapMall —ajblHFaH JACHTepHiAiH Kem Meimepi 7 MKM TEpeHIIKTEe  KWHAKTaJIBII
IIOFBIPJIAaHATEIHABIFBI AHBIKTAJIIBL.

Paxaounos B.K., Cxaxos M.K., Munuszos A.JK., ’Kypeposa JI.I"., Hyeymanoea A.b., Xacenos A.K., Kapabekxosa J].2K.
3axBar AeiiTepusi B 00pa3uax BoJib¢ppaMa NpH BHICOKO-TEMIEPATYPHOM MJIa3MEHHOM 00J1y4eHUH.

PaboTa mocBsmeHa H3y4eHNIO HAKOTUICHUS AEUTEepHs, a TAaKXKe MCCIESJOBaHHUIO TIpoIlecca 3axBaTa JIeiTepust B oOpas3nax
BoJb(ppaMa Mpu OOJydEeHUH IIa3MEHHBIM IMydkoM. [Toka3zaHo, 4TO mociie 00JlydeHHsT Ha TIOBEPXHOCTH HAOIIOIAETCS
N3MEHEHHE MTOBEPXHOCTH KaK Pa3BHTHH peibeda B pe3ysbTare HEOJAHOPOIHOTO TPaBJICHHs MOBEPXHOCTH. IIpm sTom
CTETIeHb M3MEHEHUsI penbeda M CTPYKTYpPhI MOBEPXHOCTHOTO CJIOSI OOJydeHHBIX 0Opa3loB 3aBHCUT OT TEMIEPaTyphl
oOyyenusi. Bpun n3ydeHsl HaKkoIJIeHUE JieiiTepus Boib(paMe npu o0irydeHnH AeiiteprueBoi masmoil. [IpoBeneHHbINH
TEpPMOJICCOPOLIMOHHBIN aHaIu3 00pa3oB Bojdb(pama, 00IydeHHBIX AeHTepHeBOH IIa3MoM, TOKa3all 4To, TOBEPXHOCTh
Bolb()pamMa HachIaeTCs AedTepueM. JlaHHBIE TIOJTyYEHHbIE, METOJOM OMHCCHHHOW CIIEKTPOMETPHH U
TEPMOJICCOPOLIMOHHON CIIEKTPOMETPHM TOKa3aJl, YTO OCHOBHAs OIS 3aXBaYCHHOTO AEHTEpHs aKKyMyJIUpyeTcs Ha
IyOWHE 710 7 MKM.

Mameees U. I'., Kapnos K. A., FOpuenxo A. B., Cumenc D.

I'eomeTpusiabIK Oearijiepre HerigejreH aHbIKTAy JJiciH KOJZaHYbIMEH KoIle OPTACHIHAAFBI HBICAHIAPbI
0aKbplLIay aJITOPUTMI.

Makanaza TeoMETpPHSUIBIK Oenrijiepre HeETi3JeNreH aHbIKTay ajirOPUTMIH KOJIAaHYBIMEH KeIle OpPTACHIHAAFEI
HBICAHIApABl Oakpuiay onici ychiHBbUIFaH. Helcannmapapl Oakpuiayra apHanFaH (YHKIMOHAJIJBUIBIKTAH Oacka,
YCHIHBUIFAH aJTOPUTM TEOMETPHSUIBIK Oelrijiepre HETi3eNreH aHbIKTay aITOPUTMIHIH JQJIITiH  apTTHIpajbL.
OOmbeKTizepi Kajaranay YIIiH YCHIHBUIFaH TOCLI YSUIbl TOMOJIOTHS JKeici OObIN TaObuIaThiH OipHeme OeiiHeOaKbLIay
KaMmepaJlapblHaH aJIbIHFaH aHbIKTAy aKlapaThlH naijgananaabl. HakTel skarmaiyiapaa sKyprisiares skcrnepumentrep 10-
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40% >xoFapbl aHBIKTAY JIIIITiH KOPCeTTi, Oy YCHIHBUIFAH TYKBIPBIMIaMaHbI pacTaasl. bakeinay anroputMi Kimiripim
€CEeNTey PECypPCTapblH KAXKET eTefli, Oy OHBI dcipece MHTEPHET-3aTTapJbIH OHIMIUIITT TOMEH HH(PaKyphUIHIMBIHA
KOJITaHyFa MYMKIHJIK Oepeti.

