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Dear authors and readers!
Dear Colleagues!

Traditionally, in the Preface we inform you about the scientometric indicators achieved at this moment
by the “Eurasian Physical Technical Journal”.

Indeed, the ranking of the Eurasian Physical Technical Journal as a peer-reviewed scientific journal
indexed in the Scopus database continues to strengthen. As of September 5, 2022, the CiteScoreTracker is 1.0.
Now the dynamics of this indicator, which depends on the publication activity of authors and readers, can be
observed monthly on our website - https://phtj.buketov.edu.kz/index.php/EPTJ/index.

Since 2022, all stages of preparing articles to publication in “Eurasian Physical Technical Journal”
(uploading and receiving the manuscript and all the necessary information, examination, peer review and
literary editing) are carried out online. The site contains all the necessary instructions for authors on the correct
input of the manuscript necessary materials, strict observance of which contributes to the publication quality.

The work carried out by members of the editorial board and programmers made it possible to upload in
the Archives published in the period 2000-2022 articles not only in PdF-format, but also in a convenient
interactive form with reference data in 3 languages. So, under preparing an article for publication in another
journals, authors using the "How to cite" option can quickly and without errors convert the data of their article
according to 10 standard formats of bibliographic references.

In this issue, the readers are offered the results of scientific research aimed at solving modern topical
problems in physics and technology. Practice shows that without optimization of production processes,
development and implementation of efficient technologies, it is impossible to achieve any scientific and
technological progress.

The Materials Science section presents the results with practical importance, for example: the method of
possible variation of the "pore diameter of copper oxide from several tens of nanometers to hundreds of
microns” with a simultaneous change in film thickness; technology for obtaining bulk nanostructured
materials; the established fact that “the graphene nanoribbon and the electric field determine the self-assembly
of molecules of nematic liquid crystals in the biaxial state”; regularities of "temporal kinetics of the electronic
subsystem of yttrium iron garnet after exposure to fast heavy ions"; method of "magnetron sputtering for
deposition of protective high-entropy multi-element coatings", etc.

Avrticles of the Energy section are devoted to solving the most urgent problems of modern energy and
their environmental aspects, such as the development of: a way to reduce the carbon content in gas emissions
by using methanol as a fuel; a method for improving the photovoltaic parameters of solar cells by influencing
TiO2 on the efficiency of a functionalized dye; a new efficient version of the Bi-Darrieus type wind turbine,
which makes it possible to significantly increase the coefficient of wind energy utilization; the method of
cooling the corium to ensure effective localization of the melt of the core of a nuclear reactor.

Important technical and innovative developments are given in the next 2 sections. The workability and
wear resistance of triboconnections, the wear of which depends on the conditions of contact interaction and
the state of the surface layer, are analyzed. In order to ensure the transmission of messages without distortion
and loss of information due a result of fractal analysis of the model network, an efficient cluster router based
on eccentricity has been developed and its information dimensions have been calculated.

The use of the FOCUS CPM software allowed the authors to fairly accurately assess the influence of the
design features of the devices on their electro-optical characteristics.

We are grateful to our authors for the provided scientific papers with the importance results that
undoubtedly will be of interest to scientists, teachers, researchers, doctoral students and undergraduates.

We are appreciated to qualified and valuable our reviewers work, which contributes to the quality
assurance of articles.

We will be glad to see you among our readers and authors of the next issues.

Best wishes,
Editor-in-chief, professor Sakipova S.E.
September, 2022
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INVESTIGATION OF THE INFLUENCE OF ANODIZING MODES
OF COPPER OXIDE FILMS ON THEIR MORPHOLOGY

Smirnov V.1, Kadir M.2, Alpysbayeva B.?, Nemkayeva R.?

Forschungszentrum Jilich (FZJ), Germany
%al-Farabi Kazakh National University, Almaty, Kazakhstan, kadir.meruyert@gmail.com

This work presents experimental data on the surface morphology of Cu,O films obtained by single-stage
electrochemical anodization. The process was carried out at a constant applied potential of 50V and at a
temperature of 13°C (90 seconds) in an electrolyte based on phosphoric acid. During the experimental work, the
optimal synthesis parameters were determined. The morphology of copper porous films was studied using atomic
force microscopy Ntegra Therma. The effect of the main anodizing parameters on the morphology of the
nanoporous Cu,O film was investigated. According to the results of experimental work, it was found that,
depending on the parameters of the anodizing process, it is possible to vary the pore diameter of copper oxide
from several tens of nanometers to hundreds of microns, while it is also possible to change the film thickness.

Keywords: nanoporous, copper oxide, electrochemical anodizing, phosphoric acid, atomic force microscopy.

Introduction

Recently, one of the most rapidly developing scientific areas is the production of new nanostructured
materials. Such materials include nanomaterials based on copper oxide. Copper oxide is a narrow bandgap
semiconductor material with a high absorption coefficient in the visible region. Low cost, environmental
friendliness, richness of resources makes copper oxide promising for use in sensors [1], hydrogen production
[2], energy conversion [3, 4], supercapacitors [5], semiconductor catalysis [6, 7], and biosensors [8, 9], etc.

In connection with the method of synthesis of nanostructured copper oxide, the direction of research for
optical and electronic devices increases significantly [10]. Numerous methods have been used to synthesize
Cu20 nanostructures [11-13]. However, the above methods have their drawbacks such as expensive
equipment, expensive reagents, harsh reaction conditions, uncontrolled structures, and complicated
experimental setup.

Among the methods, the most effective is the anodizing process. Anodizing is a scalable, versatile,
economical (technological equipment cost is low) method for obtaining oxide coatings for metals. In
addition, by changing the main parameters of the anodizing process, such as electrolyte composition, etching
voltage, and anodizing duration, it is possible to control the morphology and size of the copper oxide
nanostructure [14, 15]. Recently, nanostructures of copper oxides have been synthesized based on the
anodizing process [14-16]. For example, in [17], copper oxide nanostructures were synthesized by anodizing
copper deposited on glass from tin oxide doped with fluorine, and the thickness of the deposited copper was
500 nm. In [18], nanostructured Cu,O thin films with different morphologies were fabricated by anodizing in
an ethylene glycol electrolyte containing 0.15M potassium hydroxide, 0.1M ammonium fluoride with 3 wt.
% deionized water. In this study, a mechanism for the formation of a thin Cu,O film was proposed and the
effect of anodizing voltage and electrolyte temperature on morphology was investigated.

Using the anodizing process, Cu,O nanostructures with different morphologies can be easily
synthesized, which can help expand the scope of this material.

1. Experimental part

During the experimental work, a copper plate (99.61%) with a thickness of 40 um was used as the
starting material. The process of one-stage anodizing was carried out at a constant applied potential of 50V
in an electrolyte of 0.4M H3PO, at a temperature of T=13°C for 35-90 seconds. Before starting the anodizing
process, the copper plate was preliminarily annealed in a muffle furnace at a temperature of T= 400°C for 60
minutes. The surface morphology of the nanoporous copper oxide was studied by Ntegra Therma (NT-MDT)


mailto:kadir.meruyert@gmail.com

6 ISSN 1811-1165 (Print); 24132179 (Online) Eurasian Physical Technical Joumal, 2022, Vol.19, No.3 (41)

atomic force microscopy and scanning electron microscopy (Quanta 200i 3D FEI). To study porous copper
films, we used a semicontact AFM and an NSG30 type cantilever. Elemental analysis was carried out on the
basis of energy dispersive X-ray analysis (EDAX).

2. Results and discussion

The process of formation of a porous structure and the degree of ordering primarily depend on the
chemical purity of the initial copper. To study the influence of the chemical purity of the initial copper on the
structure of the obtained films, elemental analysis was carried out on a scanning electron microscope (fig. 1).
Elemental analysis was carried out on the basis of energy dispersive X-ray spectroscopy. As the results of the
analysis showed, the composition of the original copper plate contains oxygen impurities. Figures 2 (a, b, )
show the SEM image of copper before heat treatment, after thermal annealing at 400°C in the air, and after
the anodizing process. As can be seen from figure 2 c, there will be much fewer areas with orders pores on
the surface of copper films. Therefore, before carrying out studies on the production of copper oxide films, it
is necessary to select a starting material with a high chemical purity.
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a) b)
Fig. 1. Results of elemental analysis of a copper plate: a — SEM micrograph, b — EDX spectrum and table for the

weight percent and atomic percent
a) b)

c)

Fig. 2. SEM image of copper: a-pure; b-after the annealing process; c-after anodizing process

The main parameters affecting the structure of the synthesized Cu,O are the temperature and time of the
anodizing process, the composition of the electrolyte, and the applied voltage. Depending on the choice of
electrolyte composition, primarily on the type of acid, it is possible to form pores with different pore sizes.
As already noted, in the present work, porous copper oxide was obtained at a temperature of 13°C.
Stabilization of the electrolyte temperature during the anodizing process is necessary in order to avoid local
heating in the layer of electrolyte contact with the surface of the original copper. At sufficiently low
temperatures, the electrolyte can freeze and the anodizing process slows down, which, accordingly, leads to a
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slowdown in the formation of the pores themselves. Consideration must be given to the importance of
temperature stabilization during the anodizing process. Voltage is another key parameter of the anodizing
process that determines the porosity and the morphology of the nanostructured copper film. Anodizing at a
voltage of 50 V, a nanoporous film is formed on the Cu wafer. At voltages above 50 V, a highly oriented
porous film is formed [18]. In general, it should be noted that the porosity of the nanostructured film
increases with an increase in the anodizing voltage. Figure 3 shows AFM images of porous copper after
anodization, , where the pore size and their structural features can be estimated.
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Fig. 3. AFM and SEM images of copper films after anodizing:
a-copper plate; b- matte area (al); ¢ - dark area (a2); d- oval area (edge, a3)



8 ISSN 1811-1165 (Print); 24132179 (Online) Eurasian Physical Technical Joumal, 2022, Vol.19, No.3 (41)

Figure 3a shows the sample itself, as can be seen from the figure, the anodizing process is unstable over
the entire surface of the plate and, accordingly, have a different morphology (fig. 3 b, ¢, d). This may be due
to different chemical bonds on the surface and in the volume of copper. In addition, experimental data show
that the formation of a porous structure and the degree of ordering are affected by the chemical purity of
copper. As a result of the study, it was found that porous structures begin to form on the copper surface and
with different pore diameters, depending on the anodizing parameter. The pore diameters ranged from
several tens of nm to hundreds of microns. Such porous structures are formed under the following anodizing
process conditions: U = 50-100V, T = 13-16°C,t=355,60s, 90 s.

Conclusion

Based on the results of the study, the following conclusions can be drawn:

1. Nanostructured copper oxide films were synthesized using single-stage electrochemical anodization
in 0.4M H3POs electrolyte at a temperature of T=13°C at a voltage of 50 V.

2. Technological conditions for the synthesis of Cu.O samples have been worked out. It was found that,
depending on the parameters of the anodizing process, it is possible to control the thickness and vary the pore
diameter from several tens of nm to hundreds of microns. The average thickness of the synthesized
nanoporous films is 1 um.

3. The surface morphology of the obtained samples was studied by atomic force microscopy and
scanning electron microscopy. As the results of the study showed, the degree of pore ordering depends not
only on the process parameters, but also on the chemical purity of the initial copper.
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SEVERAL NOTES ON THE LATTICE THERMAL CONDUCTIVITY OF
FRACTAL-SHAPED NANOPARTICLES

Shishulin A.V.12* Potapov A.A.>#, Shishulina A.V.>®

'Pleiades Publ., Ltd., Moscow, Russia, chichouline_alex@live.ru
2G.A. Razuvaev institute of organometallic chemistry, Russian Academy of sciences, Nizhny Novgorod, Russia
3V.A. Kotel'nikov institute of radio engineering and electronics, Russian Academy of sciences, Moscow, Russia
4JNU-IREE RAS Joint Laboratory of Information Technology and Fractal Processing of Signals, Jinan University,
Guangzhou, China
5R.E. Alekseev Nizhny Novgorod State technical University, Nizhny Novgorod, Russia
6N.I. Lobachevsky Nizhny Novgorod State University, Nizhny Novgorod, Russia

Using the additive technologies in the production of nanoparticle-fabricated three-dimensional materials
has become one of the most promising ways of obtaining effective and low-cost thermoelectric energy converters.
Nanostructuring provides a route to modifying selectively the transport properties which determine the materials
thermoelectric efficiency. In this paper, we have shown one more effect which consists in a significant dependence
of the contribution of lattice vibrations to the thermal conductivity coefficient of a nanoparticle (its reducing is
required in practice) on its morphology for nanoparticles of a pure substance. The particle morphology has been
specified by the values of its effective diameter, fractal dimension and surface roughness.Using nanoparticles of
pure bismuth at low temperatures as an example, we have demonstrated a notable decrease in the lattice thermal
conductivity in “complicating” the particle morphology. In the final section, we have presented methods of
calculating characteristics of nanoparticle ensembles, the methodology of measuring the fractal dimension
experimentally also being discussed.

Keywords: thermoelectric materials, thermal conductivity, nanoparticles,phonons, fractal dimension.

Introduction

Thermoelectric materials and energy converters on their basis have been an object of considerable
interest among researchers in recent years [1]. The expanding field of their application includes energy
generators which operate in extreme conditions (radioisotope thermoelectric generators for Voyager-2 and
other space modules [1]), thermoelectric converters for utilizing the waste heat dispersed into environment
[2], cooling and temperature-control facilities based on the Peltier effect, etc. [3]. Despite the intensive
development of multiple approaches to obtain thermoelectric materials with promising properties based on
low-dimension structures (nanofilms [4,5], quantum wires [6], etc.), highly-effective and low-cost
thermoelectrics can be produced on the basis of 3D nanocrystalline structures [7,8]. The scheme which
illustrates the performance of a typical thermoelectric converter is given in Fig. 1.

Temperature gradient, flow of charge carriers

“Hot”side [§ . “Cold” side
(17 :

Fig.1. Schematic illustration of the performance of a typical thermoelectric converter. A thermoelectric device creates a
voltage when there is a different temperature on each size of a thermoelectric material sample. At the atomic scale, an
applied temperature gradient causes charge carriers in the material to diffuse from the “hot” side to the “cold” side.
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The key characteristic parameter determining the materials thermoelectric efficiency is the
dimensionless figure of merit, ZT, which can be expressed as a function of thermal conductivity x,

electrical conductivity o and Seebeck coefficient a: zT =a20?/;< where T s the average temperature
and

between the “hot” and “cold” sides of a thermoelectric converter and x = «,, + K [1,2,7]. Here, x,,

K, are the contributions of charge carriers (electrons, holes) and phonons (crystal lattice vibrations) to the

thermal conductivity, respectively (several other contributions, e.g. the ones of excitons or spin-orbit
coupling, are neglected, being much lower). In every single material, as a rule, electrical conductivity o and

the contribution of carriers to the total thermal conductivity, «., , cannot be varied separately, and optimal

car?

thermoelectric properties can be obtained primarily through the reduction of the phonon contribution x, . In

nanostructured polycrystalline materials, «, is generally decreased through the formation of multiple

interfaces (grain boundaries) which scatter thermal phonons [9], add to this, the energy filtration of charge
carriers at grain boundaries, which reduces the contribution of low-energy carriers to transport properties,
results in an additional increase in the Seebeck coefficient [2]. Nanostructured polycrystalline thermoelectric
materials can be produced using various technologies of up-to-date powder metallurgy, e.g. spark plasma
sintering, selective laser sintering, selective laser melting, etc. [7,8].

It is necessary to mention that several effects manifesting themselves at the nanoscale provide
additional “knobs” which allow tuning the properties of thermoelectric materials. For example, the phase
equilibria in small-volume particles of stratifying solutions become morphology-dependent, being different
from the ones of macroscopic-sized structures, which leads to the possibility of the formation of stable
phases, the compositions of which are highly unstable in macroscale particles at the operation temperatures.
As we have previously shown in [10,11] using the combination of thermodynamic [12] and ab initio [13]
approaches, such phases correspond to much lower values of the phonon thermal conductivity coefficients
favoring the growth of the thermoelectric figure of merit; we have also predicted the set of optimal
morphological characteristics (as well as some other factors) which lead to reaching the minimum value of

x,, - These effects have been interpreted as the implementation of several mechanisms of lowering the free

energy of a nanoscale system, which can also be competitive in several cases leading to specific non-
monotonous dependences of phase equilibria characteristics [14]. Despite the fact these effects are realized at
the nanoscale particle sizes (available for the additive technologies, however) in the majority of cases, there
is a broad class of systems with greater molecular masses in which such effects manifest themselves at
characteristic sizes even several thousand times higher [15,16] (and should probably be called “small-
amounts-of-matter effects” instead of “size effects” [17]).

In the present paper, we have shown for the first time another specific effect, which consists in
additional decrease in the phonon contribution to the thermal conductivity coefficient, manifesting itself in
nanoparticles even of pure substance. Physically, this effect is associated with an increase in the
morphology-dependent fraction of surface atoms which have oscillation characteristics being different from

the ones of atoms in the particle volume. The dependence of «, on particle morphology has been

constructed using nanoparticles of pure bismuth as an example. Bismuth (being either pure or alloyed with
antimony) is considered to be one of the most efficient thermoelectric materials especially at low
temperatures with a large set of possible application fields including space technologies. The obtained
estimates combined with the ones in [10] show one more possible route to the more effective optimization of
the thermoelectric performance of particle-fabricated nanoalloys.

1. Lattice thermal conductivity of nanoscale particles: the morphology matters

The specific properties of the substance in systems of a very small volume have been investigated by
the scientific community since 1850: M. Faraday was the first to emit the idea that the melting temperature
of extremely tiny particles should be smaller than the one for the bulk state [18]. A detailed review
concerning unique properties of the substance at the nanoscale including the melting behavior can be found
in Refs [18,19]. Here, in order to determine the morphology-dependent melting temperature of nanoparticles,
we have used the model suggested by W.H. Qi and M.P. Wang [20]. Being experimentally verified for
nanoparticles of pure bismuth, this model is based on the considerations of J.H. Rose etal. [21,22] on the
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binding theory of solids which allow deriving the well-known empirical relation between melting
temperature T and cohesive energy E_ for pure metals: T =0.032E_ /k, where k_ is the Boltzmann

constant. According to the approach of W.H. Qi and M.P. Wang, the dependence of the nanoparticle melting
temperature on the morphology can be described by the following equation: 7™ =T1"" (1 ékr, /d,, ) where

at

7™ and T are the melting temperatures of a nanoparticle and the bulk material, respectlvely, ris the
atomic radius and k and d_, are the shape coefficient and the effective diameter of a nanoparticle (the

diameter of a spherical nanoparticle of the same volume). The shape coefficient is the ratio between the
surface area of the particle under consideration, A, and the surface area of the sphere of the same volume,

A k= A/ A, (in details, such approach and its variants have been described in [12,23,24]). High values of

shape coefficient k could be obtained, for example, in the case when the considered particles have the shapes
similar to simple non-spherical geometric structures (for example, k=1.49 for a tetrahedron, k=1.52 for a
cone, k=3.20 for a star icosahedron (an icosahedron with a tetrahedron at each face)) or structures extended
in one direction (for example, values k>2.00 correspond to oblate spheroids with aspect ratio a/b>5 or to
prolate spheroids with a/b>3). Moreover, high surface-to-volume ratios are also characteristic for particles of
complicated and irregular shapes, in order to take into account their morphology, the notion of fractal
geometry is often used [25]. According to the approach suggested by us in [26,27], the shape of a particle

can be characterized by its fractal dimension D which correlates its volume V and surface area A: A=cv’
where C is a numerical coefficient. For real irregular morphologies of materials structure elements, D<3 and
is typically non-integer. The most classic examples of fractal structures are worm-like, amoeba-like, and
porcupine-like ones [26] (see Fig. 2a). The formation of fractal-shaped structures is generic for many non-
equilibrium processes [28].

D=2.89 D=2.91

nano jeybulk
0/ /gl

0,98 - .
0,97
0,96 4 -
0,95 -
0,94 4 .

0,93 4

D

Fig 2. a) examples of “amoeba-like” and porcupine-like” fractal structures with various D; b) the dependence of relative
Debye temperature 6" / 62" on the fractal dimension for a nanoparticle with de=40 nm.

Melting temperature and temperature 6, at which all the modes of oscillations in the considered solid

medium become excited (known as the Debye temperature), are interrelated according to the Lindemann
criterion of melting [29]. This criterion is based on the statement that the root-mean-square amplitude of
thermal oscillations at this temperature reaches a certain critical value which represents a constant fraction of

the characteristic interatomic distance, ¢, in the crystal lattice. o, is the so-called ”Lindemann parameter”,
5 €[0.15,0.30]. The Lindemann criterion can be mathematically formulated as follows [29]:

T =4z°As’a’k,6, [4N,h* where h is the Planck constant, a is the characteristic interatomic distance and A

is the molar mass of the considered substance. Since the characteristic distances in the crystal lattice are
independent on the size and shape of a particle when the particle size does not exceed several nanometers,
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H nano ul 2 - - = - - -
we obtain 6, [J Tmﬁ2 , 0" =0" (1—6kra[/deﬁ )]/ while shape coefficient k is expressed is a function of volume

V., V =zd% /6, and fractal dimension D of a nanoparticle: k(V,D)=V*°/(3v/az)". The dependence of

temperature ¢, on the fractal dimension for a nanoparticle with der=40 nm is plotted in Fig. 2b.
In the general case, the contribution of phonons to the thermal conductivity coefficient («, ) is directly

proportional to average phonon velocity v, and phonon mean-free path | [9]: «, =C /3 where C, is

PVPhIPh

the specific heat of the material under consideration. Temperature 6_ is related to the average phonon

velocity according to the following equation [30,31]: 6, 0 (2h/k, )(3N, /4=v, )" v, . Here, V, is the molar

volume of the considered material. The dependence of the molar volume on the nanoparticle morphology

becomes significant only when the characteristic size of a nanoparticle is 5-10 times lower than the ones
regarded in this paper [32], therefore, we obtain ¢’ /9;“Ik =V /vz:'k. According to the derivations in
[33,34], I} / 1" =(¢9[”f”° /g™ )2 . After some simple algebraic transformations taking into account all the

considerations above, we obtain Eq. (1) for the phonon contribution to the thermal conductivity of a
nanoparticle, «*, as a function of its morphology; «" represents the lattice thermal conductivity of the

bulk material.