Mameees U. I'., Kapnos K. A., FOpuenxo A. B., Cumenc D.

AJITOPUTM OTCJICKHBAHUA O0BEKTOB B YJHMYHOIl cpele ¢ NPHMEHEHHEM MeTOJAa OOHAPY/KeHHUS! HA OCHOBe
reoMeTpHYECKUX MPU3HAKOB.

B cratbe mpemnokeH IMOAXOX UL OTCIC)KMBAHUS OOBEKTOB B YIMYHON Cpefe C MCIOJIB30BAHHUEM allrTOpUTMa
oOHapyXeHHs Ha OCHOBE I'€OMETPHUYECKMX INpH3HaKoB. KpoMe (yHKIMOHAIBHOCTH Ul OTCIEKHBAHUS OOBEKTOB,
NIPEAI0KEHHBIH aNTOPUTM IOBBIMIAET TOYHOCTh OOHApYKEHHs aIropuTMa OOHApYKEHHsI Ha OCHOBE F€OMETPUUYECKUX
npu3HakoB. [IpeanoxeHHbI MOAX0[ [UIA OTCICKUBAHUS OOBEKTOB HCIONB3yeT HHGPOPMAIMIO OOHAPYKEHHS
MOJTyYEHHYI0 C HECKOJNbKMX KaMep BHACOHAOMIONCHUS, TNPEICTABIAIOMNX COOOH CeTh SMEHCTOH TOIOJIOTHH.
[IpoBeneHHBIE SKCIIEPUMEHTHI, IPOBEICHHBIC B pEAbHBIX yCIOBUAX, okazanu Ha 10-40 % Goiee BBICOKYIO TOYHOCTH
00HapyKEHHs, YTO MOATBEPIUIIO MPEIUIOKEHHYIO KOHLETIHUIO. AJITOPUTM OTCIECKHUBAHHUA TPeOyeT HE3HAUMTEIILHBIX
BBIYHCIIUTEIBHBIX PECYPCOB, YTO JEIAET €T0 OCOOCHHO MIPUMEHNMBIM ATl HU3KOIPOU3BOJUTENEHON HH(PACTPYKTYpHI
WnTepHeTa Beei.

Bakmuibexos K. C., Kypmanoaii A., Caxanos K., Cvi30vik08 A., Myxameoues A.

7Keke KbUIKBITHUIFAH §OJIIEKTEPMEH KIHe illiHapa KeJieHKeJIey jKaFJaiibIH/1a MaKCUMAJ/IbI KyaTIieH ceHiMIi
0aKbLIay HYKTeciMeH 0oJimeKkTepain yiiHaiciH oHTalIaHABIPY.

KyaTTsl GackapyaplH THIMII dmicTepi (HOTOINEKTPIIK KyHenepai sko0anayabliH axsipamac Oemiri O0ibIT TaObLIaIbL.
KyaTThIIbIKTBl 6acKapy KYpaTIapblHeIH Oipi - TYPaKThl TOK TYPIACHIIPTIMIIHIH )KYMBIC IAKIIIH TYPaKTHl TOKKA 9p TYpJIi
aNrOpUTMIEP/i KOJIJIaHa OTBIPBII, TEK KyaT MaKCHMAaJIIbl OOJIATBIH HYKTENEpe )KYMBIC icTey. KyaT IIBIFbIHBIH a3aiTy
YILiH, ocipece AMHAMUKAIIBIK ©3TEPEeTiH JKapbIKIEH, i3/1ey MYMKIHJIIriHIIe Te3 *Kypri3uryi kepek. Ecentin kypaemniiri
ilmiHapa KeJIeHKeJey KarmaiibiHga (OTOIIEKTPIIK JKYWEHIH CBI3BIKTBIK €Mec TopTinTe Typaabl. DoTodIeKTpiik
MaHENBACPIIH MeNIepi MEH KYPBUIBIMBIHA OailIaHBICTHI OONIICKTEepIiH YHIHIICI OmiCi KONTereH IKEePTiliKTi
MakcuMyMaapbl 0ap P-V KHCBIKTapbIHBIH YJIKEH CaHBIH JKacaibl, OYJ OHTAHIIBI JXYMBIC HYKTECIH aHBIKTAHTBHIH
aKBUIIBl AITOPUTMII KaKeT ereni. bipHemie mbIHIapAbl ©HAEH aaMalThIH KOJJAHBICTaFbl €H JKOFapbl KyaT HYKTECIH
OakplIay alIropuTMIEpi SKOHE OChl Makanaaa 013 Oenrimi Oip TamcelpmMa YmIiH OeJmiekTepAiH —YHiHIICIH
OHTAWIAHABIPYFa OeHiMIeny I YChIHAMBI3.

Baxmuibexos K. C., Kypmanoaii A., Caxanos K., Cbi30vik08 A., Myxameoues A.

OnTuMHU3aNMs PO YACTHI[ ¢ MOMOIILK) HMHIMBHAYAJLHO CMEHIEHHBIX YACTHII M HAJAEKHOT0 OTCJEKUBAHUS
TOYKH ¢ MAKCHMAJIbHOI MOIIHOCTHIO B YCJIOBHAX YACTHYHOIO 3aTeHEHHUsI.

O¢ddexTuBHBIE  METOABI  YIPABACHHS  MOIMHOCTBIO  SBJSIFOTCS ~ HEOTHEMJIEMOM  YacThl0  MPOCKTHPOBAHUS
¢doroanekTpuueckux cucteM. OTHUM U3 CPEICTB YIPABICHHS ITOAa4YCi MOIIHOCTH SIBIISICTCS PETyJIUpOBaHHE pabouero
UKJIa MPeoOpa3oBaTest MOCTOSHHOTO TOKA B TIOCTOSHHBIN C IOMOIIBIO PA3JIMYHBIX AJITOPUTMOB JIJISl pa0OTHI TOJIBKO B
TOYKaX, TJC MOIIHOCTH SBJISCTCS MaKCHUMalmbHOH. [IOMCK IOJDKEH BBITIONHATHCS KaK MOXHO OBICTpee, 4YTOOBI
MUHHMH3HPOBATh TOTEPU MOIIHOCTH, OCOOCHHO TpPH JWHAMHYCCKH W3MCHSIONICH OCBemeHHOCTH. CI0KHOCTh
MTOCTABJICHHOW 33aJ]auy 3aKIF0YaeTCs B HEIMHEHHOM TOBEACHUU (POTOIICKTPHUUCCKON CUCTEMEI B YCIOBUSAX YACTHIYHOTO
3aTeHCHMS. B 3aBHCHUMOCTH OT pasMepa W CTPYKTYpPhI (DOTORICKTPUYECKHMX ITaHEIEH METOA POsS YacTHI[ CO3[aeT
OTPOMHOE KOJIMYECTBO BO3MOKHBIX KPHUBBIX P-V ¢ MHOTOYHCICHHBIMH JIOKAJIBHBIMH MaKCHMyMaMH, 9TO TpeOyer
HHTEJUICKTYaJIbHOTO arOpUTMa ONPEICIICHUS ONTUMAbHOMW paboueii Touku. CyIIeCTBYIOIINE STAIOHHBIC aJITOPUTMBI
OTCJIC)KUBAHHUS MAKCHMAILHON TOYKH MOIIHOCTH, KOTOPBIE HE MOTYT 00pabaThiBaTh HECKOJIBKO ITMKOB, H B 3TOH CTaThe
MBI [IPEUIaracM aJanTaiio ONMTHMHU3AIKMN POSI YACTHII TSI KOHKPETHON 3a1adH.

Cypoicuxos A.I1, Jlvicenxo E. H., Manvuues A. B., Kacvimos C. C.

PaguanusaiabiK >KoHe pagualMsJIbLI-TEPMHUSUIBIK :KaFjailiapaa Kyidaipy kesinge ¢eppurTepAiH MarHMTTIiK
KacueTrTepi MEH MUKPOKYPbLIBIMIAPBIHBIH 63apadaiiaHbIichl.