K::m = nexp(l— Iu/deﬂ )>< (1— C (7[/6)%71 d:ff%i%)ra( )KZ:'k. (1)

Decreasing the size of nanoparticle and “complicating” its morphology lead to a more significant
phonon scattering effect which, in its turn, affects the heat transfer process in nanostructures. A set of models
describing the phonon scattering process in nanosystems in different conditions is given in Ref. [35]. In this
paper, in order to demonstrate the essence of the phenomenon, we have applied the simple model which has
been previously used by M. Goyal [36] (its experimental verification in several cases is also described in
[36]). In the framework of this model, we have included pre-term 7 exp (1—|’;§'k /deﬁ) in Eq. (1) where 7 is

the surface roughness parameter, 7 < (0,1], while ratio 1" /deﬁ is known as the Knudsen number. According

to [36], the larger values of ; correspond to a smoother nanoparticle surface leading to a higher probability
of the specular scattering and to a lower probability of the diffusive one. Whereas the lower the value of 5 is,

the rougher the surface is, which leads to an increase in the probability of the diffusive scattering resulting in
a significant decrease in the lattice thermal conductivity (see Fig. 3).
Note that the correlation between surface roughness » and fractal dimension D of a nanoparticle is not

unique (since their nature itself is different: the fractal dimension value is associated with the surface-to-
volume ratio while the surface roughness corresponds primarily to the number of edges. For example, an
amoeba-like particle with no edges or an ellipsoid with a high aspect ratio can have fractal dimensions
significantly below 3 while their surface roughness parameters can be near to 1). Several notes on the
dependence of fractal dimension on the surface roughness are given in [37] (see also their graphical
representation in Fig. 2 of [37]). In our considerations, we have varied parameter 5 from 0.85 up to 1 in

increments of 0.05. Without any losses of generality, coefficient C, which also matches dimensions, is
accepted to be 4z for the sake of convenience. The phonon mean-free path for pure Bi in the bulk state as
well as the value of its lattice thermal conductivity have been obtained ab initio in [13]. Fig. 3 is plotted for
the case the heat transfer takes place in the “binary” crystallographic direction ((100)) while the operation
temperature of the thermoelectric element is 100 K.

In is also worth mentioning that a high surface-to-volume ratio leading to significant changes in the
number of surface atoms as well as in the cohesive energy is characteristic not only to nanoparticles and their
ensembles but also for nano- and mesoporous media (see, for examples, our calculations in [38,39]). In such
cases, we may expect the dependences of thermal properties on the pore morphology similar to the ones
described above. The formation of such structures is possible, for example, during the early stages of spark
plasma sintering, laser sintering of nanopowders as well as using a variety of other techniques (see [39] and
Refs. therein).
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Fig. 3. The dependence of the phonon contribution to the thermal conductivity coefficient on fractal
dimension D and surface roughness parameter 77 for a nanoparticle of pure Bi with der=40 nm.
2. Additional remarks on nanoparticle ensembles

In the In the case of nanoparticle ensembles, the average functional properties of particles depend on the
size and shape distributions in an ensemble. In [40,41], we have suggested a method for calculating such
distributions based on the combined usage of number theory, fractal geometry and statistical
thermodynamics. For example, the equilibrium size distributions for nanoparticles with fractal dimension D

in a free-dispersed system can be expressed as follows:
N 2 [2
:N_¢pexp{n(\/;(N—¢p)— EN]} 2

7A,(D)+RTIn fp] .
e
Here, 4, = o(d,,/d,)’is the number of atoms in a nanoparticle (its so-called “stoichiometric number”),

f (¢p,D,N): exp(— e

o is the lattice packing density, N is the total number of atoms in the system, A (D) s the specific surface

area of the ensemble, 5 is the surface energy of the material in the considered external environment; d, is

the atomic diameter. The presented estimates are in perfect accordance with the experimental data (see [40]
and Refs. therein) and make it possible to model the thermodynamical conditions for the realization of
optimal average geometric characteristics of nanoparticles leading to the optimal thermal and thermoelectric
properties as well to predict the degree at which such properties are “blurred” in an ensemble. For example,

average fractal dimension (D) and average stoichiometric number <¢p> of nanoparticles in the ensemble
can be calculated as follows:
>0 1, (D,.4,.N)dg,

Q(N)

> [4,%.(D.¢,,N)dg,

Q(N)

(D) 4, Q(N)=X[1,(D,.¢,N)dg,. (3)

Here, the limits of the integration over ¢, belong to range [LN] while the sample of distributions is

considered where D, e (2,3)with an arbitrarily selected step.

Similarly, the suggested model makes it possible to determine some other properties of a nanoparticle
ensemble, such as effective linear nanoparticle size <|e"> (the edge length of the equal-volume cube) or

effective nanoparticle diameter d_, (several remarks on the calculation of such values are given in [40]):

(ILy=0(N)"d, >[4, (D,.4,)ds,. (d,)=(N)"d, > [f,(D,.¢,)dg,. (4)
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It is necessary to note that the numerical calculations of integrals such as IX(DI,¢p) f,(D,.¢,)ds,, the
upper integration limit being comparable to the Avogadro number, is quite complicated due to the fact the

contribution of “huge” particles (¢p € [Nf\'e, NA]) is practically equal to zero. In their standard description,

the calculation of such integrals using the software packages such as Mathworks MathCAD or Wolfram
Mathematica can be misleading. In the case Wolfram Mathematica is used, the problem can be solved by

modifying the integration method as follows: (Method — {" DoubleExponential *," SymbolicProcessing" — 0} ) .

Mathworks MathCAD allows selecting the integration technique: dividing the integration region into the
intervals corresponding to the maxima of function f_ (DI,¢D, N) has turned out to be the most appropriate

approach.
Wolfram Mathematica allows replacing sum >"[x(p,.4,)f,(D,.4, N)dg, With double integral

IIX(D,¢p) f.(D.¢,.N)dg,dD; in this case, the final result can be obtained through integrating sequentially, at
first, over ¢, : x(D,N)=[x(D,.4,)f,(D,.4,.N)dg,, ¢, <[1.N] ; thereafter, over D: x (N)=[x(D,N)dD.

Conclusion

Estimating the fractal dimension of nanoparticles using the optical or electron microscopy data can be
carried in the framework of various approaches [42]. Among them, it is necessary to mention the so-called
“box-counting technique” [43] which allows determining with satisfactory accuracy either the two-
dimensional fractal characteristics or the three-dimensional ones using halftone microscopic images. In the
two-dimensional case, the technique can be described as follows: the analyzed microscopic image is
converted into a monochrome one, the illumination gradient being eliminated and the brightness being
normalized if necessary. A mesh is specified over the image with a predetermined step, and then the image is
transformed into a binary matrix where “1” corresponds to the mesh cells with the brightness above the
specified threshold value. “0” corresponds to the others. Fractal dimension D is estimated according to the
following dependence: S ~ LP (to within a dimensional factor) where S is the area of the “white” surface
(equal to the number of coloured mesh cells) while L is the linear size of the image (matrix rank) [44]. It is
worth mentioning that the value of fractal dimension D is sensitive to the chosen brightness threshold, P,
in the most general case. For the well-founded selection of the value of P as well as for the elimination of

possible ambiguations, the calibration dependence, D(P), is constructed; the example of such dependence

is given in [46]. In the three-dimensional case, a 3D mesh is specified where two axes correspond to the
spatial coordinates while the third one stands for different levels of the image brightness. The fractal
dimension is determined using the relation between the number of cells with the brightness above the
specified threshold and the total number of cells. For each cell with a high brightness value, all the cells
below are also taken into account.
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Experiments on computer simulation of the behavior of polar nematic phenylpropargyl ethers of
parachlorophyllens on the surface of graphene nanoribbon made it possible to reveal a number of regularities.
The dynamics of molecules is studied when the dimensions of graphene change under the action of an electric
field and temperature. As a research method, the method of molecular dynamics was used in the approximation of
a liquid state of aggregation. The simulation was carried out in the atomistic approach. It was shown that the
graphene nanoribbon and electric filed defines the self-assembly of the nematic liquid crystals molecules in the
biaxial state. These states appear at the variation of the graphene nanoribbon ratio of width to length. It was
found that in the clearing area the ordering of the parachlorophyllens starts to grow when the value of the ratio of
width to length is 3: 1.

Keywords: nematic liquid crystals, graphene nanoribbon, computer modeling
Introduction

Graphene has a great interest due to its electrical and thermoelectric properties. Research on changes in
the electronic states of metal ions [1-2], photo-electro-chemical response [3], absorption processes [4], the
nature of the interaction [5], electrical [6-7] and temperature conductivity [8], phase transition temperatures
[9] show the crucial role of graphene. The performed experiments [10] on computer modeling of the
behavior of the polar parachlorophyllens (PEC), located on the surface of graphene nanoribbon (GNR),
allowed identifying a number of laws. The little effect of the graphene type on the behavior of the NLC was
shown. It was established that the ordering of nematic liquid crystals increase non-linear with increasing of
the electric field. The determining role of nanoribbon graphene and the electric field on self-organization of
the NLC in the enlightenment region was shown. This allows stating that at least two processes are taking
place under the influence of temperature and electric field: the first - “flow" of the molecules in the direction
of X, the second - the rotation of the molecule in the direction of this axis. The second process may be due to
the reorientation relative to the electric field of the molecules.

It is clear that for an effective use of nanoribbon graphene in devices there is need of understanding of
the processes occurring in composite materials with nanoribbon graphene at the temperature and other
influences. The physical and chemical properties of the components definitely have significant effect on it.
The widely used in electronics the liquid crystals are one of these materials by Wahle et al. [11]. As noted
Divari et al. in [12], the ratio between length and width of the graphene has large impact on these properties.
The founded effect of the flow of nematic liquid crystals (NLC) by we in [13] on the graphene surface at the
temperature change had been experimentally confirmed [14]. Therefore, the understanding of influence of
nanoribbon graphene size on the properties located on the surface of such electronic products as the NLC
must be considered when creating optoelectronic devices based on these compounds.

In this regard, the purpose of this work was to study the effect of nanoribbon graphene size on the
dynamics of behavior molecules of nematic arylpropargyl esters of phenols with temperature and electric
field changes.
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1. The methodology of the analysis

As a sample the nematic liquid crystal - phenylpropargyl ether of PEC [15], located on the nanoribbon
graphene in a planar orientation was used. For the modeling of the behavior of these compounds we used the
method of molecular dynamics based on the program GROMACS [16] version 3.3.1 approaching liquid state
[17-19]. In the modeling the NPT ensemble is used, the modeling time at a given temperature was 10 ps. The
Coulomb and van der Waals interactions were used in the modeling of the dynamic dynamics method. The
corresponding parameters for these options are specified in [16]. The radius of the cutoff of the Coulomb
interaction and the dispersion was 2 nm. The successive annealing was carried out in the heating mode. The
input file for cluster formation was created, which took into account the distance between the molecules, in
rows and layers of the cluster in the direction of XYZ. The grapheme sizes were varied by direction (OX),
perpendicular to the director (OY). At the same time the sizes of the cluster and other side of graphene (OY)
were unchanged. The direction of the electric field was set on the direction of the director.

The studies were carried out in the presence of the electric field parallel to the director. The graphene
sizes that were used in the modeling varied, with a ration of width (X) to the length (Y) - 1:1 (115A: 1154,
2:1 (230A: 116A), 3:1 (345A: 116A), 3,5 1 (401A: 116A). In the study of the influence of some parameters
the number of molecules of PEC was unchanged and they were oriented planar respectively to the
graphene’s plane. The structure of the graphene was chosen in the form of zigzag (Z) and armchair (A) [18].
The method of preparing and analysis of modeling results is presented in [15, 19].

2. Results and discussion. Effect of the GNR's size on the dynamic behavior of the NLC

In this study the GNR’s size that was used in the modeling varied by the ratio of width to length - 1:1
(1), 2-1 (2), 3-1 (3), 3.5:1 (4), but the number of the PEC molecules were kept same. The electrical intensity
value was 1x10” V / m, and it was directed by Y (Director). The research results are presented in Fig.1-7.
The numbers are consistent with given ratios of width to length of the GNR and used in the figures.

5 04 ;

0,3 1

0,2 1

Fig.1. Temperature dependences of the ordering degree of the PEC at different GNR's sizes (1, 2, 3, 4)
and coordinates (X, y)

As seen in Fig. 1, the difference in the ordering degree values in two coordinate axes is observed before
the temperature of decay of the dimers as in the previous section. The ordering degree values relative to the
axes X and Y are changing in opposite direction with increase of temperature: along X increases, along Y
reduces. In case 1 this value is higher in the clearing area than the value relative to the X-axis. In cases 2 and
4 the ordering degree values with respect to X and Y are equal. In case 3, there is a matching value at the
decomposition temperature of dimers (354 K). The ordering degree along X exceeds this value with respect
to Y with further increase in temperature; only at the temperature of 370 K they become equal. Biaxial state
develops in varying ordering degrees in the OX and OY axis at melting temperature.
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As seen in Figure 2, for case 3 the highest increase in the ordering at the clearing area is typical, less in
case 2. This is the exact ratio, which significantly changes the electrical properties of the GNR [12]. The
curves of the temperature dependences of the bond energy for all cases (Fig. 3) show the increase of its value
with the increase of a temperature. The most rapid growth occurs in case 3. The smaller increase is observed
in cases 2 and 4. This is consistent with the considered temperature dependences of the ordering degree and
information entropy.
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Fig.2. Temperature dependences of the information Fig.3 Temperature dependences of the bond energy for
entropy for different GNR's sizes (1, 2, 3, 4). different GNR's sizes (1, 2, 3, 4)

As shown on shapshots of clusters in various phase states (Fig. 4-7), the thickness of clearing
becomes smaller with increasing ratio of width to length of the GNR. This is obviously due to the flow of the
PEC molecules with increasing of temperature and surface of the GNR area.

300K 338K 354 K 390K

Fig.4. Snapshots of clusters in XOZ plane at the ratio of width to length (1)

300 K 338K 354 K 390K

Fig.5. Snapshots of clusters in XOZ plane at the ratio of width to length (2)
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Fig.6. Snapshots of clusters in XOZ plane at the ratio of width to length (3)

300 K 33B K 354 K 390K

Fig.7. Snapshots of clusters in XOZ plane at the ratio of width to length (4)

Taking into account that the main flow X direction is perpendicular to the initial of molecules Y
location the existence of 2 processes in clusters can be assumed. These processes occur simultaneously with
increasing of temperature, which are most agreed from the moment of the dimer disintegration (354 K).

The first process is “flow” of the molecules in the direction of X, the second - the rotation of the
molecule in the direction of this axis. The second process may be due to the reorientation relative to the
electric field of the molecules, since the PEC dipole moment [15] has an angle of 50° relative to the
longitudinal axis of the molecule in its initial state. The ratio of width to length as 3:1 should lead to the
maximum universal conductivity of the GNR near the Dirac [13] point and at the ratio of 1:3 leads to the
minimum value. However, the molecular dynamics method does not account quantum properties of the
GNR. However, the carried out studies allow us to state that the nematic liquid crystals dynamics depends on
the size of the GNR. The ratio of width to length of 3:1 leads to noticeable changes in the ordering in the
clearing area.

Thus, on the basis of these studies it was found that the value of the ratio of width to length of 3/ 1 the
ordering of the NLC begins to rise in the clearing area. This may be due to the possibility of a larger
movement of molecules on the front surface, also due to the distribution of electron density of the GNR
atoms.

Conclusion

It’s identified a some of dependences by the performed computer modeling experiments on the polar
PEC behavior located on the GNR surface. It was shown that the GNR and electric filed [10] defines the
self-assembly of the NLC molecules in the biaxial state. These states appear at the variation of the GNR ratio
of width to length. It was found that in the clearing area the ordering of the NLC starts to grow when the
value of the ratio of width to length is 3: 1.

This helps to state that at least two processes are taking place under the influence of temperature and
electric field: first one is the "flow" of the molecules in the direction of X, and the second one is the molecule
rotation in the direction of this axis. The second process may be due to the molecule reorientation relative to
the electric field. An isotropic phase and nematic phase coexist when NLC is on the prepared exfoliated
graphene oxide platelets [20]. This is consistent with our results. Formation of this composite requires
controlling of the GNS size.
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The TREKIS Monte-Carlo model was applied to study the temporal electronic kinetics of yttrium iron garnet
after a swift heavy ion impact. Cross sections of incident particles interaction with the target were determined
within complex dielectric function-dynamic structure factor formalism. We found two modes of the spatial
propagation of electronic excitation: fast delta-electrons form a front of the excitation while electrons produced
due to decay of plasmons generated in a track form the second front slowly following behind the first one.
Analysis of mechanisms of target lattice heating pointed to an important contribution of the potential energy
released due to recombination of valence holes generated in an ion track. An increase of the excess lattice energy
due to elastic scatterings of electrons and holes described with Mott cross-sections is minor. In contrast, complex
dielectric function formalism demonstrates the significant contribution of these processes to the heating of the
lattice.

Keywords: swift heavy ion track, electron excitations, complex dielectric function, ion energy loss, Monte Carlo
simulations.

Introduction

Irradiation with swift heavy ions (SHI) decelerated due to the ionization processes can be applied as an
effective tool for modification of solids, considerably changing material properties on the nanometric scale.
The largest part of an energy deposited by an SHI is spent on excitation of the electron subsystem of a
material [1,2]. Parameters of the initially excited electron ensemble determines subsequent kinetics of the
electronic and atomic subsystems in the nanometric vicinity around the SHI trajectory [3]. The modification
of the physical, chemical and mechanical properties of a target by SHI irradiation on nanometric level allows
to use it in various nanostructuring applications [4-7].

Knowledge of cross-sections of charged particle scatterings on coupled target electrons as well as lattice
atoms allows tracing the kinetics of material excitation along the ion trajectory that forms a basis for
description of nonequilibrium structure modifications in SHI tracks. In this paper the complex dielectric
function (CDF) formalism [8-10] is implemented to determine these cross sections for yttrium iron garnet
(Y3FesO1z, YIG). The formalism takes automatically into account collective modes of electronic excitations
in the target. Calculated cross sections of an SHI, electrons and valence holes scattering are then
incorporated into the Monte-Carlo (MC) model describing coupled electronic and lattice kinetics in SHI
tracks. Further, we analyze and compare contributions of different processes of electron-to-atoms energy
transfer to lattice heating of YIG and Al,QOs in ion tracks.

1. Model

Based on asymptotic trajectories algorithm, the event-by-event simulations [11,12] of charged particles
propagation forms the main principle of the MC code TREKIS [13,14]. We use the dynamic structure factor
(DSF) formalism for determination of probabilities of charged particles interaction with a solid [8]. The
dynamic structure factor can be declared as a product of the energy loss function (ELF), or the inverse
imaginary part of the complex dielectric function (CDF) of a material. We reconstruct the ELF from the
experimental and theoretical optical data as a set of artificial Drude oscillators [9,15], which gives us an
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ability to describe partial cross-sections of electron interaction with the valence band and core shells as well
as with the target lattice.

The TREKIS models: (a) propagation of an SHI producing ionization of a target and generation of free
electrons (8-electrons), holes in the valence band (VB) and deep atomic shells; (b) free &-electrons
interactions with ionic and electronic subsystems as well as subsequent kinetics of secondary electronic
cascades forming due to relaxation of the excitation; (c) Auger decays of core holes, also forming secondary
electrons; (d) radiative decays of deep shell holes, subsequent photon transport and photoabsorption, which
produces new holes and electrons; (e) valence holes transport and their energy transfer to the lattice [13,14].
All details of the model assumptions and numerics of the code were thoroughly described in [13,14].

We analyze two channels of lattice excitation in the present approach: (1) due to elastic scattering of
electrons and valence holes on the atomic system and (2) heating after release of the potential energy of the
excited electron ensemble into the lattice due to recombination of valence holes. To describe this release, we
assume an instant transfer of the excess potential energy of valence holes to the target atoms at 100 fs after
the ion impact. Our previous works, Ref. [16,17], illustrated reliability of the applied approximation.

The MC procedure is iterated for ~103 times to obtain a trustworthy statistic for spatial and temporal
distributions of parameters characterizing the excitation of a target: densities and energy densities of
electrons, atoms, valence band holes and core holes in the proximity of an SHI track. These distributions can
serve as input parameters (initial conditions and/or source terms) in further MD modeling of the kinetics of a
lattice relaxation, structural modifications and phase transitions caused by an SHI passage [18,19].

2. Results and discussion
2.1. Construction of energy loss function

The energy loss function of YIG was reconstructed using ab-initio calculated optical properties from
[20] and x-ray attenuation length from [21]. Figure 1a presents the loss function curve consisting of the set of
peaks arising from peculiarities of photon interaction with the valence band and deep shells. We found in the
literature data only for limited energy range for optical coefficients originated from the VB, so the
intermediate energy region in Fig.1 was approximated to fulfill the sum rules. The scattering of excited
electrons on atomic ensemble is described using Mott atomic cross sections with modified Molier’s
screening parameter [22,23] since no optical data describing phonon modes of YIG exist in the literature.
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Fig.1. (a) Energy loss function of YIG obtained using experimental and theoretical optical data from: Tao [20], Henke
[21] and Wemple [27]. (b) Energy dependent energy losses of different ions in Y1G compared with SRIM code [25].