3epTTeynep JIUTHH  anMacTBIpbUIFaH (EppUT YITUIepiHAEC O KYPTi3UreH. Paauanusisl-TepMUSIIBIK — KYHAIpY
naierHmamanapasl (1.5-2.0) MaB sHepTrHsiIbl SJIeKTPOHAAPIBIH HMITYJIbCTI moFbIMeH, (0.5-0.9) A UMIyIbCTETI MOFHIP
TOTBI, COYJIETICHY MUMIYJbCIHIH Y3aKThIFbl — 500 MKC, UMIYIBCTEPIiH XYpy kuimiri — (5-50) I'n, madwiHmamamapapt
KBI3IBIPY KbUTIaMAbIFel — 1000 °C/MUH coyneNneHaipy apKblIbl )KYy3eTe achlpeliabl. TepMonemTepe Kakray (T-kakray)
aJIbIH aja KbI3ABIPBUIFAH KaMEpalbIK JJIEKTp TemiHAe Xyprizinmi. JKyMbicTa MarHWUTTIK HHIYKIUSHBIH (EppUT
JIOHIHEH TAYeNCi3/iri KepceTiinreH. by sxarnaiina KOSpIUTUBTI KYII 1oH MeJIIIepiHe Kepi MPOIOPIHMOHAI XKaHe Gepput
YIITIIepiHiH MK KeYeKTUIriHeH Tayenai. TepMUsIbIK KaKTayMeH CaJBICTBIPFaH/a PaJnalysuIbl-TEPMUSUIBIK KaKTay
OCIIT KeJie XKaTKaH TOHICPMEH JTOHICP apachIHIAFhl KyBICTapIbIH KapMayblHa OKEIIMEHII KOHE JIOH IIIITIK KeYSKTepaiH
KOaryJIIUsIayFa bIKIa eTeIi.
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Cypoicuxos A.I1, Jlvicenxo E. H., Marvuues A. B., Kacvimos C. C.

B3anMocCBSI3b MArHUTHBIX CBOWCTB WM MHKPOCTPYKTYpbI (eppHTOB NpPH CHEeKAHMM B PaJHALUOHHBIX H
PAIHANHOHHO-TEPMHYECKHUX yCIOBHAX.

HccnenoBanus NmMpoBOAWIMCH Ha oOpasnax JMTHH 3aMelieHHOro dQeppura. PanmannoHHO-TepMHYECKOe CIIEKaHHe
OCYIIECTBISUIOCH O0Jy4eHHEM 3aroTOBOK MMITYJILCHBIM ITy4KOM 3JIEKTpOHOB ¢ sHeprueit (1.5-2.0) MaB, Toke my4ka B
nmmynsee (0.5-0.9) A, anurensHOCTH UMIynbea oburydenust — 500 MKc, 4acToTe clieloBaHHUs UMITYbeoB — (5-50) I,
ckopoctu pasorpeBa 3arotoBok — 1000 °C/mun. Chnekanume B Tepmomedax (T-criekaHwe) NOpOU3BOIMIOCH B
NIPEABAPUTENHHO PA30TPETOll KaMepHOW JIeKTpHYecKod meun. B paboTe mMokasaHa HE3aBUCHMOCTh MarHHUTHOW
WHIYKIUH OT 3epHHUcTOCTH (epputa. IIpm 3TOM KO3pIMTHBHAS cuiia 0OpaTHO MPONOPLMOHANBHA Pa3Mepy 3€pHa U
3aBUCHT OT BHYTPU3EPEHHOH TOPUCTOCTH (EPPUTOBBIX 00pa3oB. PaquamoHHO-TEPMUYECKOE CIIEKaHHUE, B OTIMIHE OT
TEPMHUUYECKOTO CIIEKaHMs, HE NPHBOJUT K 3aXBaTy MEK3EPEHHBIX IYCTOT PAacCTyIIMMH 3€pHAMU U CIIOCOOCTBYET
KOaryJIsLUHi BHYTPU3EPEHHBIX IIOP.

Apxunos B.B., Apvineasun A.K., Kyoycoe A.C.