Table 1 collects the coefficients of the energy loss function of yttrium iron garnet in form of optical
oscillators [9,13,26]. In this Table f-sum rule corresponds to the number of electrons (N¢) on a specific
atomic shell and coincides very well with values from [27] (in brackets). The accuracy of the obtained ELF
coefficients was verified by comparison of the calculated energy losses of different ions in YIG (Fig. 1b)
with the SRIM code [25]. An overall good agreement confirms an applicability of the obtained fitting
coefficients for the determination of cross sections of charged particles interaction with a solid YIG.
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Table 1. Coefficients of the complex dielectric function of YIG in the form of oscillator functions. Eo, 4, y are
coefficients of Drude-like oscillators [9, 13,26] used for ELF approximation. f-sum is the number of electrons (Ne) on
the atomic shells. The values from [27] are shown in brackets for comparison.

Shell Eo A Y f-sum (Ne)
3.1 -0.74 2.7
Valence band 102 30 2:5 90.999 (91)
15 114 8
30 380 18
M-Fe 54 504 90 70.06 (70)
M-Y 157 532 400 78.01 (78)
K-O 540 202 340 23.997 (24)
L-Fe 700 338 350 39.999 (40)
L-Y 2100 192 1600 24.06 (24)
K-Fe 7000 83 5000 9.98 (10)
K-Y 17000 46 20000 | 5:98(6)
Total: 343.09 (343)

2.2. Kinetics of the electron ensemble

Figure 2a presents temporal evolution of the radial energy density distributions of electrons in YIG
calculated with MC TREKIS. We used Bi ions with 700 MeV energy, providing the energy losses of 43.6
keV/nm in YIG. Figure 2a demonstrates propagations of two fronts outwards from the ion trajectory.
Movement of fast primary &-electrons produced directly by the ion forms the first front.
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Fig.2. (a) The radial electron energy distributions around the trajectory of 700 MeV Bi ion in YIG at different times;
(b) radial lattice energy distribution in tracks of different ions at 100 fs.

100

The second one results from generation of a large number of secondary electrons with the energies
around the plasmon peak in the valence band. We assume that these electrons with approximately the same
energy are generated due to fast decay of plasmons appeared in the ion track. Subsequent collective
propagation of these electrons outwards from the center of excited area forms the front in the spatial energy
density at earlier times (< 1 fs) which then smoothens out by the time of 10 to 100 fs.

Electrons spreading out of the track core interact inelastically with target atoms (producing new
electrons and holes) and elastically (transferring a part of their energy to the atomic subsystem). Figure 2b
shows the distribution of excess lattice energy, which consists of three main contributions: elastic scattering
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of electrons, energy transfer by spreading valence holes and the potential energy release due to
recombination of valence holes. As was discussed in [28] this potential energy may be quickly (at 100 fs
timescale) converted into the kinetic energy of atoms due to changes of the interatomic potential stimulated
by the highly excited electron system. We approximate this energy increase by the band gap energy (per one
valence hole remaining in a track by the time of 100 fs after ion passage). This energy is assumed to be
instantly transferred to atoms at 100 fs [16].

Figure 3 compares dependencies of the energy transferred into YIG and Al,Os lattices on the kinetic
energy of scattered electrons and valence holes in a track of 167 MeV Xe ion. For comparison, we show the
results of applications of two forms of elastic cross-sections in alumina: the Mott atomic approximation and
scattering on optical phonons using CDF-DSF formalism.
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Fig.3. Dependence of the total energy transferred to the lattice by electrons and valence holes in 167 MeV Xe track on
the particle kinetic energy in (a) Y1G and (b) Al.O3 calculated using Mott atomic cross-sections, (c) Al,Os calculated
within CDF phonon cross-sections. Filled area shows the integrated elastic energy transfer by electrons/holes (grey and
red) and potential energy of valence holes (blue). (d) Electron elastic mean free paths in Y1G and Al,Os.

The potential energy distribution of valence holes is not shown in this Figure but it can be represented
as a delta-function located at the band gap energy (2.4 eV for YIG and 8.8 eV for Al;Os). Blue filled
rectangles represent the total excess energy accumulated by the lattice due to release of the potential energy
of valence holes, which may constitute up to 65% of total lattice energy in alumina and about 97% in YIG.

Figure 3a also demonstrates that the almost all rest lattice energy (~3 %) for YIG is delivered by elastic
interaction of valence band holes with target atoms, whereas electron scattering contributes less than 0.1 %
of the total energy, when the Mott cross-section describes the both scattering processes. Almost all lattice
energy is transferred by holes with energies below 6 eV.

In contrast to YIG, contributions of elastic scatterings of electrons and holes into heating of Al.O;
lattice is much larger: 4% for electrons and 32% for valence holes when the Mott cross section are used
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(Figure 3b). Application of the phonon cross-sections gives the almost equal fractions of elastic channels of
the energy transfer to the alumina lattice: ~17% for electrons and the same for valence holes (Figure 3c).

The registered difference between YIG and Al;O3 can be attributed to difference of atomic mass: the
lower atomic masses in Al,Os result in the higher probability of electron scattering (Figure 3d) on the lattice
and the larger energy transfer to an atom in one impact.

It can be found, that the largest part of the energy transferred to lattice is provided by electrons and
holes of energies below 10 eV. The maximum of the described by Mott cross-sections energy transferred by
electrons is located at energies of ~8 eV (Figure 3b) whereas CDF cross sections result in maximum located
at the much lower energies (< 0.5 eV). This difference reflects the positions of minima of the electron mean
free path (inverse cross section) to elastic scattering on lattice (Figure 3d).

Conclusions

We present the results of simulations of electron subsystem excitation in swift heavy ion tracks in YIG
performed with the help of the TREKIS MC code. The complex dielectric function formalism was applied to
develop scattering cross sections and the energy losses of charged particles in YIG. Applicability of this
approach was confirmed by a good agreement of calculated data with results of application of SRIM code
[24].

Time resolved calculations revealed propagation of two fronts of electronic excitation. Fast 5-electrons
form the first front while the second one behind it is attributed to electrons appearing due to decays (within
10 to 100 fs) of plasmons produced by excitation of electron ensemble.

Contributions of elastic scattering of electrons and valence holes to heating of the atomic subsystem
were investigated. We show that the majority (~97%) of the lattice energy for YIG is delivered by
conversion of the potential energy of valence holes, whereas contribution of elastic scatterings of electrons
and holes is minor. In contrast to YIG, Al.O; demonstrates the comparable contributions of these processes
to the heating of the lattice. Electrons and holes of energies below 10 eV provide largest part of lattice
energy transferred to the lattice via the elastic scattering channel in both materials.

Acknowledgments

Financial support from the Ministry of Education and Science of the Republic of Kazakhstan [grant number AP09259476]

is acknowledged.

This work has been carried out using computing resources of the Federal collective usage center Complex for Simulation
and Data Processing for Mega-science Facilities at NRC “Kurchatov Institute”, http://ckp.nrcki.ru/, as well as computing
resources of GSI Helmholtz zentrum (Darmstadt, Germany) and the Hybri LIT heterogeneous computing platform (LIT,

JINR, http:/hlit.jinr.ru).

REFERENCES

1 Komarov F.F. Defect and track formation in solids irradiated by superhigh-energy ions. Physics-Uspekhi.
2003. Vol. 46, pp. 1253-1282.

2 Miterev A.M. Theoretical aspects of the formation and evolution of charged particle tracks. Physics-Uspekhi.
2002. Vol. 45, pp. 1019-1050.

3 Baranov A.A., Medvedev N.A., Volkov A.E., et al. Effect of interaction of atomic electrons on ionization of an
insulator in swift heavy ion tracks. Nuclear Instruments and Methods in Physics Research B. 2012. Vol. 286, pp. 51-55.

4 Komarov F.F. Nano- and microstructuring of solids by swift heavy ions. Physics-Uspekhi. 2017. Vol. 60, pp.
435-471.

5 Wesch W., Wendler E. lon Beam Modification of Solids, lon-Solid Interaction and Radiation Damage. Berlin:
Springer, Cham, 2016, 534 p.

6 Jana K.K., Ray B., Avasthi D.K., Maiti P. Conducting nano-channels in an induced piezoelectric polymeric
matrix using swift heavy ions and subsequent functionalization. Journal of Materials Chemistry. 2012. Vol. 22, pp.
3955,

7 Kozlovskiy A.L. Study of the wear resistance degradation kinetics of aln ceramic under heavy ion irradiation.
Eurasian Physical Technical Journal. 2022. Vol. 19, pp. 10-14.

8 Van Hove L. Correlations in Space and Time and Born Approximation Scattering in Systems of Interacting
Particles. Physical Review. 1954. VVol. 95, pp. 249-262.

9 Ritchie R.H., Howie A. Electron excitation and the optical potential in electron microscopy. Philosophical



28 ISSN 1811-1165 (Print), 2413-2179 (Online) Eurasian Physical Technical Joumnal, 2022, Vol.19, No.3 (41)

Magazine. 1977. Vol. 36, pp. 463-481.

10 Boutboul T., Akkerman A., Breskin A., Chechik R. Electron inelastic mean free path and stopping power
modelling in alkali halides in the 50 eV-10 keV energy range. Journal of Applied Physics. 1996. Vol. 79, pp. 6714.

11 Eckstein W. Computer Simulation of lon-Solid Interactions. Berlin, Heidelberg: Springer Berlin Heidelberg,
1991, 296 p.

12 Gervais B., Bouffard S. Simulation of the primary stage of the interaction of swift heavy ions with condensed
matter. Nuclear Instruments and Methods in Physics Research B. 1994. Vol. 88, pp. 355-364.

13 Medvedev N.A., Rymzhanov R.A., Volkov A.E. Time-resolved electron kinetics in swift heavy ion irradiated
solids. Journal of Physics D: Applied Physics. 2015. Vol. 48, pp. 355303.

14 Rymzhanov R.A., Medvedev N.A., Volkov A.E. Effects of model approximations for electron, hole, and
photon transport in swift heavy ion tracks. Nuclear Instruments and Methods in Physics Research B. 2016. Vol. 388,
pp. 41-52.

15 Rymzhanov R.A., Medvedev N.A., Volkov A.E. Monte-Carlo modeling of excitation of the electron subsystem
of AI203 and polyethylene after swift heavy ion impact. Nuclear Inst. and Methods in Physics Research B. 2014. Vol.
326, pp. 238-242.

16 Rymzhanov R., Medvedev N.A., Volkov A.E. Damage threshold and structure of swift heavy ion tracks in
Al203. Journal of Physics D: Applied Physics. 2017. Vol. 50, pp. 475301.

17 Terekhin P.N., Rymzhanov R.A., Gorbunov S.A., et al. Effect of valence holes on swift heavy ion track
formation in AI203. Nuclear Instruments and Methods in Physics Research B. 2015. Vol. 354, pp. 200-204.

18 Ridgway M.C., Bierschenk T., Giulian R., et al. Tracks and Voids in Amorphous Ge Induced by Swift Heavy-
lon Irradiation. Physical Review Letters. 2013. Vol. 110, pp. 245502.

19 Rymzhanov R.A., Medvedev N., Volkov A.E., O’Connell J.H., Skuratov V.A. Overlap of swift heavy ion
tracks in Al203. Nuclear Instruments and Methods in Physics Research B. 2018. Vol. 435, pp. 121-125.

20 Tao S., Chao H., Hailong D., et al. First principles study of structure, electronic and optical properties of
Y3Fe5012in cubic and trigonal phases. Materials Science- Poland. 2015. Vol. 33, pp. 169-174.

21 Henke B.L., Gullikson E.M., Davis J.C. X-Ray Interactions: Photoabsorption, Scattering, Transmission, and
Reflection at E = 50-30,000 eV, Z = 1-92. Atomic Data and Nuclear Data Tables. 1993. Vol. 54, pp. 181-342.

22 Mott N.F., Massey H.S.W. The Theory of Atomic Collisions. London: Oxford University Press, 1985, 858 p.

23 Jenkins T. M. Monte Carlo Transport of Electrons and Photons. Boston, MA: Springer US, 1988, 656 p.

24 Wemple S.H., Blank S.L., Seman J.A., Biolsi W.A. Optical properties of epitaxial iron garnet thin films.
Physical Review B. 1974. Vol. 9, pp. 2134-2144.

25 Littmark J.F., Ziegler J.P., Biersack U. The Stopping and Range of lons in Solids. New York: Pergamon Press,
1985, 321 p.

26 Akkerman A., Boutboul T., Breskin A., et al. Inelastic Electron Interactions in the Energy Range 50 eV to 10
keV in Insulators: Alkali Halides and Metal Oxides. physica status solidi (b). 1996. Vol. 198, pp. 769-784.

27 Lide D.R. CRC Handbook of chemistry and physics, 84th ed. Boca Raton: CRC Press, 2003, 2616 p.

28 Medvedev N., Volkov A.E. Reconciling anomalously fast heating rate in ion tracks with low electron-phonon
coupling. 2021. Available at: https://arxiv.org/abs/2109.04401v1.

Article accepted for publication 23.02.2022



Materials science. 29

DOI 10.31489/2022N03/29-33
UDC 539.2

CONFORMATIONAL APPROACH TO DETERMINING THE
POLARIZATION OF POLYETHYLENE OXIDE DURING MELT-CRYSTAL
TRANSITIONS IN A NON-UNIFORM TEMPERATURE FIELD

Matveev N.N. %, Lisitsyn V.I. 1, Arkhipov V.V. %

'Department of General and Applied Physics, Voronezh State University of Forestry and Technologies
named after G.F. Morozov, Voronezh, Russian Federation
2Department of General Physics, Moscow Institute of Physics and Technology (National Research University),
Dolgoprudny, Russian Federation, E-mail: midav_73@mail.ru

In connection with the widespread use of polyethylene oxide (PEO) in modern technologies, studies of the
relationship between its supramolecular structure and properties by modeling methods have recently intensified.
Usually, when modeling the thermopolarized effect, the supramolecular structure of flexible-chain polymers is
represented by a set of linear one-dimensional crystals. This approach does not take into account the
conformational features of the structure of polymers. Using the example of (PEO), the article substantiates a
method for calculating the influence of the conformations of a polymer molecule on the temperature dependence
of the averaged square of the dipole moment of its molecules. The problem solved in this work, as well as the
proposed solutions and approaches, reflect the general fundamental problem of the thermodynamic stability of
multicomponent systems in external fields.

Keywords: conformations of molecules, flexible-chain polymers, polyethylene oxide, supramolecular structure,
thermopolarization effect, inhomogeneous temperature field.

Introduction

In recent years, there has been a shift in interest in condensed matter physics towards studies of various
classes of disordered and incompletely ordered materials. This broad area of research includes both
crystalline and amorphous or glassy materials: polymers, amorphous semiconductors and dielectrics, spin
and dipole glasses, relaxors, etc. The reason for this interest is the fact that disordered phases of condensed
media occur incomparably more often, and in practical terms, they are no less important than idealized single
crystals.

Many of the disordered polymeric materials exhibit metastable polarization, i.e. such a polarization that
can be induced by various external fields (electric, magnetic, and, as shown in the work, inhomogeneous
temperature). This polarization can be maintained indefinitely under certain conditions. In some crystallizing
partially ordered polymers, not only the creation of induced polarization is possible, but also the occurrence
of spontaneous polarization in the absence of external fields.

Since the role of electrically active polar polymeric dielectrics in the formation of the latest areas of
electronic, computer, and measuring technology is growing sharply, it is undoubtedly that for their more
effective use it is necessary to study in detail the regularities and mechanisms of the occurrence of electric
polarization and the features of the real structure of these materials.

In this regard, on the example of polyethylene oxide (PEO), which is widely used in the above areas,
studies of the relationship between its supramolecular structure and properties by modeling methods have
intensified. Usually, when modeling the thermopolarization effect, the supramolecular structure of flexible-
chain polymers is represented by a set of linear one-dimensional crystals. Within the framework of such
approaches, the conformational feature of the polymer structure cannot be taken into account.

In modern technologies, polyethylene oxide (PEO) is used in powder metallurgy, mechanical
engineering, metalworking, oil refining, agriculture, textile, leather, rubber, paper, chemical, mining and
other industries. Based on PEO, lubricants, cutting fluids, solvents, anti-caking additives for bulk materials
are produced, and they are also used in the conservation of wet wood [1-4]. Therefore, the study of its
supramolecular structure to create materials with certain properties does not lose its relevance [5-6].
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When constructing a model of the thermopolarization effect [7], the calculations are usually based on
the assumption that the crystal structure is a set of linear one-dimensional crystals. It is clear that such a
model cannot take into account the conformational features of the structure of flexible-chain linear polymers.

The paper proposes a method for taking into account the influence of conformations on the dependence
of polarization on the temperature of a flexible-chain polymer. The proposed approach to the determination
of polarization characteristics is considered on the example of polyethylene oxide (PEO), since the
conformational structure of its macromolecule and the experimental values of polarization, pyroelectric
coefficients, etc., obtained from thermograms of polarization and depolarization currents are known [8, 9].

When considering the conformational approach, we will use the following assumptions.

* The electric charge of the kinetic fragment of the macromolecule remains unchanged when the
conformation of the chain changes.

* Any monomeric unit is considered electrically neutral.

« Interaction between macromolecules is not taken into account.

1. Theoretical part

It was shown in [10-11] that when a polymer (both synthetic and natural biopolymer) is introduced into
an inhomogeneous temperature field, electric fields of thermal origin arise in it. As a result of orientational
polarization at the interface with vacuum or metal, uncompensated bound charges of molecular nature appear
on the polymer surface, the surface density of which coincides with the normal projection of the polarization
vector:

o, =tP Q)
If the polymer is at a constant temperature (T =const) in a state of thermodynamic equilibrium with an

electric field whose strength is E =const, the equilibrium value of polarization is determined by the
thermal equation of state [12, 13]:

kKT o0Z
pi:_no—a— (i=xY,2), (2)
Z OF,

PN,
(M)

average molecular weight of the polymer, respectively; N, is the Avogadro's number; K is the Boltzmann

where n, = is the number of macromolecules per unit volume; o and <M> are the density and

constant; Z is the integral of the states of an individual macromolecule in the field E:
1r, .=
Z= Zexp{—ﬁ[g, —(pE)J}. 3)

In expression (3), the summation is carried out over all conformational states of each macromolecule with
energy & .

By =0T, 4)

where P, is the dipole moment of a particular macromolecule with its node number n; ¢, and T, are the

charge and radius-vector of this molecule in Ko coordinate system. The coordinate system Ky is chosen in the
way that the OZ axis is parallel to the field.
As an example let’s consider the structure of the PEO chain the structural formula of which is

—[CH2 -CH, —O]rl — [14]. The conformational structure of PEO is a repeating unit consisting of three
bonds (Fig. 1).

As is known, molecular conformations represent different states of a molecule with an unequal
arrangement of atoms in space, arising from changes in the internal geometric parameters of the molecule, in
particular, rotation angles around chemical bonds and bond angles (see, for an example, [15]). So, let’s
introduce into consideration the coordinate system K; associated with the rotating fragments of the molecule
using the Euler angles. Let the axes OX; and OX is directed parallel to the first C—O valence bond and the
0Z; axis is parallel to the direction of the dipole moment of the molecule in the given conformation.
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Fig.1. Conformational structure of the polyethylene oxide chain [15]. The C—O and C—C bond lengths are 1.43 A
and 1.53 A, respectively; the angles complementary to valence are about 70°.

Fig.2. The orientation of coordinate axes.

Then the relationship between the system coordinates Ki and Ko is defined as follows [13] (¢, =0,
@, €[0,7], ¢, €[0,27]):
X, = XCOS @, — ysin ¢,
Y, = XCOS @, Sin ¢, + Y COS @, COS @, — ZSiN @, (5)
Z, = Xsing, sin g, + ysin ¢, COS ¢, + 2COS @,
Let us write the state integral (3) in the system Ki:

YA :zexp{_%[glo_Ecos¢zzqnzlnj|}' (6)
| n

where ¢, is the charge of the n-th kinetic fragment of the macromolecule and dipole energy of the n-th
kinetic fragment is

&) = Ep, cosg, = Ecosg, > (xsing,sing; + ysingp, cosg; +2cos g, ), . )

n
To calculate the polarization using formula (2), it is necessary to average over all possible orientations of the
first valence bonds of all macromolecules located in a unit volume of PEO, i.e. integrate over the Euler
angles. Let us first estimate the ratio of the dipole energy to the thermal energy at T ~300K and E =10
V/cm, i.e. for a group of atoms with a size of ~10 valence bonds. This allows at considering polymers not

n
Zo

having electret properties [16] to expand eXp[kTJ into a series and restrict ourselves to the first non-

vanishing terms.
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Having carried out the necessary calculations and having made the indicated expansion into a series,
after integrating over the angles ¢, and ¢,, we obtain:

P, =a(T)E, (8)

sl
oM == Y =3P
exp| -9
zeo[ -

2 272 2 2
P =q (X +y +2Z )|-
It can be seen from (9) that the value of «(T) is proportional to the square of the dipole moment of an
individual macromolecule, averaged over all its conformations in the K; system, without taking into account

the external electric field with strength E. Expressions (8) and (9) are outwardly similar to the

corresponding expressions in [17] for dielectrics of any nature, the molecules of which, even in the absence

of an external electric field, have a nonzero dipole moment. However, for PEO < ﬁz

where

: 9)

> is not a constant value
and with a change in temperature leading to a change in conformation it changes.

2. Results and discussion

Thus, the calculation of the surface density of bound charges in an inhomogeneous temperature field
reduces to averaging over all possible conformations of the squared dipole moment of one macromolecule in
the Ky coordinate system rigidly connected to the first valence bond of the macromolecule:

N.PE /o
o, = :

" (M)KT (P)
Since the surface charge density determines the polarization, i.e. o, =P, , the expression (10) takes the
form:

(10)

<D-2> _ BIL( <£/IE> PT . (11)

3k(M)
N,oE
(for PEO-15) are taken from tables and other data presented in the work [11]. Expression (11) and the data
from [11] for the temperature dependence of polarization make it possible to graphically represent the

character of the dependence <|32> on temperature (Fig. 3).