DJIeKTPOANHAMHUKAHBIH  KOHE  CAJBICTHIPMAJBLIBIKTBIH  KAJIbI TeOPHSICBIHBIH ~ KOTOMOJIOTHSIIIBIK
MO/IeJIb/IepiHiH KYPbLIbIMBI TYPAJIbI.

YCHIHBUTFAaH JKYMBICTa PuMaH adyaH TYPIUNNiHZErl KYpHesi CKaJsip epic KapacTHIPBUIBIN, ©piC TEOPHUSICHIHBIH
JIarpamKUaHAapblH  KYPY/JbIH KOTOMOJIOTHSUIBIK 9Jlicl *koHe MU depeHnnanbl TeOMETPUSIHBIH COMKeCTI acreKkTiiepi
3eprrenred. ToubIK Jarpamkuan Mozeni Puman amyan Typainiringe 4-gopma TypiHAE YCBIHBUIQABL. ©OJIC-TICLII
Kysere acelpy yuiH nauddepeHumanablk (p, q)-popManap MeH XOKABIH JKYJIIBI3ABI ONEpaTOpNapbIHBIH 1MIKi
CKaJISIPJIbl KOOSUTIHIICI KOMaHbUTFaH. Moelb dpeKeTiHIH KypayIIbUIaphl, OHBIH IMIiHIEC TPABUTAIUSUIBIK KYPAYIITBICH,
MaTepusi epicTepiHiH KBaApaTTHIK (opMmayiapbl >KOHE HETI3Ti TETPaaThl OpicTepi PETiHIE YCHIHBUIYBI MYMKIHIIT1
kepcetirer. 3eprrey JleBu-UnBnTa MeTprKa KarmalbIMEeH MIeKTe . MoIenbaiH epeKIIelNiri sKalnblIaHFaH ChIPTKBI
nuddepeHaNIBIH HUIBIIOTEHTTUNIK KAaCHETiHIH JKOFalybIMeH OalmaHeicTel. Mogenb aschiHma Kinein-I'opaoH,
MakcBeIT XKoHe JKaJIIbl CATBICTHIPMAIIBUIBIK 9PEKETTEPl )KaHFBIPTHIIFaH.

Apxunoe B.B., Apvineazun A.K., Kyoycoe A.C.

O cTpyKType KOroMoI0ru4ecKux Mojeaei 3J1eKTPOAMHAMUKHI U 0011eii TeEOPUHM OTHOCUTEJIbHOCTH.

B mpencraBneHHO# paboTe paccMaTpUBacTCss KOMIUIEKCHOE CKAJSIPHOE MOJIC HA pPUMAaHOBOM MHOTO00pAa3Wy, H3ydaeTcs
KOTOMOJIOTHYECKHI  CIIOCOO  TMOCTPOCHHS  JIATPAH)KMAHOB ~ TEOPUU  IMOJII M COOTBETCTBYIOIIME  ACIEKTHI
muddepeHmaIbHOi reoMeTpun. [IONHBIN NarpamkWaH MOJACTH Npearactcs B Buae 4-GopMbl Ha PHMaHOBOM
MHorooOpa3un. [l peann3anuy MoAX0a WCHOIB3YeTCsl BHYTPEHHEe CKaIsIpHOE Ipom3BeneHue auddepeHnraIbHbIX
(p, 9)-bopM U 3BE3AHBIX OMEpPaTopoB Xomka. [lokazaHO, YTO COCTABIAIOIINE NEHCTBUS MOJEIH, B TOM YHCIE
TpaBUTALMOHHAS, MOTYT OBITH INPEICTABICHBI KaK KBaIpaTHYHBIC (POPMBI IONEH MaTepuH W OCHOBHBIX TETPAJHBIX
nosieii. MccnemoBanme orpaHnduBaeTcs ciydaem MeTpuku JleBu-UuButhl. OCOOCHHOCTH MOJETH CBs3aHA C
HCYC3HOBCHHEM CBOHCTBA HIJIBIIOTEHTHOCTH OOOOIIEHHOTO BHemHero muddepeHnuana. B pamkax Momenu
Bocmpou3BeneHsl neiicteus Kieitna-I'opnona, MakcBeiia u o01eit TeOprur OTHOCUTEIILHOCTH.
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