The value a=

=1.7x10"" Qm*K is a constant for a given polymer, where all input values

a-PT, Q°K10°
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Fig.3. Dependence of the mean square dipole moment of PEO-15 on temperature.
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The decrease < ﬁ2> shown by the graph with increasing temperature is due to the fact that the surface
charge density decreases as a result of an increase in thermal motion

Conclusion

In conclusion, we note that many of the disordered dielectric materials have a metastable polarization,
that is, a polarization that can be induced by various external fields, including an inhomogeneous
temperature field. The experimental value of the polarization is determined by integrating the thermograms
of the polarization currents, and the theoretical value is determined by using the model of a one-dimensional
linear crystal. This model is rather simplified, since it does not take into account the conformation of the
chain of the macromolecule. In this work, using the example of PEO, we show the possibility of determining
the polarization taking into account the geometry of the kinetic fragments of the PEO macromolecule chain.

Comparison of the polarization determined by the formula (10) P =12 uC/m? showed good agreement
with experimentally data presented in the early works. The square of the dipole moment determined in this
work is a very informative element of the polymer price structure. It depends on the mobility of its kinetic
charge fragments, which form supramolecular structures. This is the most important factor for further
investigation of the mechanisms of extended chain crystallization and folded chain crystallization using the
mean square dipole moment of a particular polymer as a function of its molecular weight.
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Recently, the use of magnetron sputtering for the deposition of protective coatings has been intensively
developed. The great prospect of using this method is due to the possibility of applying high-entropy coatings,
which are used to protect surfaces that are simultaneously exposed to elevated temperatures, aggressive media
and various types of wear. However, the use of the method of creating high-entropy coatings greatly hinders the
absence in many cases of the required alloys, which have not only a certain qualitative elemental composition, but
also a quantitative one. We managed to solve this problem by creating multi-element targets, with the help of
which it becomes possible to create not only almost any elemental composition, but also to regulate the
quantitative composition of elements. In this paper, we have proposed a method for manufacturing new types of
targets for magnetron sputtering, with a detailed description of the technological chain of their manufacture. The
novelty lies in the possibility of applying multi-element coatings when using one target. This is due to the fact that
the number of different elements in the target can be measured in tens. The paper also presents the obtained
positive result of using a target, which included five different metals, during magnetron sputtering.

Keywords: magnetron sputtering, protective coating, multi-element targets, high entropy coatings.
Introduction

The number of the Earth's population is growing rapidly, the number of various mechanisms necessary
for people's lives and their comfort is increasing at an even faster pace, while the alloys from which they are
made are becoming more and more difficult to manufacture and, accordingly, more expensive.

One of the ways to significantly save expensive metals (titanium, tungsten, molybdenum, nickel, etc.) is
to apply protective coatings to parts made from simpler, cheaper alloys. In this case, the thickness of the
deposited films usually lies in the range of several microns. Such an insignificant film thickness is quite
enough to, for example, significantly improve corrosion resistance, heat and heat resistance, wear resistance,
and also reduce the coefficient of friction of parts. Thus, coatings meet many parameters of operational and
technological requirements.

There are many ways to deposit protective coatings [1], but the most promising are magnetron
sputtering, ion and vacuum arc deposition [2]. These methods have a high degree of ionization, flux density
and particle energy. Their wide range of deposited film parameters can be controlled by changing the
substrate temperature, working gas pressure, substrate potential, and a number of other technological
parameters.

1. Experiment technique

We have chosen the method of magnetron sputtering, which makes it possible to obtain coatings from
almost any metals, alloys and semiconductor materials, and also, depending on the composition of the
working atmosphere, to obtain films of oxides, nitrides, carbides, etc.

The aim of this work was the simultaneous deposition of a film using a single target consisting of Cr-
Ni-Ti-Fe-Cu elements, which makes it possible to obtain a high-entropy coating.

To solve the tasks set, the technological chain given below was used.
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At the first stage, the targets for magnetron sputtering were prepared. The metals that make up the
future target were purchased pre-ground to an average of 50 microns. They were dosed in equal at.% and
placed in the grinding jars of a ball mill. The grinding jars and balls were made from tungsten carbide. The
mixture of metals placed in the grinding jars was poured with Nefras C2 - 80/120 gasoline and the ball mill
worked for six hours. After grinding, the powder was separated from gasoline and sent for further drying for
4 hours, being in a vacuum hood.

After drying, the powder was sent for examination using a MIRA-3 LMU scanning electron
microscope. The studies of the resulting powder using an electron microscope made it possible to find that,
firstly, the grain size decreased, from an average of 50 microns to 2 microns, and secondly, the elemental
composition of an individual grain after manipulation with a ball mill contains all the elements , which were
in the grinding jar, and a good preservation of the proportion of elements (at.%) is recorded.

At the next stage of manufacturing targets for magnetron sputtering, disks 12 mm in diameter and 3 mm
thick were created from micropowders pressed using a hydraulic press (20 tons). The small size of the discs
was due to insufficient pressure to press the larger discs. After pressing, the discs were sintered in a vacuum
furnace at a temperature of 800°C for two hours and then cooled in a residual vacuum to room temperature.
Due to the small size of the discs, a steel matrix (steel 08) was made in the form of a disc 100 mm in
diameter and 10 mm thick. Round 3 mm recesses were milled into them with a diameter to fit the dimensions
of the manufactured targets, which were then inserted into the matrix on a “hot” one. Fig.1 shows a view of
an already working target, which consists of a matrix into which disks are inserted. The composition of the
disks consists of Cr-Ni-Ti-Fe-Cu.

Fig.1. View of the target, consisting of a matrix and 21 disks.

We assume that the technology used to create targets by this method has the advantage of deposition of
high-entropy coatings consisting of a large number of elements.

In order to check the possibility of creating disks for a target with a large number of elements, we
conducted an experiment to obtain a mixture of 8 elements - Ni-Co-Fe-Ti-Cr-Zr-Mo-W. The choice of
refractory metals was necessary to test the possibility of their sintering in vacuum at a relatively low
temperature for them - 1000°C. The manufacture of the disks was successful, they had quite sufficient
strength, enough to be inserted into the mounting holes of the matrix.

Thus, it can be expected that the targets may contain several times more elements than five elements,
which makes it possible to expand the range of physical and mechanical parameters of the deposited films.

At the final stage, in order to carry out magnetron sputtering of films using a prepared target, substrates
were made, on which coatings are applied. In the manufacture of substrates, AISI 321 steel was used. The
substrate is a hexagon with edges of 15 mm and a thickness of 5 mm. Both planes of the hexagon were
ground on a surface grinder, one, which was subsequently coated, was polished on a polishing machine to a
mirror finish, and final polishing took place in an electrolytic-plasma polishing bath. After unloading from
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the bath, the part was washed in an ultrasonic bath and treated with steam using a steam jet device, wiped
with coarse calico soaked in ethanol and placed in a drying cabinet and kept in it for two hours at a
temperature of 150°C.

s T - ~ E [ ) 'f:"y ‘w ! 1 !
Fig.2. Information - measuring device for Fig.3. Tribometer.
determining the coefficient of sliding friction.

To determine the coefficients of friction, the experimental setup "Information - measuring device for
determining the coefficient of sliding friction" was used, the appearance of which is shown in Fig.2, and the
tribometer shown in Fig.3 was used to measure wear resistance. Both devices were created by employees
Scientific Research Center "lon-plasma technologies and modern instrumentation” at E.A. Buketov KarU.

2. Results and discussion

The films were deposited in a chamber ion-plasma vacuum unit. NNV-6.6-11, which in the basic
configuration is designed for applying various single-layer and multilayer coatings on a wide range of metal
products with a diameter of up to 200 mm and a length of up to 250 mm by the method of substance
condensation with ion bombardment.

Instead of one of the three electric arc evaporators, we installed a magnetron, and instead of the second,
a plasma source with an incandescent cathode, which makes it possible to clean their surfaces with a stream
of ions (argon) by bombarding the substrates placed in the chamber before coating [3].

In the case of coating only one surface, the substrates are fixed and the coating is applied frontally. If it
is necessary to apply a coating on the entire surface of the substrate, for example, during a further study of
the heat and heat resistance of the sample, the entire surface of the substrates is polished, and the substrates
in the installation chamber rotate both around their axis and rotate in a circle, with adjustable speeds of both
rotations. The use of sample rotation makes it possible to deposit coatings on complex-shaped parts [4].

Thin films of Cr-Ni-Ti-Fe-Cu + Fe (~5 um) were deposited on AISI 321 steel substrates by magnetron
sputtering in an argon atmosphere in an NNV-6.611 vacuum setup. Additional contribution (Fe) of the target
to the elemental composition of the coating, in addition to disks, a steel (steel 08) matrix contributed.

Fig.4 shows the spectrum taken from the central part of the disk obtained by the above method using a
MIRA-3 LMU scanning electron microscope.

It should be noted that the difference in the elemental composition of the disc and the deposited film
may be due to the difference in the "sticking" coefficients of the elements used. As for the “tail” of foreign
elements observed in Fig.2, this is due to both the oxidation of the disks and the “dirt” that appeared during
their pressing. Finishing cleaning with a filament cathode plasma source cleans both the substrates and the
target, which allows you to get rid of the “tail” of foreign elements during coating deposition. In the first
series of experiments, the coefficients of friction of disks and applied coatings were measured, since this
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parameter is important for increasing the service life of the rubbing parts of mechanisms [5]. Fig.5 shows the
spectrum taken from the coating on the substrate using a MIRA-3 LMU scanning electron microscope.
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Fig.5. Spectrum taken from a coating on a substrate using a scanning electron microscope

For a more accurate result, measurements were taken 25 times on each metal plate. Copper, AlSI 201
steel and aluminum plates were used. The results obtained are shown in table 1. In the second series of
experiments, the Vickers microhardness of disks and deposited coatings was measured on an HVS-1000A
device [6]. One sample was measured 10 times. The results obtained are shown in table 1. In the final series
of experiments, the wear resistance of discs and applied coatings was measured [7].

During the rotation of a ball made of steel with high hardness, the coating wears out, and a spherical
hole is formed in the film deposited on the substrate. The number of wells on one sample (20 pcs) was
chosen so that the accuracy of the RADWAG AS60/220R2 electronic balance - 0.06 mg - was enough to
obtain reliable information about the sample weight loss, and, at the same time, that the depth of the well did
not exceed the thickness of the coating layer — 5 um. In addition, similar measurements were carried out
with substrates, the results of which for the measured coefficients of friction, microhardness and wear of
AISI 321 steel are also shown in Table 1.

Table 1. The table shows the values of the coefficients of sliding friction, microhardness and abrasion rate of the multi-
element disks, coatings and substrates that we have manufactured.

Object Friction coefficient Microhardness Wear,
on Al on steel on Cu HV ng/s
AISI 201
Disk Cr-Ni-Ti-Fe-Cu 0.09+0.006 | 0.07+0.006 | 0.11+0.007 580+0.4 0.3£0.07
Coating Cr-Ni-Ti-Fe-Cu+ Fe, on the | 0.07+0.003 | 0.06+0.003 | 0.08+0.004 790+0.2 0.1£0.06
substrate
Substrate AISI 321 0.10+0.003 | 0.25+0.002 | 0.39+0.003 363+0.3 0.4 £0.03
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Conclusion

The results obtained during testing the use of the above technological chain indicate that the applied
composite multi-element coating Cr-Ni-Ti-Fe-Cu + Fe has a high microhardness and wear resistance, with
relatively low values of friction coefficients. Thus, microhardness and wear resistance are several times
higher than similar characteristics of the substrate material, and the coefficient of friction is at least 30%
lower, which can increase the service life of machine parts and mechanisms.
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The study of the collision of heavy ions with light nuclei at low energy is important in nuclear physics,
thermonuclear energy, and astrophysics. The high-precision values of the nuclear system described at an energy
close to the Coulomb barrier are used to control the synthesis of light nuclei inside thermosynthesis. For cross
sections of reactions of light nuclei on the sun, plasma, and stars, we can use the parameters we have set. The
article presents a microscopic approach to describing the process of nuclear-nuclear interaction. In the
phenomenological approach, which determines empirical values based on comparison with experimental data, it
is possible to find many sets of parameters with potentials that characterize the cross-section well. But the
question arises which of them are real. Therefore, it is necessary to additionally describe microscopic potentials.
For the same reason, a semi-microscopic analysis was carried out, which describes the imaginary part of the
nuclear potential on the basis of an optical model, and the real part on a double-folding model. The folding
potential is constructed depending on the effective nucleon-nucleon interaction based on the matrix element of two
nucleons and the density of the nucleon distribution. As a result of the analysis, differential cross sections and
optimal parameters were determined that well characterize the experimental cross sections of the $0+12C
nuclear system at energies E_a,=20, 24, 36 MeV. The coefficients of normalization of differential cross sections,
described on the basis of real microfolding potentials, were determined in the range N=0.85-1.0.

Keywords: elastic scattering, folding model, matter density distribution, nucleon-nucleon interaction.
Introduction

Microscopic studies of the structural characteristics and mechanism of nuclear matter give their results.
Based on the analysis of the scattering of composite particles in the nucleus at lower energy, it is possible to
obtain important information about the properties of the internuclear potential [1]. To obtain information
about the structure of nuclei and nuclear matter, it is necessary to know the mechanism of their interaction.
To do this, it is necessary to construct nuclear-nuclear optical potentials and, on this basis, simulate the
observed interaction characteristics.

As for the distribution of the density of nuclei, one of the fundamental achievements of recent times in
this field is the discovery of expanded "tails" (halos) in the distribution of neutron and proton densities of
light radioactive nuclei [2]. A detailed study of the differential cross-sections of elastic scattering of alpha
particles and p-shell nuclei with nuclei led to the discovery of the phenomenon of “nuclear rainbow. In turn,
it became necessary to introduce effective nucleon-nucleon forces depending both on the density of the
nuclear medium in the area of mutual penetration of nuclei and on the collision energy of nuclei [3, 4]. The
DF (Double-folding) model calculates the nuclear-nuclear potential using density-dependent of the 3
parameters of Michigan Yukawa (M3Y) interactions describing the density and energy dependence of the
optical potential of the nucleon. Effective interaction is obtained by density-dependent forms by comparing
the three elements selected in the Yukawa sum matrix. This model can describe the structure of the nucleus,
since it is studied on the basis of summation of the central part of the nucleon-nucleon (NN) interaction with
the ground states of the density of the beam ion and the target nucleus.

The article describes experimental elastic scattering cross-sections of the *0+'2C reaction with
differential cross sections based on the standard optical model (OM). In addition, the DF model defines
differential cross sections in which nuclear-nuclear potentials are constructed with effective forces NN.
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Since the elastic scattering data clearly depend on the density of the distribution of matter in the
nucleus, it is necessary to analyze the interaction of M3Y. The introduction of a real density dependence
leads to a significant change in both the strength and the folding potential. The dependence on the same
density is called the DDM3Y interaction [5]. In order to obtain the real part of micro folding potentials,
density-dependent CDM3Y, BDM3Y DDM3Y types of effective M3Y interactions were used.

The study of the process of nuclear-nuclear interaction on the basis of theoretical ideas about the
effective interaction of two nucleons gives reliable assumptions about the structure of the nucleus. The
effective NN-interaction of m3u is carried out on the basis of the proton-neutron interaction matrix and the
density distribution integral of nucleons. Microscopic analysis explicitly takes into account correlations
based on effective NN forces to clarify the shape of the real part of the nuclear potential.

1. Construction of NN interaction potentials

The distribution of nuclear matter is constructed in a factorized form depending on coordinates and
density in an effective interaction of the M3Y type [5]. The interaction potential of the beam nucleus and the

target nucleus depends on the E/4 - nucleon energy and the density of the nuclei in the region of their
overlap [6]. Equation of dependence of the optical potential of a nucleon on density and energy,

UD(EX)(E’ p:8)=9g(E)f (P)U'D(EX) (), 1)

where, Upgy, - Direct (D) and Exchange (EX) potentials, g(E) - dependence of potential on energy,

f (p) - density dependence function.
Effective NN potentials are determined by the sum of M3Y potentials in the region of interacting
nuclei. Isoscalar and isovector M3Y potentials are parametrized as follows [6].
e "'
D(EX
190n( ) = Z Ni . (2)
i-123 Ml

Table 1. M3Y-Reid, M3Y-Paris N;, £; parameters, and coefficients of potentials [7, 8]

Ni | N1 N2 N3
Potential 4.0 25 0.7072
Hi | fmt
M3Y-Reid 92 Mev 7999.0 -2134.25 0
EX" 4631.375 -1787.125 -7.8474
85 MeV
M3Y-Paris 9P MeV 11061.625 25375 0
Sf -1524.25 -518.75 -7.8474
8, MeV

At lower energies, it is important to clearly consider the effects of exchange. Therefore, effective NN
takes into account direct, exchange components of interaction [8] and even, odd components of central forces

[9]:

v (S) =7999 oi —2134,25 e ™™ 3)
° " 4s o 5s
g™ efz,ss e70,70725
Uy (S) = 4631,4——-1787,1 ~7.8474——— @)
4s 2,55 0,7072s

vp(s)- the fraction of the third term of the direct potential is zero.
Direct and exchange component of effective M3Y interaction based on the G-matrix element of the
Paris potential [17]:
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The direct part of the potential is completely elastic, only at the expense of the exchange component is
absorption.

2. Construction of the density dependence function
Harmonic oscillator (HO) and Three-parameter Fermi - (3pF) models were used in the distribution of

the density of the nuclei of the *O-beam and oh, *2C-targets [12, 13]. The general form of the density
dependence factor and the correlation function is determined by the following equation [14, 17]:

f (,0) — C‘p(E)(l-i— a(E)e_ﬂ(E)(pl+p2)), (7)
M3Y - Paris energy-dependent form of potential,

g(E)=(@-0.003E/A), (8)
dependent density type CDM3Y':

f(p)=C,(E)A+a(E)e"® ) —yp(r)), ©)

CDM3Yn (n=1) C,, a, B, J the parameters are given in Table 2 [15].
M3Y-Reid [2, 8, 9] energy-dependent type of potential:

g(E)=(1-0.002E/ A), (10)
M3Y-Reid for the potential, we use the form of density dependence in DM3Y [6].

f(p) =CA-7p(r)), (1)
BDM3Y1- Reid, C,, J - the parameters are given in Table 2.
DDM3YO0 The formula of the energy dependence of the potential in the d-independent form of

interaction g(E) =276(1—0.005E / A) is applied.

Table 2. M3Y interaction coefficients depending on the density

Density-dependent version G a IB 4
CDM3Y1-Paris 0.3429 3.0232 3.5512 0.5
BDM3Y1-Reid 1.2521 0.0 0.0 1.7452
DDM3YO0-Reid 1.0 0.0 0.0 0.0

The table shows n=1 for CDM3Yn, BDM3Yn interactions. In the article by Khoa Dao Tien

[10, 18, 19], the dependence of the scattering density of the *O ion on the *2C nucleus on CDM3Y -Paris,
BDM3Y-Reid was analyzed. From here, the K-incompressibility parameter is selected, which is in good
agreement with experimental values in the range of 150-210.
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3. Discussions and results

Nuclear micro folding potentials for the 2C+°O nuclear system are calculated in the C++ program for
energy of 20, 24, 35 MeV. M3Y-Reid, M3Y-Paris when calculating the potentials , the values of the density
of nuclear matter were calculated using the formula [11].

Dy = A/ (47za3\/;E+:a}), (12)

For the core of the '°O beam, the values p,=0.17 fm* are assumed, for the core of the *2C target p,

=0.16 fm® As a result of the calculation, folding potentials were obtained depending on the density of
CDM3Y1, BDM3Y1, DDM3YO at energies of 20, 24, 35 MeV for a nuclear system of *0+2C. We use this
folding potential instead of the real part of the OM potential:

U (r) = NV, (r)—iW, f(r,r,,a, )+V(r), (13)

where, N - the rationing factor, Ve - folding potentials,W, - imaginary potential, rw, aw - diffusion and radius
of the imaginary potential, Vc(r) - Coulomb potential.
The folding potential in this formula:

3
VF = .Upl(rl)pz(rz)‘gNN (S)dgrld L, S=r+rn-—n, (14)

where 9, - effective interaction potential NN, pi(r1) and p2 (r2) the distribution of the density of matter

between the flying particle and the target nuclei, respectively.

(13) the real part of the optical potential in the localized folding potential formula is estimated within
the density form. The parameters of the Woods-Saxon potential, obtained as an imaginary part of the
potential, are determined by the Fresco program. Thus, based on the optical model, we obtain differential
cross sections semi-microscopically. Figure 1-3.
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Fig.1. Cross sections of the 1*0+%2C system of OM and DFM at energy E s = 20 MeV.
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Fig.2. Cross sections of the *0+!2C system of OM Fig.3. Cross sections of the 1*0+%2C system of OM and
and DFM at energy Epap = 24 MeV. DFM at energy ELa, = 35 MeV.

Differential cross sections depending on the determined density CDM3Y1, BDM3Y1l, DDM3Y0
describe the experimental cross-section at a full angle. Experimental data in the studied nuclear system
180+12C used the energies lab =20, 24, 35 MeV from the literature [16].

The following set of parameters describing the experimental data was determined: Vo - real potential,
Wy - imaginary potential, ar, aw - diffuse of real, imaginary potential, Nr - coefficient of normalization,
¥2IN -error, Jv, Jw - integrals of the real and the imaginary potentials and o - cross section (Table 3).

The peculiarity of the analysis is that when searching for potentials, the radii of real, imaginary parts and the
radii of coulombs were fixed.

Table 3. Parameters of the °0+2C system at an energy of 20, 24, 35 MeV, DFM CDM3Y1, BDM3Y1,
DDM3YO, fix: r=1.2fm, r,=1,25 fm. rc=1.3 fm.

ELab, Potential Vo, ar, Wo, aw, 22 IN o Jv Jw
MeV MeV fm MeV fm N
20 oM 103.0 | 0.35 5.0 0.9 8.4 212 447.6 28.94
CDM3Y1 5,0 0.9 0.9 4.0
BDM3Y1 5.0 0.9 0.9 2.5
24 oM 105.0 | 0.465 5.97 0.407 14 476 468.52 29.58
CDM3Y1 5,97 0,407 0.85 4.6
BDM3Y1 5.97 0.407 1.0 4.9
35 oM 80.0 0.233 9.8 0.2 5.2 938 41151 28.49
DDM3YO0 9.8 0.2 0.8 7.2
Conclusion

The folding potentials of M3Y-Read and M3Y-Paris effective NN interactions are determined. A
semimicroscopic analysis of the *0+!2C nuclear system based on OM using core-core folding potentials has
been carried out. The differential elastic scattering cross sections at energies E.,=20, 24, 35 MeV were
chosen for analysis within the framework of the optical model and the folding model (CDM3Y1, BDM3Y1,
DDM3Y0). The variants BDM3Y1-Raid, CDM3Y1-Paris and DDB3Y1-Fatal are described only by the front
(up to 90°) angles, applicable to the experimental data of other authors [20].

In our work, up to 180° corners are described. The coefficient of N, - normalization of differential cross
sections constructed using folding potentials was found in the range of 0.8-1.0 (Table 3). The presence of an
imaginary part of the potentials at a low energy of less than 10 MeV indicates the transparency (elasticity) of




44 ISSN 1811-1165 (Print); 2413-2179 (Online) Eurasian Physical Technical Joumal, 2022, Vol.19, No.3 (41)

the optical potential. The decrease in the real part and the increase in the imaginary part of the potentials
from the energy dependence in laboratory energies at 20-35 MeV retains a global pattern. In accordance with
the energy dependence of the real and imaginary potentials, the volume integral changes monotonically. It is
important to solve the energy problem by applying the values of high-precision parameters determined at low
energy to the synthesis of light nuclei inside thermosynthesis. When studying the cross section of the
reaction of light nuclei on the sun, plasma and stars, it is possible to use the potentials (other parameters) of
nuclear systems that we have determined.
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The production of carbon-containing chemicals is a way to decarbonize gas emissions. In particular, methanol
(CH30H) can be produced from associated petroleum gas, which is currently flared. It makes sense to use simple
methods of hydrocarbon gas conversion into synthesis gas, such as partial oxidation of methane to create small
modular plants for direct operation in oil and gas fields. The numerical modelling of partial oxidation is considered,
taking into account the kinetics of chemical processes and the design of the equipment. In this work the several
models have been built to describe partial oxidation of natural gas with air - the equilibrium and complete 3D
models which take into account the phenomena of mass and energy transfer, as well as chemical transformation.
The main conclusion of the model comparison is that the full numerical model predicts incomplete oxidation quite
well, while the simpler equilibrium model does not. In the future, the results of the numerical modelling of oxygen
methane conversion will be investigated and presented.

Keywords: decarbonization, methanol production units, chemical reaction modeling, computational fluid dynamics,
combustion, partial oxidation.

Introduction

Many industries emit carbon dioxide into the atmosphere, which leads to the greenhouse effect and
climate change on the planet. In oil-producing fields, during the separation of oil, the so-called associated
petroleum gas (APG) is released. It is a hydrocarbon gas consisting of methane, propane, ethane, and other
higher methane homologues. At oil fields, where there are appropriate pipeline networks, APG is sent to gas
processing plants, where the gas is subjected to standard cleaning and processing methods.

In some oil fields, APG is re-injected into oil-bearing formations. This measure allows temporary
mothballing of gas but is extremely costly and inefficient. In oil fields where there is no gas processing, APG
is partially used to generate electricity for their own needs, and the remaining gas is simply flared. Thus, about
150 billion m3 of APG are flared in the world annually, as a result of which more than 350 million tons of
CO2 are released into the atmosphere [1] (see Fig.1).

Fig. 1. Burning flares in oil and gas fields.
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This is not the only harm caused by APG flaring. Burning flares just warm the atmosphere. The amount
of energy used to warm up the natural environment is equivalent to 750 billion kWh of electricity. This energy
exceeds the combined annual consumption of all African countries [2].

In addition, APG flaring in the subarctic regions leads to the release of large amounts of soot, which
settles on the snow cover, increases the absorption of solar energy and accelerates the melting of Arctic ice
[3]. Burning flares worsen the general ecological state of the Earth's environment and make a significant
contribution to global climate change. This situation negatively affects the entire population of the planet,
regardless of where the flares are burning in Nigeria, the USA, Holland or Venezuela.

From [4] can be obtained that on average, the volume of gas burned in one flare is about 9 million m3/year
(~1000 m3/hour). And it leads that about 22 thousand tons of CO2 and 70 thousand Gcal of heat per one flare
being emitted into the atmosphere per year. Associated petroleum gas is quite a suitable hydrocarbon feedstock
for methanol production. It is possible to produce 10 thousand tons of methanol per year from the specified
volume of gas [5]. The environmental impact of this solution is obvious. Instead of emitting greenhouse gas
into the atmosphere, a valuable chemical product is produced. The direct oil and gas fields’ methanol
production economy has many advantages since methanol is used as a hydrate inhibitor and can be consumed
near its production. Currently, methanol is imported to the fields from large chemical complexes located at a
great distance and its price is quite high.

There is one more important point to be made. Nowadays the world economy is on the "green transition"
path, a reduction of the use of fossil sources of hydrocarbons and the move to renewable energy sources. In
this regard, it may seem that innovative engineering related to oil and gas production has lost relevance, and
CO2 emissions will disappear by themselves. But we need to understand that, on the one hand, the "green
transition™ will take decades, and on the other hand, the rejection of fossil fuels is planned in the field of energy.
At the same time, fossil hydrocarbons will long remain the main raw material base for the chemical industry.
Petrochemicals are rapidly becoming the largest driver of global oil consumption. They are set to account for
more than a third of the growth in oil demand by 2030, and nearly half by 2050. Petrochemicals are also poised
to consume an additional 56 billion cubic meters of natural gas by 2030 [16]. Therefore, the relevance of
modular plants for the production of chemicals in the fields will remain in the future.

1. Methanol production unit description

The production of such a high-tech product as methanol (CH3;OH) directly at the fields must meet certain
technical requirements that are not typical for traditional large-scale production. One of the main requirements
for such units is their compactness and block-modular design. The dimensions of the equipment of plants with
a capacity of 1-10 thousand tons/year fully comply with the requirements of the block-modular design. Such
container manufacturing of units greatly simplifies their installation at oil and gas fields and dismantling when
moving units to other fields.

We have developed a process flow diagram for a methanol production unit that meets the requirements
of compact production. Its block diagram is shown in Fig.2. The methanol production scheme consists of the
following technological blocks:

- Desulphurization of hydrocarbon raw materials.

- Raw material conversion.

- Methanol synthesis.

- Rectification of raw methanol.

To remove sulfur compounds, instead of the traditional two-stage scheme, a one-stage scheme is used,
with a bifunctional catalyst, on which the processes of hydrogenation of organosulfur compounds to hydrogen
sulphide and hydrogen sulfide adsorption take place [6, p.27]:

RSH + H,= H,S + RH (hydrogenation)
H,S + ZnO = ZnS + H,0 (adsorption)

For the conversion of hydrocarbon feedstocks, the traditional solution in large-scale production is steam
reforming in a tube furnace. Source [6, p.54] describes the basics of the process and gives an example of
industrial application. This is a complex structure, difficult to minimize in size, with the production of a large
amount of steam, which is used to drive powerful compressors. For mini-units, the compressors use electric
drives and the steam requirement is significantly lower. For these reasons, as well as other technical reasons,
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for a compact plant, the optimal option for the conversion is partial oxidation or steam-oxygen conversion of
natural gas [8, p.217].
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Fig.2 Methanol production block diagram.
The chemical mechanism of this process can be described in a simplified form as follows:

CH,+0.5-0,=CO+2-H,
CH,+H,0=CO+3-H,
Cco,+ H,= CO + H,0
CO+0.5-0,=C0,

This solution provides small dimensions of the natural gas conversion reactor and the best composition of the
synthesis gas obtained in the process of conversion, which is characterized by the functional:
F=XH2_XCOZ (1)
XCOZ + XCO

where X; - volume concentrations of the respective components.

The better feedstock processing into methanol is achieved at a certain ratio of H2:CO:CO2 in the syngas
composition. In this case, a value of the functional is close to 2.

The synthesis of methanol is carried out according to the circulation scheme in a compact tubular
isothermal reactor according to the following reactions [7]:

CO,+ 3H,= CH,OH + H,0 +Q
CO + 2H,= CH,0OH +Q
CO,+ H,= CO + H,0 - Q

Rectification of raw methanol for a compact unit is provided according to a simplified single-column scheme.
2. Natural gas partial oxidation mathematical simulation

Natural gas partial oxidation is an understudied object in terms of process mathematical modelling.
Existing traditional approaches, based on thermodynamics, do allow to obtain only values of conversion
reactor output composition and heat of reaction to get a material and heat balance of both synthesis gas
production in particular and methanol production in general and accordingly calculate all the technological
characteristics and consumption factors. The task of developing and designing of partial oxidation reactor is
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solved by a large number of experimental studies to optimize the geometry of the mixing unit and combustion
chamber. A detailed mathematical model of natural gas partial oxidation is intended to replace a significant
amount of experimental studies with a computational experiment stage. Various studies show good correlation
between numerical models based on finite volume method. Simple 1D models are capable to predict output
gas content in catalytic methane partial oxidation [13]. More complex models involve full 3D resolution of
methane oxidation equipment [14]. Such models ensure reliable prediction of gas composition and flame
characteristics. Although models have certain drawbacks (e.g. temperature tends to be overpredicted when
using Eddy Dissipation Concept), results of these models provide valuable details for understanding of
processes within the equipment.

That is why it goal of this paper to study the regularities of the interaction of gaseous hydrocarbons with
oxygen and water vapour and develop a mathematical model of the partial oxidation process, based on kinetic
relationships, and solutions of the equations of hydrodynamics and heat transfer.

3. Description of natural gas partial oxidation engineering calculation method

Traditional approaches based on thermodynamics give opportunities to calculate equilibrium composition
and heat of chemical reactions i.e. composition and temperature of outlet stream without relation to the reaction
time. Chemical equilibrium can be described by the following system of algebraic equations (in matrix form):

n(Kp,) = Z (S, -In(p,))
7 )

Where m is the reaction number, j is the substance number, Kpj is the equilibrium constant of reaction i, S;j is
the stoichiometric matrix and pj is the composition vector for partial pressures.
Equilibrium constant Kpi may be expressed through the thermodynamic relation:

In(Kp;) = — 3 3)

RT

dGi- Gibbs energy change in the reaction i, expressed through thermodynamic parameters and R, T -
universal gas constant and absolute temperature respectively.

The methodology for calculating the equilibrium composition and temperature consists of the following
steps:

1. Selection of the list of substances and the basis of the reactions — a list of linearly independent
reactions. For engineering purposes, only initial and final substances are taken into account and they are chosen
so that the basis does not have a large dimension. The mathematical representation of the reaction basis is a
stoichiometric matrix S;;, rows of which correspond to reactions and columns to stoichiometric coefficients.
For example, in the case of partial oxidation of methane without taking into account soot formation, the
reaction basis can be written as:

CH,+0.5-0,=CO+2-H,
CH,+H,0=CO+3-H,
CO+H,0=CO, +H,

2. Choice of a method for calculating values of equilibrium constants as a function of temperature. In the
simplest case, one can use table values from a handbook. The other way is to use empirical dependencies of
the form In(Kp;) = a; + b;T + ¢;T? + d;T3 + ¢;T*, where a;, b;, c;,d; and e; are empirical coefficients.
Also, the equilibrium constant can be calculated from the thermodynamic relation given above (eg. 3).

3. At given initial values of T, P and p]‘? the system of equations (eq. 2) is solved for example, by the
Newton-Raphson method to obtain an equilibrium composition. Calculation of equilibrium temperature by
solving heat balance equation:

Houe — Hin = Q(T, P, py). (4)



Energy 49

Here, H,,,H;, are output and input enthalpies Q(T,P, p,) is heat flux and T,P, p; are temperature,
pressure and composition respectively.

The dependence of heat flux on T.P.p is determined by the heat transfer conditions in each particular
reactor heat exchanger and is calculated by formulas widely available in the literature, e.g., in [15]. The case

of QT.P.P)=0js for an adiabatic reactor. These equations are solved together with the system described by
eq. 2 by iterative methods to find out the temperatures that make them true. Since the process of synthesis gas
production by partial oxidation reaches equilibrium, the results of equilibrium calculations can serve to
estimate the output compositions and temperatures obtained on the complex numerical model.

4. Gas flow numerical modeling

In contrast to model described in previous section, model described in this section calculates local
spatial distribution of physical quantities and chemical species thus allowing more detailed study of
underlying processes. To appropriately study the combustive processes within a natural gas reactor, one
must adequately model the flow of the gas, thermal transport, and chemical reactions. A lot of care must
especially be taken with modelling turbulent flows, as this also feeds into the calculations relating to
chemistry. In this study, the Navier-Stokes equations that govern incompressible fluid flow are used, as
the fluid in consideration is a gas in subsonic flow. The equations are solved in the Reynolds-averaged
(RANS) approach:

0_. 0 —— ——

ap+a—xj(pv’j+p Uj)=0 (5)
aii a _ d ail agj — [
P ot +Pa—xjvjviZa—xj<#<ax]_+axi>—P5ij_Pvz”j>+fi (6)

Here, p is density, v; is the i-th component of velocity, p is pressure, u is viscosity and f; are additional
volume forces/sources. The apostrophe symbol denotes turbulent pulsations for these quantities.

These equations require closure for the Reynolds stress term pv;v;. In this study, the k — & model,
which allows for calculation of the turbulence energy k and turbulent dissipation ¢, is employed:

a(pk) 0 ] 1\ 0k
ok = 2 e\ 22 - 7
ar Tox PR = 5 [(‘”ak)a,- * G pe @)

d(pe) 0 0 U\ 0€ £ pe?
ot +a—xl.('mf>—a—x,.[( +a—)a—x,. Tl G = G ®
2 - - - - .
ue =" is turbulent viscosity, C; = 1.44,C, = 1.92,C, = 0.09,0; = 1.0,0, = 1.3 are empirical
constants and Gy = —pv;v; a—Z{ acts as a source term for turbulence.
2

Because this study deals with chemical reactions, it is imperative to also model thermal transport.
This is done via the energy equation:

0(pE i A
(gt ) +V(B(pE +p)) =V (keffVT ~Sh]; + ({-’eff ) ,3)) +5, ©

E is energy, T is temperature, k. is the effective conductivity (which is the sum of the molecular
and turbulent conductivities), f] is the diffusive flux of the j-th species, h; is the sensible enthalpy of the

j-th species, T is the total stress tensor (due to molecular and turbulent viscosity), Sy, is a source term,
in this case heat produced or consumed by reactions.

Both of the hitherto considered approaches together with chemistry modeling are dependent on one
another — chemical reaction rates are determined by turbulence, they consequently produce or reduce heat,
which can change the temperature locally, thus locally changing e.g. the density of the mixture, changing
the flow characteristics. Because of this feedback loop, care must be taken to adequately model all of
these processes in a unified framework. Thus, a more detailed will be provided for chemical reaction
modeling.
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5. Chemical reaction modeling

Chemical reactions are often of interest in many industrial applications, particularly ones that include
combustive processes. For example, the production of syngas is often the result of complex, multiple step
chemical reactions with many species involved in the process. To build a fully descriptive numerical model
for such processes, chemistry must be adequately taken in account. Furthermore, one must also take in account
the medium that the reactions take place in.

The transport of each chemical species is described by the species transport equation [6]:

¥+V‘(pﬁﬁ)=—v‘fi+& (10)

Here, the left-hand side is the material derivative for Y;, which is the mass fraction of the i-th species, J;
is the diffusion flux of that species, R; is a production term (which is typically determined by the chemical
reactions taking place).

To determine the R; term, the chemical reactions taking place must be considered. The reactions that take
place in each process are often known beforehand, but an accurate description of these reactions requires the
knowledge of constants that determine the rate of each reaction, and the relation of these constants to
parameters such as pressure or temperature, which can vary greatly as the reactions evolve, or otherwise a
priori assumptions are required that allow for the reaction rates to be discarded from the model. These things
have previously been studied at length, especially for often used technological processes, and are available as
empirical data tables for some given ranges of parameters.

5.1 GRI-Mech 3.0

Natural gas combustion is quite a complex process, because natural gas itself is constituted of multiple
species (typically mainly of methane, but also of higher alkanes and traces of carbon dioxide, nitrogen,
hydrogen sulfide and/or helium) and because the species in the gas can undergo many different reaction
mechanisms. One description of the combustion of natural gas is in GRI-Mech 3.0, an aggregation of research
data from the University of Berkeley [7]. Altogether, GRI-Mech 3.0 describes 53 species and 325 reactions. It
is both based in a lot of research as described in [7] and has been extensively used to describe combustion with
good success. GRI-Mech 3.0 is written in the CHEMKIN file format. CHEMKIN files are written in a certain
syntax and used to describe reaction mechanisms, reaction rate constants and the thermodynamic properties of
the species in a certain temperature range, also denoted inside the file. The GRI-Mech 3.0 library is open-
source and freely available.

5.2 Eddy dissipation concept model

Chemical reactions are also strongly dependent on the medium they occur in. Temperature and pressure
are important parameters to chemical reactions, however, adequately describing the mixing of the reactive
species is also crucial to accurately describe the relevant chemistry. This is even more crucial in turbulent
flows, where mixing happens at the smaller, turbulent scales and must be taken in account.

The Eddy-Dissipation-Concept model is an extension of the eddy-dissipation model by Magnussen [8]
[9] which takes in account that chemical reactions take place in the finest turbulent scales. The volume fraction
is calculated as follows:

Ve 3/4
€ =6 () (a1
Here, v is kinematic viscosity and C; is a volume fraction constant and ¢* is the turbulent length scale.
The chemical reactions occur over a turbulent fine structure time scale, which is described as follows:
1/2

— (g) (12)

Here, C; is a time scale constant.
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In these scales, then, reactions can be modeled with submodels according to the finite Arrhenius rates.
This model takes in account both the laminar rate of the reaction and the mixing at a certain point of the gas.
Furthermore, it allows for combustion modelling without the requirement for a spark.

5.3 Practical implementation in ANSYS Fluent

ANSYS Fluent is one of the software solutions capable of both modeling gas flow (k-& turbulence and
energy transport) and chemical reactions within it with the eddy dissipation method (among others). However,
one should note that ANSY'S Fluent is commercial software and thus requires a license to run. It also supports
the use of CHEMKIN files for specifying the chemistry mechanics, which is GRI-Mech 3.0 in this case.

ANSYS Fluent offers the option to integrate chemistry via direct integration, which is computationally
expensive. However, there is an alternate option - the ISAT (in situ adaptive tabulation) method. Solving
chemistry with ISAT can lead to approximately 100 times faster solutions. The basic idea of ISAT is that it
begins with direct integration and saves the calculations in a table. As the table expands, in some cases, the
calculations can simply be looked up in the table (or rather interpolated with some set precision) instead of
performing a full calculation. Generally, the longer the simulation goes, the larger the table becomes and there
is less need for direct integration, thus greatly speeding up calculations.

6. Numerical model for the ENCATA gas reactor

A numerical model simulating gas flow and chemical reactions was formulated for a particular gas reactor
according to the specifications of ENCATA LLC. A sketch of the design (and of the computational mesh) can
be seen in Fig. 3. The mesh constructed for the 3D case consists of 350k tetrahedral elements, which are more
refined near the walls and where the reaction zones are predicted to be most active (in order to capture the fast
chemistry going on). This mesh size has been arrived at after completing a mesh independence sub-study. As
can be seen, the case is solved for 1/8th of the geometry by using the underlying symmetry of the geometry.
This allows for faster computing times, which are otherwise very extensive due to the computing costs of
solving for chemistry.

gas inlets

814 mm

a b c

Fig. 3. A sketch of (a) the 3D reaction geometry with labels and height (b) the top of the 3D model with
measurements (c) the computational mesh.

The mix of natural gas and air is fed through the inlets according to ENCATA LLC specifications see
Table 1. In the computational model, it is fed in already as a premixed, homogeneous mixture. The total mass
inflow through the inlets is 0.166 kg/s. The walls of the reactor are modelled as adiabatic. All the
thermochemical data of each constituent element in the gas mixture is given via GRI-Mech 3.0. The
calculations are performed first by using GRIMech 3.0, then by using a simplified natural gas combustion
reaction set. This is done in the hopes that a simplified chemistry description can adequately describe the output
gas, as chemical calculations take up the vast majority of the computational costs.

The simplified reaction mechanism is described in [17]. Originally it was used for calculating gasification
of coal in combination with heterogenous reactions. The model is solved as a stationary and time-averaged (in
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terms of turbulent quantities) case. The resultant gas output is compared to that of the empirically tested values
known by ENCATA.

Table 1. Composition of input gas

Mixture component Mass fraction, % (mass)

CHs 5.870

CO; 0.133

C2Hs 0.346

CsHs 0.102

CsHao 0.034

CsHi 0.028

\P! 70.506
0, 21.525

Ar 1.193

H.O 0.263

7. Results

Upon completing the described calculations, one can examine the main characteristics of the solution —
the temperature field, reaction heat field and integral values of the species at the outflow, as well as the average
temperature at the outflow.

First, upon analyzing the temperature fields (Fig. 4), one can see that the full and simplified chemical
models give different results for the equilibrium temperature achieved in the reactor, with the simplified
reaction set giving a higher average temperature. However, the characteristics of the temperature field are
similar in both cases.

Secondly, when considering the reaction heat fields, further agreement can be found. The characteristic
zones of reaction are quite similar in both cases, with the simplified reaction set once again giving slightly
higher results. This is likely the reason for the higher temperatures.

In Table 2, the output gas compositions of the two cases are compared and set against ENCATAS own
in-house model results. It must immediately be noted that the full chemistry model with GRIMech 3.0 gives a
good estimate for the output gas, with each species generally differing from ENCATAS results by less than 0.5

mol%.
Table 2. Comparison of output values in various models

ENCATA equilibrium model, GRIMech 3.0. model, Simplified chemistry model,
Gases at outlet
mol% mol% mol%
H> 2.20 2.52 0.21
CoO 4.00 4.50 3.05
CO2 6.70 6.49 7.02
H20 19.10 18.81 20.03
N2 67.20 66.70 69.68
Ar 0.80 0.83 -
Other - 0.15 0.01
Average T, °C 2048 1868 2055

However, the average temperature at the outlet is markedly lower when compared to ENCATA modelling
results. On the flipside, the simplified chemistry model forecasts the output gas worse than the full model does,
but the temperature obtained at the outlet is much closer to the ENCATA benchmark. This leads to an
interesting question regarding the fact that one model forecasts output gas composition better, the other better
forecasts the output gas temperature. Further work will be required to determine the cause for this, as outside
effects can be the culprit (e.g. in the scope of this work radiation modelling has been neglected — upon including
radiation calculations, the temperature fields could change).
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Overall, the authors arrive at the conclusion that a simplified chemistry model nevertheless describes
the output gas composition too poorly in order to be a good substitute for the full GRIMech 3.0 chemistry
set. Work is still required to see whether intermediate chemistry sets that are smaller than GRIMech but
more expansive than the one considered in this paper may be used to cut computational costs. For
engineering and design purposes a model that quickly returns results is required for it to be feasible in

everyday use.
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Fig. 4. The temperature field for the models with (a) GRIMech 3.0 chemistry (b) simplified chemistry.
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Fig. 5. The reaction heat field for the models with (a) GRIMech 3.0 chemistry (b) simplified chemistry.



54 ISSN 1811-1165 (Print); 2413-2179 (Online) Eurasian Physical Technical Jounal, 2022, \ol.19, No.3 (41)

Conclusion

Having constructed two models (full GRIMech 3.0 chemistry and a simplified reaction set) for the
combustion of natural gas in a reactor, one can conclude the following:

— The two reaction sets produce reasonably close results for temperature and reaction heat fields
qualitatively, with the (slight) differences being in quantitative values.

— The full chemistry set produces a good forecast for the composition of the output gas but
underestimates the output temperature. The simplified model fails to adequately forecast the output gas
composition; however, it gives a better agreement for the output temperature.

— The simplified reaction set considered in this study cannot be used to adequately forecast the
output gas. Further work is required to see if intermediate reaction schemes smaller than GRIMech 3.0
exist that can give better results and allow for cutting computational costs.

Further work includes considering other reaction sets for natural gas combustion, as well as more
thoroughly studying the effects of variations added to the model (e.g. adding radiation modeling, varying
model constants etc.).
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The effect of the chemical structure of polymethine dyes on their spectral-luminescent and photovoltaic
properties has been studied. It has been shown that the introduction of hydroxyl functional groups into the dye
structure leads to a bathochromic shift of the absorption and fluorescence bands. During the adsorption of dyes on
the surface of titanium dioxide, a shift of their spectra to the red wavelength region was recorded with a
simultaneous broadening of the bands caused by dye aggregation on the semiconductor surface. A decrease in the
lifetimes of the excited state of molecules by 64 and 30% was registered for dyes 1 and 2, respectively. Quenching
of the fluorescence lifetimes of adsorbed molecules is the result of electron transfer from the dye to the
semiconductor. Measurements of the photovoltaic parameters of the studied dye-sensitized solar cells showed a
higher efficiency for the functionalized dye, which is associated with better adsorption of this compound on TiO..

Keywords: polymethine dyes; functional groups; optical properties; photovoltaics; dye-sensitized solar cells.

Introduction

Currently, the search and active using of new alternative energy sources in many developed countries of
the world are accepted as vital, strategically necessary resources. In this regard, active development of
photovoltaic cells is carrying out. Solar cells with using of organic dyes, despite their low efficiency, are a
good alternative to semiconductor solar panels, since their production is more environmentally friendly and
does not require complex technology. The main component of a dye-sensitized solar cell (DSSC) is a
semiconductor electrode with adsorbed dye molecules. The most popular and chemically stable sensitizers for
DSSC are organometallic chromophores and complexes with rare earth elements [1, 2]. However, their
synthesis is a laborious and rather expensive task. In this regard, many groups are developing organic
molecules-sensitizers for DSSC.

The aim of the present work is studying if the effect of functional groups in the structure of a polymethine
dye on its spectral-luminescent and photovoltaic properties. The choice of these dyes is due to the fact that
among organic chromophores they have the largest range of changes in photophysical [3] and nonlinear optical
properties, due to which they are widely used in organic photovoltaics [3-6], laser technology [7-10], and
nonlinear optics [11-13], information technologies [14, 15], in biology and medicine [16, 17]. Among the
important properties of polymethine dyes, their extremely high extinction coefficients having to be highlighted
[3]. In this regard, polymethine dyes are a promising class of sensitizers for solar cells. To date, it has been
shown that the adsorption of polymethine dyes on TiO; leads to an expansion of the efficiency of light
harvesting of the cell’s working electrode to the red region of the spectrum [18-23]. This increases the
conversion efficiency of light into electrical energy. A factor contributing to an increase in the adsorption
efficiency of polymethine dyes on the surface of a semiconductor is the “anchor” groups in the structure of the
dye.

1. Experiment

Cationic indodicarbocyanine dyes (IPD) were chosen as the objects of study, the structural formulas of
which are shown in Fig. 1. IPD 1 with hydroxyl groups is an analog of IPD 2 dye. The main spectral-
luminescent and photovoltaic properties of IPD dye are detailed in [5, 24].
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The absorption and fluorescence spectra of the dyes were measured on a Cary-300 and Eclipse
spectrometer (Agilent Techn.). The lifetimes of the excited state of the dye molecules were measured with
using of a pulsed spectrofluorimeter with picosecond resolution and recording in the time-correlated photon

counting mode (Becker&Hickl, Germany) [25, 26].
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Fig. 1. Structure of IPD 1 and 2

Glass plates coated with FTO (surface resistivity ~7 €)/sq, Sigma Aldrich) were used to prepare and
assemble solar cells. A nanometer blocking layer of TiO, was deposited on the FTO surface. Pastes from TiO;
nanoparticles (Sigma-Aldrich, d~21 nm) were prepared according to the procedures of [4-6, 27]. TiO- pastes
were deposited onto the surface of a conductive glass by the doctor-blading method. The films were left to
relax in air for 3 minutes, dried at 125 °C for 6 minutes, and annealed stepwise (with a step of 175 °C) in the
temperature range from 175 to 500 °C.

Ethanol solutions with dye concentration equal to 10-* mol/L were used for the sorption. For this purpose,
porous semiconductor films were placed into dye solution for the 24 h. After that, the films were dried in an
oven (T=70°C) for 30 minutes. The sorption of the dye into the pores and the estimation of its concentration
were controlled by the methods of absorption spectroscopy. The platinum electrodes were prepared separately
on the FTO surface. Platinum was deposited with electrochemical method from an ethanol solution of H.PtCle
(Sigma Aldrcih). At the final stage, the cells were assembled according to the standard procedure [27].

The current-voltage characteristics (CVC) of solar cells were measured under illumination by Xe lamp
with a light power of 100 mW/cm? on a CT50AAA Cell Tester measuring complex (Photo Emission Tech.).
The measurements were carried out in the photovoltaic mode at room temperature. The parameters of the
DSSC as the open circuit voltage (Vo), the short circuit current density (Js), the fill factor (FF), and the
efficiency (n) of the cell were determined from the CVCs.

2. Results and discussion

The absorption and fluorescence spectra of IPD 1 dye measured in ethanol solution are shown in the Fig.
2a. The absorption bands of IPD 1 and 2 are located in the wavelength range of 500—-700 nm. The absorption
spectrum maximum of the IPD 1 dye exhibits at 645 nm (Table 1) with a shoulder at ~600 nm. For the parent
dye IPD2, the band maximum is hypsochromically shifted by 10 nm and exhibits at 635 hm with a shoulder at
2 max=595 nm. At the same time, it should be noted that the extinction coefficient of IPD 1 dye have the close
values as for IPD 2 dye [5].

Table 1. Spectral and luminescent properties of IPD 1 and 2 in ethanol solutions (C=10"° mol/L)

Dye a1 max (NM) 32 max (NM) Az (nm) fAimax(Nm) fA2max(NM) ANz (nm)
IPD 1 645 600 45 670 720 35
IPD 2 635 595 45 655 715 31

Photoexcitation of the emission spectra of dye solutions was carried out both from the short-wavelength
(Aexc=590 nm) and long-wavelength side (Aexc=630 nm) of the absorption spectrum of luminophores. The
highest dye fluorescence intensity was recorded upon excitation at 630 nm. As in the absorption spectra, the
short-wavelength shoulder in the region of 715 — 720 nm is mirrored in the fluorescence spectra. The maximum
of the fluorescence spectrum of the dyes IPD 1 and IPD 2 was registered at 670 and 655 nm, respectively.
Thus, it has been established that functional groups have practically no effect on the spectral and luminescent
characteristics of the IPD 1 dye. However, they play an important role in the adsorption of dyes on
semiconductor films.
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Fig.2. (a) Absorption (1, 3) and fluorescence (2, 4) spectra of dyes 1 (1, 2) and 2 (3, 4) in ethanol (C=1075 mol/L);
(b) fluorescence decay kinetics of dye 1 in ethanol solution (1) and on TiO> film (2), Aexc=488 nm

Since the sensitization of the active electrodes of the Grétzel cells occurs by the adsorption of dyes from
solutions, it was interesting to find out what spectral changes would occur in the absorption and fluorescence
spectra of the dyes on the surface semiconductor films.

For this purpose, TiO films were prepared on nonluminescent quartz substrates by the doctor-blading
method. The measurements showed (Table 2) that a bathochromic shift of the absorption and fluorescence
bands of both dyes occurs on the surface of the porous films. At the same time, the absorption and fluorescence
band of the dyes were deformed, which is expressed in the broadening of the spectra, as well as the virtual
absence of a shoulder in both the absorption and fluorescence spectra of the dye.

Table 2. Spectral-luminescent parameters of IPD 1 and 2 adsorbed on the surface of TiO; films

Dye 1 max (M) A*Mp2 (NM) fklmax(nm) Ay (nm) 1t (nS) Ty/olution
IPD 1 648 128 672 132 0.40 0.36
IPD 2 646 125 663 130 0.65 0.70

Measurements of the fluorescence decay kinetics of dyes on TiO; films have shown that the lifetime of
the excited state of the dye was reduced by 64 and 30% for IPD 1 and 2, respectively (Fig. 2b). The quenching
of the fluorescence lifetime of adsorbed dyes is the result of the electron transfer from the dye to semiconductor
when colored films were irradiated with visible light [22, 25]. This effect is more pronounced for IPD 1.

The higher efficiency of electron transfer was confirmed by data on the photovoltaic characteristics of

solar cells, sensitized with dye 1 or 2 (Table 3).

Table 3. Photovoltaic parameters of DSSC, sensitized with IPD 1 and 2

Dye Jsc (MA/CmM?) Voe(MV) FF n(%)
IPD 1 0.46 272.0 0.30 0.037
IPD 2 0.11 375.0 0.15 0.006

It can be seen that the cell with the IPD 1 has better photovoltaic parameters compared to the IPD 2,
despite the fact that the open-circuit voltage VVoc for the IPD 2 is higher. This can be explained by the fact that
the presence of functional groups in the IPD 1 dye molecule leads to an almost 4-fold increase in the Jsc value
compared to IPD 2. This parameter directly depends on the number of charge carriers transferred from the dye
to the semiconductor [28, 29]. That is, the process of charge-carriers generation in the cell is more efficient
due to the presence of anchor groups in the structure of the dye 1. In addition, this assumption was confirmed
by the change in the optical density of dye solutions before and after their adsorption on the surface of the TiO;
films. As the estimation of the number of adsorbed molecules (N) on the cell surface showed, N=2.5-10 for
IPD 1 and N=1.7-10% for IPD 2.
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Conclusion

Thus, the measurements showed that the introduction of functional groups into the structure of the
indodicarbocyanine dye molecule leads to a bathochromic shift of its absorption and fluorescence bands.
During the adsorption of the studied dyes, a shift of their spectra towards red wavelengths was recorded. At
the same time, the absorption and fluorescence bands of the dyes were broaded, as well as the shoulder in both
the absorption and fluorescence bands of the dye the virtual was absent. This is accompanied by a decrease in
the lifetime of the excited state of the dye by 64 and 30% for IPD 1 and 2, correspondingly. The quenching of
the fluorescence lifetimes of adsorbed dyes is the result of electron transfer from the lower unoccupied
molecular orbital of the dye to the conduction band of the semiconductor upon irradiation of the films with
visible light. On the basis of the photovoltaic parameters, it can be concluded that the presence of functional
groups in the dye molecule leads to an increase in the efficiency of the photovoltaic characteristics of solar
cells sensitized with organic dyes.
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There are a great variety of wind turbine constructions but by their principle of operation they are divided
into three main types - sail (Savonius wind power unit), propeller and airfoils (Darrieus wind turbine). At present,
propeller-type wind-turbines are the most widely spread. They are produced on a commercial level in many
countries. Other conditions being equal, the power produced by wind power unit (WPU) is proportional to the area
being swept around by a wind wheel. Therefore, Megawatt propeller-type wind turbines have blades with the length
of 40 and more meters. Only aircraft works with a highly-qualified personnel and corresponding equipment can
produce such long blades of a specific shape. Of high interest have become airfoil wind turbines (Darrieus WPU)
lately. They are of a simpler construction and have a quite high wind power utilization factor (£=0.45). In spite of
the fact that this is a good index of WPU efficiency, the workers of al-Farabi Kazakh National University have
developed a new version of a wind turbine which allows increasing 1.3-1.6 times the value of this coefficient. This
apparatus is named a Bidarrieus unit. This paper presents the description of a Bidarrieus unit, the principle of its
operation and the possibility of increasing the wind power utilization factor. Also, the results of testing an acting
laboratory model in an aerodynamic tunnel

Keywords: wind turbine, Darrieus, Bidarrieus, two-rotor wind power turbine, wind power factor
Introduction

Recently, interest has appeared in wing-type wind turbines, called the Darrieus wind turbine, invented by
the French engineer Darrieus in 1925. [1] The Darrieus apparatus has the following advantages over other
wind turbines:

1) due to the vertical-axial rotation of the turbine, the change in wind direction does not play a role;

2) the swept area is not inferior to the propeller area;

3) the power generator and other equipment are located at ground level, which facilitates the construction
of the large-capacity machine, maintenance, and repair;

4) structurally, they are relatively simple to manufacture and have a fairly high coefficient of wind energy
utilization (x=0.45);

5) the relative noiselessness of the turbine rotation, due to the continuous flow around the working blades
by the wind flow, since symmetrical NACA profiles are used here;

6) the Darrieus wind turbine allows a wide range of design versions of these devices.

Therefore, many firms are showing interest in vertical-axis wind turbines of the carousel type, in
particular, the Darrieus turbine [1-4]. As it is known, the Darrieus construction has a single shaft of rotation
and a rectilinear span associated with two oppositely located working blades. A distinctive feature of the
proposed device is the use of the principle of autonomous operation of two coaxial shafts connected to the
turbine and transmitting wind energy to two current generators. Thus, the power removed by the two direct
current generators is summed up. For centering, the coaxially mounted rotation shafts are separated from each
other by support bearings, which ensures their independent rotation: both coordinated in the same direction
and in the opposite direction. The wingspan and rotor blades can be made in the form of NACA symmetrical
airfoils. The rotation of the wind turbine occurs due to the action of lifting forces on the working blades. The
working blade can be connected to the rotation shaft using a swing or troposkino method.
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1. The main part. The principle of operation of vertical-axis wind power devices of the
carousel type.

Currently, propeller-type wind turbines are widely used, which make it possible to increase the installed
capacity of each installation to several megawatts. Like any mechanical apparatus, a wind turbine of this type
has both positive and negative sides. The positive is the developed and mastered long-term technology, on the
basis of which, at present, high-performance power plants are being created around the world. Nevertheless,
while bringing significant benefits to the country's energy balance, they cause some damage to the
environmental situation in these regions. For example, propeller wind farms produce significant disturbances
due to the high level of turbulence in the atmosphere. The high and wide range of sound waves create
unbearable conditions for surrounding living organisms. The higher the installed capacity of such wind farms,
the larger the lifeless territory in these regions (birds, wildlife and local people leave these places). In this
regard, Darrieus carousel-type wind turbines, operating on the lifting force of the working blades and having
a NACA symmetrical wing shape, are becoming more preferable. At the same time, the overall dimensions of
such devices are much smaller than propeller ones, with almost the same installed power values. The material
consumption and the space occupied for these devices are incomparable with the propeller ones. The Darrieus
wind turbine has a non-separated flow around the blade and, accordingly, is almost silent. These profiles

(NACA-0021) have low drag at ¢=0. [5,6]
2

Cxn = CxﬂpUT , where C,=0.028.

Whereas, if the blade of the same profile is deployed, with the trailing edge towards the wind flow, the

resistance becomes an order of magnitude higher, due to the separation flow.
2
Gx = CXKP% ,  where C«=0.16.

In this regard, many companies give more and more preference to carousel-type devices. In addition, they
allow the possibility of developing and creating various promising versions of wind turbines. At present, the
theoretical foundations of Darrieus wind turbines have been developed [5,7].

A group of Kazakhstani scientists-enthusiasts for several years has been actively engaged in the
development and modeling of various versions of carousel-type wind turbines with high utilization rates of
wind energy at the Research Institute of Mathematics and Mechanics. New versions of the wind turbine have
been developed, which allow, with the same swept area, to remove wind energy by 30-40% more compared to
other wind turbines. Patents were received for several inventions [8,9]: wind turbine Bidarie-1, vertical-axial
composite wind turbine HBI-rotor, wind turbine Bidarie-2, and organization of thermal protection of wind
turbine operation under adverse climatic conditions. Schematic diagrams and photographs of the designs of
the developed wind turbines are shown in fig. 1, 2.

The objective of the study is to develop a new modification of a carousel-type wind turbine with high
technical and economic indicators. The mission of this study is to create a wind turbine at minimal cost and
get the maximum of wind energy, which is in abundance in any region of our republic. A two-rotor wind
turbine design is proposed, which allows to remove the maximum amount of wind energy. This design ensures
the removal of the main element - the wind turbine, beyond the surface boundary layer and thereby allows you
to remove wind energy in the area of potential wind movement, where the average wind speed is 2-3 times
higher than the average wind speed of the surface boundary layer. This will allow the unit to begin to rotate
spontaneously already at a wind speed of 5 m/s.

2. Features and principles of operation of Bidarrieus-1 wind turbines

The first version of two-rotor machines, called Bidarrieus-1, is quite widely known not only in
Kazakhstan, but also abroad. The design of this wind turbine is a set of two Darrieus turbines as if nested in
each other and deployed so that their spans are perpendicular to each other, i.e. a.=90° [7-9]. Figure 1 shows
various design schemes for the Bidarrieus-1 wind turbines. On the diagrams of Fig. 1, the following
designations are accepted: 1 - blades, 2 - swings, 3 - housing, 4 - rotation shafts, 5 - bearing, o= 90°. In fig. la
shows a variant with straight working blades (1) of an H-shaped rotor.
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TN

Fig 1. Schematic diagrams of the design of various wind turbines Bidarrieus -1:
a) with straight wings (one-way rotation); b) troposkino systems (one-way rotation); c) with troposkino blades
(shaft rotation in different directions)

Each of the two coaxially located shafts (4) is connected with its symmetrically located pair of blades (1)
by means of spans (2), which, during rotation, create a moment of forces that autonomously act on the “own”
shaft. Figure 1b shows a diagram of the wind turbine Bidarie-1, but the blades are made in the form of a
troposkino. The stability of the wind turbine is achieved by the symmetrical arrangement of the blades. Fig.1c
describes the design that allows the rotation of the shafts in different directions. In this embodiment, both shafts
must rotate in the same direction with the same angular velocity. There is a special corrective device (clamp)
that maintains the angle between the spans a. = 90° when Bidarrieus-1 is operating [8].

3. The laboratory model of Bidarrieus-1

In the course of research, for testing in a wind tunnel, an operating laboratory model of the Bidarrieus -1
wind turbine was initially made (Fig. 2). The dimensions of the model are chosen so that it fits freely in the
working section of the wind tunnel. Each pair of blades is connected by mutually perpendicular spans so that
each of the four blades of the Darrieus wind turbine model is located at an angle of 90° to each other, Fig. la.
The working section of the wind tunnel has an elliptical shape, the major axis of which is located horizontally.

Fig. 2. Laboratory model of the Bidarrieus -1 twin-rotor wind turbine of JSC Research Institute “Gidropribor”,
Uralsk: side view.
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The current model has the following dimensions: total height 785 mm:; the span on which four working
blades are located is 800 mm. The working blades and both spans were made in the form of a symmetrical
NACA-0021 profile. The blades and spans have the same chords, 32 mm long, the length of the working blades
is 550 mm, the length of the spans is 400 mm. The proposed device is placed in one housing and consists of
two coaxially located shafts of rotation connected with the working blades using spans. A distinctive feature
of the Bidarrieus-1 device is the use in the design of the principle of autonomous operation of the shafts
connected to the wind turbine and transmitting wind energy to two electric generators. When conducting
experiments to determine and compare the values of wind energy utilization factors, the model worked both
in the Darrieus mode and in the Bidarrieus-1 mode. The test results at various air flow rates showed the
efficiency of the Bidarrieus-1 twin-rotor machine.

4. The methodology of the experiment and the results of the experimental study

The experiments were carried out on a working laboratory model of a wind turbine with straight working
blades in a wind tunnel of JSC Research Institute “Gidropribor”. The flow characteristics were measured in
the working section of the wind tunnel. The model is a two-bladed version with vertical straight working blades
mounted on horizontally directed strokes, rotated by 180°. The working blades and swings are symmetrical
NACA-0021 profiles. Two such two-bladed wind turbines are mounted on two coaxial shafts that can rotate
independently of each other. The dimensions of the wind turbines are identical and the four working blades
are located at the same distance from the common axis of rotation, in other words, the length of the strokes is
the same. Strokes are attached to the top of the shafts. Each of the coaxial shafts below has a pulley, with the
help of a belt drive, two independently operating electric generators rotate. Wind turbines are rotated relative
to each other by 90°, so that the turbine strokes are a cross with right angles. For independent rotation of the
turbines, there is a special device that maintains this angle constant. Thus, each turbine rotates its own shaft
and transmits torque to one of the electric generators. Such a device is the Bidarrieus-1 model, capable of
simultaneously rotating 2 electric generators.

The design allows you to remove one of the turbines connected to the inner shaft. In this case, we will
have the well-known two-bladed Darrieus turbine model, which, through the rotation of the shaft, transfers
energy to one electric generator. As a result, it is possible to compare the power developed by the wind turbines
"Bidarrieus-1" (the total capacity of two electric generators) and "Darrieus" under all other identical conditions.
The dimensions of the wind turbine are chosen so that the model fits completely in the working section of the
wind tunnel. This is an open area of elliptical shape with dimensions: length - 2.2 m, the major axis of the
ellipse - 2.1 m is located in the horizontal direction, and the minor axis - 1.2 m. The airflow in the working
area moves in a horizontal direction at a speed of up to 35m/s (Fig.3).

Honeycomb Work area Fan

Electric motor

Fig.3. Schematic diagram of a wind tunnel.

The model was mounted in the central part of the working section of the wind tunnel across the flow so
that the plane of rotation of the flywheels lay in the central plane of the working section passing through the
major axis of the ellipse, and the axis of rotation of the turbine was directed along the minor axis of the ellipse.
Model dimensions: height from the pulleys to the plane of rotation of the flaps - 0.51 m, length of the flaps
from the turbine axis to the chord of the working wings, equal to the radius of rotation - 0.404 m, length of the
working blade (T - shaped mount) - 0.55 m, chord profile of the working blades and shoulders - 0.03m (NACA-
0021 profile).
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Fig.4. Operating laboratory of the Bidarrieus -1turbine model in the wind tunnel working section (top view).

The possibility of quantitative recording of the power developed by the turbine made it possible to carry
out four series of experiments. We were interested in the repeatability of the results obtained, as well as the
expansion of the experimental data with the variation of various elements of the electrical part. In each series
of experiments, measurements were made with the rearrangement of electric generators, connecting them with
a belt drive to one or another shaft. Similarly, the rheostats were interchanged during power removal, and the
current and EMF measurements were carried out either with one device or with another. The data obtained are
summarized in Table 1. The last column of the table (the rightmost column) shows the power received in the
"darier" mode, and the total power of the two electric generators when the turbine is operating in the "
Bidarrieus-1 " mode. As can be seen from the table, in all experiments, the total power of the " Bidarrieus-1 "
was 30-40% higher than that of the "Darrieus".

At the end of the power tests, an aerodynamic experiment was carried out using a three-channel probe to
analyze the distribution of the velocity and pressure field in front of the turbine, inside the cylindrical surface
swept by the rotor blades, and also behind, behind the wind turbine.

Research was planned to measure the magnitude of the speed, as well as the distribution of pressure in
front of and behind the wind turbine. In addition, measurements were taken inside a cylindrical cavity
described by rotating working blades (sweeping surface). All measurements were carried out in the horizontal
plane of rotation of the swings. Thus, the influence of the end effects of the working blades, which were
sufficiently removed from the measurement plane, was excluded.

This made it possible to use a three-channel Pitot-Prandtl nozzle. The speed of the air flow in the working
section of the wind tunnel was controlled by a conventional full-pressure tube. Since the working section of
the wind tunnel was under rarefaction, the value of the latter was measured in each operating mode of the wind
tunnel. In order to improve the accuracy of measurements, the main studies were carried out at a flow velocity
in the working section of the wind tunnel equal to 17 m/s. In this case, the angular velocity of rotation of the
turbine was 43.96 rad/s (n = 420 rpm). The measurement accuracy with a three-channel probe using a cup
micromanometer was 1 mm of water. The limb of the three-channel probe, equipped with a vernier, made it
possible to measure the angle of rotation of the measuring probe with an accuracy of ~0.1° The measuring
probe was mounted on a coordinator, with the help of which it was possible to move in the horizontal direction
with an accuracy of 0.1 mm. The coordinate was located below the cylindrical surface described by the rotating
working blades of the turbine. The holder of the three-channel measuring probe was fixed vertically, parallel
to the side surface of the swept cylindrical body so that the receiving openings of the measuring probe were
directed towards the air flow and located in the plane of rotation of the swings. When measuring inside the
swept cylindrical body, the receiving holes were located 50 mm below the swings.

The obtained experimental data were processed in dimensionless quantities:

r

= PemtPo = V. _
p:Lw’]/z_,r:R

Poo Veo

where Pg is the static pressure according to the readings of the three-channel probe, P is the pressure in the
working chamber, p is the air density determined from barometric readings, V. is the air velocity in the
working area when the Darrieus model is stationary, R is the radius of the swept cylindrical surface.
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Table 1. The results of tests of wind turbines "Darrieus” and "Bidarrieus-1"

Expe- No-load Work with load

rience MODE RPM | Genera- RPM | Voltage of | Amperage, Total Power,

num- tor emf, generator, mA power,W w

ber Vi Vi
I-series of experiments

1. 2-bladed (1 engine) | 800 450 3 130 0.39 0.39
"Darrieus”

2. «Bidarrieus» (1 engine) | 700 400 25 110 0.275 0.55

(2 engine) | 700 400 2.5 110 0.275
I1-series of experiments

1. 2-bladed (1 engine) | 500 5 450 3 100 0.3 0.3
"Darrieus”
rheostats 2.1

2. «Bidarrieus-1» (1 engine) | 400 3,8 350 2,2 95 0.21 0.386
rheostats 2,1 (2 engine) | 400 3,8 350 2,2 80 0.176

3. «Bidarrieus-1» (1engine) 400 3,8 350 2,4 80 0.19 0.41
rheostats 1,2 (2engine) 400 3,8 350 2,2 100 0.22

I11-series of experiments, swapped engines

1. «Bidarrieus-1» (2 engine) | 420 4 390 2.5 90 0.225 0.435
rheostats 1,2 (L engine) | 420 4 390 2.2 95 0.21

2. «Bidarrieus-1» (1 engine) | 450 4 390 2.4 85 0.204 0.468
rheostats 2,1 (2 engine) | 450 4 390 24 110 0.264

3. "Bidarrieus-1" (2 engine) | 400 3.4 300 2.0 70 0.14 0.338
with tight (1 engine) | 400 3.4 300 2.2 90 0.198
springs rheostats
2.1

4. 2-bladed (2 engine) | 500 45 400 29 125 0.36 0.36
"Darrieus”
rheostats 2,1

5. 2-bladed (2 engine) | 500 45 420 3 105 0.315 0.315
"Darrieus”
rheostats 1,2

1V-series of experiments, swapped engines

1. «Bidarrieus-1» (2 engine) | 450 3.8 350 2.2 100 0.22 0.472
rheostats 2,1 (1 engine) | 450 4 350 2.4 105 0.252

2. «Bidarrieus-1» (1 engine) | 450 3.8 380 2.2 120 0.264 0.498
rheostats 1,2 (2 engine) | 450 4 380 2.6 90 0.234

3. "Bidarrieus-1" (2 engine) | 400 3.2 350 2.0 120 0.24 0.465
with tight -
springs rheostats (1 engine) | 400 3.4 350 2.5 90 0.225
1.2

4. "Bidarrieus-1" (2 engine) | 400 3.2 320 2.2 90 0.198 0.438
with tight (1 engine) | 400 3.4 320 24 120 0.24
springs rheostats
2.1

5. 2-bladed (1 engine) | 500 45 400 2.6 120 0.312 0.312
"Darrieus”
internal shaft
rheostats 1.2

6. 2-bladed (1 engine) | 500 4.5 420 2.8 100 0.28 0.28
"Darrieus”
internal shaft
rheostats 2.1

The main dimensions are shown in figure 5. Experimental plots are presented in dimensionless terms.
The Figure 5 shows the experimental profiles P obtained in five sections (in front of the turbine, inside the
rotating turbine, then in three sections after passing the turbine) in which the measurements were made. A
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schematic representation of the cross sections of the airflow in the working area with a rotating model of the
Darrieus wind turbine is shown in Figure 6.

O - 1% 3ection @ - Let section
o - 2od ssotion m - 2nd secticn
A - 3rd section A 3rd sect_ion
> _ 4th secticn - 4th section
v Sth ssction v 5th section

Fig. 5. Experimental data on the distribution of pressure in various sections of the air flow during turbine operation

As can be seen from the graph, the pressure in front of the rotating turbine is positive. Naturally, near the
central line, the flow deceleration is significant; accordingly, the pressure is higher. As you move away from
the center line on both sides, the flow deceleration weakens, and the pressure tends to the pressure inside the
working chamber (P.). The lowest value of static pressure was shown by measurements in the next section,
which was made inside a cylindrical cavity bounded by the swept surface. The next three sections, as seen in
Fig. 3 were located in the wake of the rotating turbine. The data in Fig. 3 clearly shows the process of pressure
recovery as you move away from the wind turbine; the results of measuring the static field reflect the physics
of the phenomenon.

R R R

R EEER

Fig. 6. Schematic representation of the cross sections of the air flow in the working area from the rotating
model of the wind turbine Darrieus.

Finally, it is of interest to consider the nature of the curvature of the streamlines during the passage of an
airflow through a wind turbine. The deviation of the flow from rectilinear motion is already observed when
approaching the turbine. The streamlines begin to deviate slightly (2-2.5°) from straightness when they meet
the rotating blades. Moreover, the greatest deviation takes place in the area of oncoming flow and blades
(quadrant I in Fig. 8). In the area of the outgoing movement of the blades (quadrant Il in Fig. 8), the deviations
do not exceed (0.5-1)°, i.e. within measurement error. The same thing happens on the leeward side of the swept
surface. The streamlines here in quadrant IV (Fig. 8) also deviate toward the moving working blades. However,
it is noticeably stronger (5-6°). In quadrant III, the deviations are very weak.

On fig. Figure 7 shows the measurement data of the velocity field in the same five sections. In the upper
part of the graph, there are velocity profiles (dark dots), below the values of their cubes are given in order to
be able to estimate the loss of wind energy when passing through a rotating wind turbine (the notation is the
same as in Fig. 5). In order to consolidate the illustrative material and provide an opportunity for a more
detailed study of the experimental profiles, they are somewhat shifted relative to each other.
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Fig.7. Plots of speeds and energy of the air flow in several sections during the operation of a four-bladed Darrieus

wind turbine.
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Fig.8. Streamlines plotted based on velocity direction measurement data

Otherwise, it is difficult to get a clear perception of the measurement results due to the overlap of
measurement data of different cross-sections. It is easy to see that the air slows down in front of the wind
turbine and accelerates somewhat in the second section, which is obviously due to a significant rarefaction of
the leeward side of the working blade. As for the three sections behind the wind turbine, where the velocity
field changes little (see coordinate scales), which is associated with the use of part of the energy of the airflow

by the rotating turbine. This can be seen from the data Vscharacterizing the energy of the airflow. Then the
streamlines are straightened, going into the receiving part of the wind tunnel. Similar patterns should be
observed in natural conditions, the wind flow deviates to one side when it meets the turbine, and to the other
on the leeward side. The streamlines then apparently take the general direction of the wind.

Conclusions

The universal laboratory model of a carousel-type wind power plant made it possible to study both in the
"Darrieus", and "Bidarrieus” modes. In this regard, the following tests were carried out:

1. Testing the model in the Darrieus mode at idle to determine the nature of its rotation in the airflow.

2. Tests of the Darier model with current generators.

3. Several series of experiments were carried out with the model in the "Darrieus", and "Bidarrieus”
modes in order to obtain comparative characteristics, which is the main task of the tests.

4. At the end of the power tests, an aerodynamic experiment was carried out using a three-channel probe
to analyze the distribution of the velocity and pressure field in front of the turbine, inside the cylindrical surface
swept by the working blades, and also behind, behind the wind turbine
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5. On the basis of a direct physical experiment, experimental data on the distribution of velocity, pressure
and the nature of the change in the streamline near the operating wind turbine were obtained.

6. Despite the fact that this is a good indicator of the efficiency of the Darrieus turbine, the authors have
developed a new version of the turbine, which allows increasing the effective value of this coefficient up to
1.5 times
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During the development of a severe accident at nuclear power plant with a core melting, corium is formed.
One of the main barriers preventing outflow of corium into the environment is a melt localization device or a melt
trap. The melt trap must accept and prevent the corium parameters from exceeding critical values, ensuring its
retention in a controlled volume and cooling. For this reason, melt traps are subject to serious requirements
regarding cooling methods to ensure effective containment of the melt in the core of a nuclear reactor. In the
presented article, experimental studies of the interaction between corium and water, which was supplied to the
surface of the corium in a melt trap for its cooling, were analyzed. As a result of the work, a number of significant
problems associated with the low efficiency of this cooling method were identified, and possible ways to eliminate
them were considered. A solution is proposed for optimizing the method of corium cooling in a melt trap, as well as
for the scope of research on the possibility of implementing the proposed method in practice and analyzing its
effectiveness using the VCG-135 test-bench and the Lava-B facility.

Keywords: corium, severe accident, core catcher, VCG-135 test-bench, Lava-B facility, safety, hydrogen generation,
steam exposure.

Introduction

One of the main directions of research in the field of operation of nuclear power plants is the issues of its
safety, in particular, the localization and cooling of the melt from the structural materials of the core (corium)
during the development of a severe accident with loss of coolant. At the same time, this process is carried out
in the so-called melt localization device (MLD) of the core, located under the power vessel of the reactor. The
main task of the melt localization device is to accept and cool the corium in the localization volumes as quickly
as possible in order to prevent its heating, outflow of non-volatile fission products and prevent the formation
of re-criticality [1].

To date, there are several options of the under-reactor melt trap [2], among which the most well-known
are the so-called “crucible” options of the melt trap for trapping molten materials from the core. These traps
are already used at existing nuclear power plants, such as the Taiwan NPP in China, and at power units
currently under construction with the latest Russian-made water-water energetic reactor ( WWER) [3].

Corium is a mixture of two components that are immiscible with each other: metal and oxide. The metal
component of the corium is formed as a result of the melting of steel internals and the wall of a nuclear reactor,
and the oxide component is formed as a result of the melting of pellets with nuclear fuel and the dissolution of
metal zirconium and zirconium oxide in this melt, formed as a result of oxidation of metal zirconium by water
vapor and atmospheric oxygen. The density of the metal part of the corium is less than that of the oxide part,
which causes stratification of these melts in the joint presence [4].

To cool the corium and prevent it from leaving the trap, the concept of cooling the corium in a crucible
trap was developed. The concept is based on filling the under-reactor space with blocks of cassettes filled with
sacrificial material. The sacrificial materials, interacting with the corium, change its properties, thereby
creating conditions for the reliable operation of the MLD. The role of sacrificial materials is to dilute the heat-
producing oxide part of the corium in order to create conditions for the gravitational inversion of parts of the
corium and reduce its high temperature [5]. The melt formed in the trap is cooled by heat removal to the cooling
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water through the shell, as well as by water supplied directly to the melt surface. The described system is
operable, however, in the course of further research, it was found that the corium-water interaction has serious
negative phenomena: the formation of explosive hydrogen during steam-metal reactions and the threat of steam
explosions as a result of a batch outflow of corium from the reactor pressure vessel [6].

Obviously, in order to prevent negative consequences during the development of a severe accident at a
nuclear power plant, it is necessary to conduct experimental studies on the interaction of corium with cooling
water in order to better understand the ongoing processes. For example, such experiments are in demand in
studies that have been and are being carried out as part of the development of the concept and the creation of
severe accident control systems by cooling down, controlled movement and localization of the core melt
outside.

The purpose of this article is to review previous experimental studies of the interaction between corium
and cooling water. As a result of the work, problems were identified that arise when water is directly supplied
to the melt pool, an analysis of existing methods for eliminating the identified problems was made, and an
optimization solution was proposed to minimize these disadvantages.

1. Interaction of water with corium

A feature of the localization of the core melt in the melt trap is the portioned outflow of the corium from
the reactor pressure vessel. In this case, water for cooling the corium is supplied immediately after the first
portion of the corium enters the trap. This leads to the fact that at outflowing of the second portion of the
corium (approximately 0.5 - 1 hour after the outflow of the first portion), a water pool is formed on the surface
of the melt. In this case, when a high-energy melt falls into a container filled with water, there is a possibility
of a steam explosion, as a result of which not only the device for trapping the molten materials of the core, but
also the concrete burden with a sealed zone can be destroyed [7].

The first major studies on the conditions for the occurrence of steam explosions during severe accidents
at nuclear power plants were conducted at the Sandiev Laboratories (USA) in the well-known series of FITS
experiments. As a result of research, steam explosions occurred with water volumes from 44 | to 0.25 m® with
a melt mass of 3 to 20 kg. At the same time, the contact of some melts with the coolant did not lead to an
explosion, and a clear effect of the composition of the melt on the explosion hazard is also traced. With an
open geometry, in most experiments with Al;Os-Fe, a spontaneous explosion was observed (neo from 0.2% to
3% of the total thermal energy of the melt), while no explosions were observed when using an A + R corium
mixture [8]. Similar experiments conducted at the Premix test-bench in Karlsruhe showed that the fall of, for
example, only 20 kg of melt into a 0.5 m3 container with water leads to steam explosions with a pressure
increase above 2 MPa, which ultimately destroyed the installation [9].

However, the opposite pattern was observed as a result of nine experiments conducted in a series of
WUMT experiments, where a 24 kg melt was poured by gravity through a washer into a tank of water. In this
series of experiments, a steam explosion took place in only two out of nine experiments. In experiment 03, the
explosion occurred before the melt reached the base of the vessel. In this case, the subcooling of the water was
80 K, and this large subcooling can be considered responsible for the spontaneous initiation of the explosion
that took place. In experiment 09, an explosion occurred in water that was on the saturation line 0.5 seconds
after the melt reached the base of the vessel [10].

In a similar series of HPTR experiments, in which 5 kg of the melt was poured into a water volume (1 1)
located in a pressure vessel, the only initiator of a steam explosion that had an effect was a large flow of water.
In experiment 05, it initiated a steam explosion, and in experiments 13 and 14, it led to enhanced vaporization.
The steam explosion in experiment 05 took place at a pressure in the vessel of 5.8 MPa (the pressure increase
before the explosion was caused by the mixing of water and melt in a closed volume) [11]. Typical out-of-
vessel steam explosion conditions occurring during a severe accident were simulated in the COTELS project
experiments (Series A). In all these experiments, there was no pressure surge typical for a steam explosion.
The largest pressure peak was recorded in the A8 experiment, where the corium fell at the highest rate [12].

During the experimental studies on the interaction of water with melts, additional features were noticed.
Thus, as a result of the FARO experiments, information was obtained that a significant amount of hydrogen is
produced during the corium-water interaction. Since the composition of the melt in this case was the same as
in the KROTOS experiments, it is likely that hydrogen was also formed in them. Although during the described
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KROTOS experiments there were no devices for detecting the appearance of hydrogen during mixing of water
and melt, its presence can be concluded from calculations based on the results of the KROTOS 41 and
KROTOS 45 experiments using the COMET code [13-14].

These results have led to the emergence among specialists of scenarios of a hydrogen explosion during
the supply of water to the corium. There is evidence that corium is a system of two immiscible liquid phases—
oxide and metal. Due to the difference in densities of the two systems, the metal part of the corium is located
above the oxide one, that is, water is directly supplied to this system of the corium to cool it.

Experiments on the interaction of water with steel melts have shown that even at temperatures above
1300 K, intense interaction of metals with water and steam occurs with the formation of hydrogen.
Experimental studies have confirmed the importance of the processes of hydrogen formation during high-
temperature oxidation with water and water vapor of steel melt as an additional source of hydrogen, which
should be taken into account in hydrogen safety [15].

In this regard, it can be assumed that with the active interaction of water with the metal part of the corium,
there is a possibility of the formation of a critical concentration of hydrogen, which can lead to its detonation,
which, in turn, means that the conditions for hydrogen safety cannot be met, which means, containment
integrity cannot be met as well. An additional problem of interaction with water of the metal part of the corium
(especially zirconium) is the release of a large amount of heat caused by chemical reactions, as well as the
combustion of the resulting hydrogen and oxygen [16].

Thus, as a result of the analysis of previous studies of the interaction between corium melt and water, the
following conclusions can be drawn:

- Inmajor part of experiments, steam explosions have not been observed, but nevertheless, under certain
conditions, it occurs. This means that when corium falls into the water pool in the melt trap, the probability of
a steam explosion is not zero, so further work should be done to prevent steam explosions that threaten the
integrity of the melt receiving device;

- During experiments to study steam explosions, it was found that during the corium-water interaction,
a significant amount of hydrogen is generated. At the same time, in many experiments there were no sensors
for detecting hydrogen, however, the fact of the presence of hydrogen in the gaseous medium is confirmed by
subsequent experiments and the created calculation codes.

2. Fundamental solution to the identified problems

Minimizing the formation of hydrogen and reducing the threat of a steam explosion in a crucible-type
melt trap is expected by applying the concept of gravitational inversion of parts of the corium. Sacrificial
materials are the central object in the implementation of this concept. Sacrificial materials are used to dilute
the heat-generating oxide part of the corium in order to create conditions for the gravitational inversion of parts
of the corium and reduce its high temperature.

In crucible devices for localizing the melt, it is assumed that, being melted when heated from the melt,
sacrificial materials form a composition with the uranium-containing oxide part of the fuel melt, the specific
density is lower compared to the metal part of the corium, which, in turn, will allow the oxide phase to float to
the top part of the trap. When liquid oxides enter the surface, the cooling water does not create a threat of steam
explosions, which is associated with the thermophysical features of liquid oxides, and does not enter into
chemical reactions with them to form hydrogen, does not undergo thermal decomposition due to the relatively
low temperature of the melt mirror [17].

To substantiate the possibility of implementing this concept, a series of experiments was carried out to
study the interaction of candidate sacrificial materials and corium in a crucible-type melt trap within the
framework of numerous series of experiments, among which Melt, Vesta, CORMIT [18-20]. As a result of
experimental studies of the interaction of candidate sacrificial materials with corium, it was found that ceramic
materials are the most optimal sacrificial materials. For example, ceramics based on hematite and alumina
were chosen as the sacrificial material for the melt trap of the WWER-1000 reactor. The experiments showed
that the mutual dissolution of the sacrificial material and the melt occurs at a rate sufficient to implement the
inversion of the oxide and metal layers in <1 h [21]. Thus, the possibility of implementing the concept of
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gravitational inversion was experimentally confirmed, and after its implementation, the generation of hydrogen
will significantly decrease, and the probability of a steam explosion will be minimal.

3. Optimization of the method for cooling corium in a melt trap

The comparison table summarizes all the information about the issues that have arisen during using water
as cooling for the corium in the core catcher and possible solutions, Table 1.

Table 1. The comparison table about the issues and their possible solutions

The issue Consequences of interaction with water Way to solve the problem
Two-phase composition of | Hydrogen explosion Use of sacrificial materials to create
the corium conditions for gravitational inversion
The portioned output of | Steam explosion Delay water supply to the core catcher
corium from vessel

The core catcher of a light water reactor of the WWER type was chosen as the object of study in this
work. For the first time, such a core catcher was installed during the construction of power units with WWER-
1000 reactors at the Tianwan NPP. To date, the core catcher of the new WWER-1200 reactor, although it
differs by minor structural changes and the materials used [22], the concept of corium cooling remains
unchanged. It consists in diluting the corium with sacrificial materials for its further oxidation and the rise of
the oxide part in order to reduce the intensity of hydrogen generation, reduce the volumetric energy release
and increase the heat exchange surface with the trap casing while simultaneously supplying water to the surface
of the corium.

Elimination of the problem of hydrogen generation in melt traps is planned due to inversion of the metal
and oxide layers of the corium when sacrificial materials are dissolved in them. However, its implementation
takes a certain amount of time, and the water supply should be started immediately at the moment the corium
enters the trap due to the danger of the system going beyond the permissible limits (the beginning of the boiling
of uranium dioxide) due to residual heat release in the corium [23]. As a result, during the period of time when
the metal part is on the surface of the melt, water is supplied to it, which increases the process of increasing
the generation of hydrogen, and given the portioned release of corium from the reactor pressure vessel, steam
explosions.

On the basis of the foregoing, methods of melt cooling become very relevant, excluding the direct supply
of water to the surface during the period of portioned release of the corium and until the completion of the
gravitational inversion of the corium layers to prevent the likelihood of steam explosions and the generation
of a large amount of hydrogen.

For this reason, the idea arose to use a non-aqueous coolant until the end of the gravitational inversion
process to prevent steam explosions and generate a large amount of hydrogen. The proposed concept is based
on the idea that when the corium enters the trap, the cooling material will move to its surface due to the density
difference and will remove heat from the corium during the time period when water supply to the corium is
undesirable. After the complete release of the corium and the completion of the process of inversion of its
layers, water will begin to flow to its surface, and the selected material should undergo a phase transition of
boiling and leave the trap. Thus, when using the proposed concept of corium cooling, it is supposed to reduce
the probability of a steam explosion in the trap, as well as to reduce the intensity of hydrogen formation to a
safe level.

In this regard, as candidate materials for the implementation of the proposed concept, materials with a
lower density relative to the corium and having phase transition points significantly below the corium
formation temperature should be considered.

One of the most optimal materials for cooling corium are metals. This article proposes to consider low-
melting metals as a non-agqueous coolant. Since there is a possibility of accidental ingress of water into the area
of melt localization, then when choosing a metal as a heat-removing material, in the first approximation, one
should consider metals that are in the electrochemical series of metals to the right of hydrogen. However, few
metals to the right of hydrogen in the activity series can be used as a cooling material not only in terms of
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physicochemical properties, but also for economic reasons. In this regard, metals were also considered,
standing in the activity series on the left side of hydrogen.

To determine the most suitable candidate material, an analysis of the physicochemical properties of
various metals was carried out, which were based on information from sources [24-25]. Table 2 lists some
metals with a density below or approximately equal to the average corium density (p ~ 7315 kg/m3 [26]) that
can be used as a cooling material. During analyzing the properties of metals, alkali metals were not considered
due to their extremely high chemical activity.

Table 2. Properties of Candidate Metals

Name Atomic |Densityp, | Melt temperature | Boiling tempe- | Specific heat of Specific heat of
number kg/m?® Tmelt, °C rature Thoil, °C  |melting A, kJ/mol| boilingL, kJ/mol
Beryllium 4 1848 1278 2970 12.21 309
Magnesium 12 1739 650 1090 9.2 131.8
Calcium 20 1540 839 1484 9.2 153.6
Strontium 38 2630 769 1384 9.2 144
Barium 56 3760 729 1637 7.66 142
Aluminum 13 2698 660 2518 10.75 284
Titanium 22 4505 1670 3287 18.8 422.6
Antimony 51 6691 631 1635 20.08 195.2
Zinc 30 7133 420 906 7.28 114.8
Chromium 24 7190 1857 2672 21 342
Manganese 25 7210 1243 1961 13.4 221
Tin 50 7310 232 2620 7.19 296

According to the data given in Table 1, the most optimal metals for cooling the corium that meet the
above requirements (the temperature of the corium can reach 2400 °C in the first hours after melting [27]) are
antimony, alkaline earth metals (magnesium, calcium, strontium, barium), zinc and manganese.

The chemical activity of alkaline earth metals increases with increasing serial number. In this regard,
among the noted alkaline earth metals for use in a melt trap, metals with a lower atomic number are considered
the most acceptable, among which magnesium is the most optimal. The chemical activity of magnesium is
much lower compared to other alkaline earth metals. This is because magnesium shares some chemical
properties with the alkaline earth metals, but is otherwise markedly different from them. Nevertheless,
magnesium remains a fairly active metal, so it should be considered as a last candidate.

Alternatives to magnesium are zinc and manganese. Zinc is more preferred as a candidate coolant due to
the most optimal parameters (melting and boiling points), as well as its abundance in nature. In addition, zinc
is inferior in chemical activity to alkaline earth metals, including magnesium, which is also an advantage.
Another candidate material is antimony, which in its properties occupies an intermediate position between
metals and nonmetals. The experiments are supposed to use the metallic modification of antimony. Antimony
is distinguished by its low reactivity, acceptable melting and boiling points (more favorable relative to
manganese), and unique chemical properties inherent in the so-called metalloids, which are of particular
interest for their study when interacting with corium.

The use of zinc, and especially antimony and manganese, as possible coolants can cause difficulties in
the sense that there is a possibility of their incomplete boiling out from the melt at the end of the inversion of
corium parts. However, it is assumed that, being melted when heated from the corium, the sacrificial materials
form a composition with a specific density of less than 6.4 kg/m? with the uranium-containing oxide part of
the corium [28]. This means that due to the higher density, the rest of the coolant volume will also exchange
position with the new mixture of sacrificial materials and the oxide part of the corium, thereby preventing
dangerous hydrogen formation processes after the start of water supply to the melt.
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4. Experimental studies of the proposed optimization of the corium cooling method

Based on the above, we can draw conclusions about the potential feasibility of the proposed cooling
method. To confirm which, it is necessary to obtain information on the nature of the interaction of the selected
materials with the corium, the efficiency of heat removal, etc. These issues require computational - theoretical
and experimental study.

Thus, it seems appropriate to conduct a series of small- and large-scale experimental studies of the
interaction between corium and candidate metal coolants in order to further develop recommendations on the
possible use of the proposed cooling method in existing and future melt traps at nuclear power plants.

The method of physical modeling is the most effective way to confirm the operability of the proposed
method, since it will allow simulating the situation of corium entering the melt trap from the reactor pressure
vessel during a severe accident with a core meltdown. At the same time, experimental studies will be carried
out on the VCG-135 test-bench and the Lava-B facility, created at the Institute of Atomic Energy Branch, RSE
NNC RK [29]. The VCG-135 test-bench is designed to perform small-scale high-temperature material science
studies of small-sized samples. The main components of the test-bench are a high-frequency electric lamp
generator, a sealed, water-cooled working chamber with an inductor, a system for supplying and removing
working gases into the working chamber, and an information-measuring system (IMS) of the test-bench. The
appearance of the test-bench is shown in Figure 1.

Fig.1. Outer view of the VCG-135 test-bench.

The VCG-135 test-bench allows controlled heating of any small-sized samples in the working chamber
to high temperatures (~ 3000 °C). At the same time, various studies are carried out at the test-bench to study
the interaction of corium components with each other and with other structural elements, as well as its
physicochemical and thermophysical properties. The scheme and outer view of the working chamber of the
VCG-135 test-bench are shown in Figure 2.

In this case, VCG-135 is usually used mainly for small-scale experiments in addition to large-scale
experiments performed at the Lava-B facility. Thus, the goal of future small-scale experiments on the test-
bench is to determine the most optimal metal coolant for its testing at the Lava-B facility. Lava-B experimental
facility includes two main functional units: an electric melting furnace (EMF) for preparing the melt of the
prototype corium and a melt receiver (MR), which houses the experimental section for modeling the processes
under study. The prototype corium, which consists of uranium dioxide, zirconium dioxide, zirconium and steel
with a total mass of up to 60 kg, is melted in an induction electric melting furnace (EMF), and then merges
into a melt trap equipped with a special heater to simulate residual energy release, which is placed in melt
receiver (MR). The outer view and layout of the Lava-B facility is shown in Figure 3.

In experimental studies of severe accidents, a corium simulator, the so-called “prototype corium”, is used,
a substitute whose characteristics are assumed to be quite close to the true ones. The essential difference
between the prototypical and real corium is that the former is not a source of heat, that is, there is no self-
sustaining radioactive decay in the prototypical corium [30].
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Fig.2. Outer view and scheme of the VCG-135 working chamber:
1 — inner casing of the pressure vessel; 2 — outer casing of the pressure vessel; 3 — inductor current lead; 4 — optical
window; 5 — brackets for mounting the experimental assembly; 6 — electrode holders; 7 — base

Fig.3. Outer view and scheme of the Lava-B facility: 1 — EMF (electric melting furnace), 2 — graphite crucible, 3 —
EMF inductor, 4 — MR (melt receiver), 5 — MR inductor, 6 — concrete trap.

Therefore, to ensure conditions as close as possible to real ones, not only the correspondence of the
composition of the prototype corium to the real corium should be taken into account, but also the presence of
energy release in the melt to simulate a heat source in the corium. The importance of simulating the residual
energy release is determined by the fact that the energy release in the melt significantly affects the nature of
the interaction of its elements. At the Lava-B facility, depending on the goals and conditions, both induction
and plasmatron heaters are used [31-32]. Many experiments are being carried out at the Lava-B facility to
study the processes that accompany a severe accident in a light water power reactor [33—36]. The result of the
work already carried out is the obtained valuable information on the possibility of managing a severe accident
at different stages of its development.
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Conclusion

The concept of a melt trap crucible device is predominantly the main choice in the construction of NPP
passive safety systems. The operability of this concept was confirmed by both computational and experimental
methods. However, this concept still has disadvantages associated with the initial stage of corium localization
in the core catcher: the formation of explosive hydrogen during steam-metal reactions and the threat of steam
explosions as a result of a batch outflow of corium from the reactor vessel.

In the scenario when water for cooling the corium is supplied immediately after the first portion of the
corium enters the trap. This leads to the fact that at outflowing of the second portion of the corium
(approximately 0.5 - 1 hour after the outflow of the first portion), a water pool is formed on the surface of the
melt. In this case, when a high-energy melt falls into a container filled with water, there is a possibility of a
steam explosion, as a result of which not only the device for trapping the molten materials of the core, but also
the concrete burden with a sealed zone can be destroyed.

The second challenge is that corium is a mixture of two components that are immiscible with each other:
metal and oxide. Due to the density difference between the two systems, the metal part of the corium is above
the oxide part. This means that water is supplied directly to the metal part of corium. In that regard, it can be
supposed that with the active interaction of water with the metal part of the corium, there is a possibility of the
formation of a critical concentration of hydrogen and its detonation in the end. This means that the conditions
of hydrogen safety and integrity of the containment cannot be reached.

To solve the above-mentioned disadvantages, part of the core catcher is filled with sacrificial material.
Sacrificial materials are used to dilute the heat-generating oxide part of the corium in order to create conditions
for the gravitational inversion of parts of the corium and reduce its high temperature. The experiments showed
that the mutual dissolution of the sacrificial material and the melt occurs at a rate sufficient to implement the
inversion of the oxide and metal layers in <1 h. Thus, the possibility of implementing the concept of
gravitational inversion was experimentally confirmed, and after its implementation, water is supplied to the
melt to cool it.

On the basis of the foregoing, methods of melt cooling become very relevant, excluding the direct supply
of water to the surface during the period of portioned release of the corium and until the completion of the
gravitational inversion of the corium parts. As a result, authors have the idea arose - to use a non-water cooler
until the end of the gravitational inversion process to prevent steam explosions and generate a large amount of
hydrogen. The most optimal coolants in this case are fusible metals with melting and boiling points, as well as
a density below corium. The literature analysis of the physicochemical properties of known metals made it
possible to select candidate metals that meet these requirements and can be used in melt localization devices
during a severe accident at NPP.

Based on the above, we can draw conclusions about the potential feasibility of the proposed cooling
method. To confirm which, it is necessary to obtain information on the nature of the interaction of the selected
materials with the corium, the efficiency of heat removal, etc. These issues require computational - theoretical
and experimental study. The method of physical modeling is the most effective way to confirm the operability
of the proposed method, since it will allow simulating the situation of corium entering the melt trap from the
reactor pressure vessel during a severe accident with a core meltdown. At the same time, experimental studies
will be carried out on the VCG-135 test-bench and the Lava-B facility, created at the Institute of Atomic
Energy Branch, RSE NNC RK.

Thus, it seems appropriate to conduct a series of small- and large-scale experimental studies of the
interaction between corium and candidate metal coolants in order to further develop recommendations on the
possible use of the proposed cooling method in existing and future core catchers at nuclear power plants.
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The wear is considered and power - producing state of a surface stratum exemplar after friction with a
difficult dynamic loading. The estimation of work destruction and wearproofness tribojoints are analysed. It is
shown that the change of character of loading tribojoints is determined the power - producing state of superficial
layer and can be appraised in size works of electron output on a surface. The analysis of distribution magnitude
work of electron output determines influence of conditions contact interaction to a wear resistance and condition
of a superficial layer. It allows determining sites of a surface, which have received a different degree of plastic
deformation

Keywords: wear, tribojoints, works of electron output, friction, superficial layer
Introduction

Despite the significant progress achieved in tribology, many problems related to improvement of wear
resistance and reduction of friction losses are still not fully understood. This is due to the wide range of
mechanical and physicochemical phenomena that occur in the contact zone. Simultaneous analysis of all
such phenomena is hardly possible. It is advisable to consider a limited set of informative parameters, which
may be sufficient to comprehensively characterize a tribosystem. Moreover, in testing on a friction machine,
the tribocontact loading conditions should correspond as closely as possible to the real conditions of
tribojoint operation. It is a matter of general experience that a variety of wear mechanisms exist. Variation in
any given factor, or the appearance of a new one, can result in changes in the wear mechanism.

Functioning of tribojoints and exit on the optimal mode of wear is determined by the complex of
external and internal factors. To the external factors, as is generally known, loading, speed of the relative
moving, environment, physical and mechanical properties of materials belong. To internal, it is necessary to
take the processes of electric nature. One of basic power-producing descriptions of metals is work of electron
output (WEO). It is known that a sum volume and superficial constituents determine WEO. By volume, part
of WEO depends on energy of Fermi this metal and very poorly change at deformation. The superficial
constituent of WEO can suffer considerable changes at deformations, because determined by the local
superficial gallops of potentials, variations of that depend on micro geometry and co-ordination of superficial
atoms. Researches by means of the complex independent methods is showed, that changes of WEO were
corollary of fatigue processes flowing in relatively thick subsuperficial layer and can be used for the analysis
of kinetics flowing of processes fatigue destruction at a friction.

The surface is the most important component of metal parts and it is necessary to control its condition at
all stages of the life cycle of the part - during its production, operation and repair. To carry out reliable non-
destructive testing of metal parts, specially developed tools and methods for its use are necessary, including
WEDO [1, 2]. At the same time, it is possible to use both theoretical and experimental studies.

In obedience to a structural and energy theory, fundamental conformity to law of friction and wear
shows up due to a main physical mechanism - phenomenon of structural and energy adapt of materials at
mechanical and thermo mechanical processes. Initial period of work tribojoints from positions of structural
and energy approach presents the process absorption energy of contact layers, as a result more power-hungry
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structure is formed as compared to initial one, but with less energy absorbing ability and higher dissipative
properties [3, 4].

1. Theoretical part

Mechanical and chemical an effect most strongly shows up on the stage of the deformation
workhardening, when intensive formation of dislocation accumulations in a metal, resulting in the height of
thermodynamics and chemical potential, is. In thermodynamic chemical potential is energy that can be
absorbed or disengaged because of change the number particles of this kind. Chemical potential plays an
especially important role in physics of solid and closely related to conceptions of work output, energy of
Fermi (or simply level of Fermi).

Essence of application laws classic thermodynamics to the non-equilibrium systems consists in
supposition about a local equilibrium into the small elements areas of the system. An idea about a local
equilibrium allows to study large number practically important non-equilibrium systems to that with the
complete founding it is possible to take and tribojoints. Thus, all equalizations save the value in relation to
small areas and community of the conformities to law described by them. So, equation of Gibbs, showing
dependence of internal energy U on entropy S, volume V and chemical potentials x# components of the
system consisting of different components, it is possible to write down for a small area in a form [5]

dU=TdS—pdV+3 udC (1)

where U, S, V pertaining to the small area (local values); C — concentrations of components.

However, there are difficulties at the calculations of local values of internal energy, entropies etc.,
because these values change depending on the coordinates of area and time.

A level of Fermi essentially is electrochemical potential of electron in a metal. In particular, in a zone
theory the relative electrons and holes amount in a semiconductor is characterized by the level of energy of
Fermi that makes sense chemical potential of electron in a semiconductor. What higher level of Fermi, the
anymore stake of particles bearing a negative charge.

It is set [6, 7], that the coefficient friction of k is proportional to efficiency of destruction of contacts

k=C-T—A-N, 2

Y7

where A — work (energy) of destruction, 7' — temperature, ¢ — chemical potential of metal, N — middle
number of elementary carriers destruction (is proportional to the number of contacts), C — permanent.

It ensues from equalization, that coefficient of dry friction the less, than anymore chemical potential.
For clean metals chemical potential coincides with energy of Fermi. In addition, [8] it is educed, that wear
proofness higher at those metals that have a large size of superficial energy, and the power state of surfaces
metals suffers a substantial change during their work in the knots of friction. With that, a power
(thermodynamics) surface tension is specific work of increase surface at her tension on condition of
constancy temperature. In case of dry friction with introduction of coefficient proportion of Co, for a
surface tension an analogical formula is got [6, 7]:

0':CO-T-A-N. 3

U

Formula that binds the size of work electron output to superficial energy of metal looks like [9]:
5

6
051,15-103(z%j ?, (4)

where ¢ — superficial energy; z — an amount of valency electrons on an atom; D — density; A — atomic weight;
¢ — work of output.

However, general lack of mathematical models molecular - mechanical, molecular, atomic - molecular
and other theories consists of that they do not take into account structural changes and related to this change
of mechanical, physical, chemical, and other properties of superficial layer, influencing on tribotechnical
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descriptions of pair friction. Experimental data allow to suppose that accordance is between in size WEQ and
by the structure of superficial layer of metal, which characterizes the mode of friction set for these
conditions. In the process of treatment surface details and at friction superficial layers change the structure
and properties. These changes affect size of WEO as most structure - sensitive parameter [10], characterizing
the level of superficial energy of solid.

In addition, to works of electron output the features of roughness surface influence substantially. As the
preliminary conducted researches showed [11-13], complication of dynamics loading in tribojoints is
characterized by the decline of roughness equilibrium. At a two - dimensional (blow with slipping) and three
- dimensional loading (blow and slipping in two mutually perpendicular directions) with the increase of
amplitude of the transversal slipping a from 0 to 0,2 mm grows by volume intensity of wear and the
roughness of surface goes down, her homogeneity rises. The presence of the transversal slipping at a three -
dimensional ladening results in formation of surface of less roughness without obvious longitudinal scratches
of with a augmentation value WEO.

Taking into account the change of WEO by the friction of superficial layer with different structural state
of and roughness equilibrium, we get the size of work destruction tribojoints:

A=C-¢-y-

—, (5)
T-R-N
where ¢ — works of electron output, y — structure-sensitive coefficient, R — roughness of surface.

The set correlation between works of electron output, structural state of superficial layer, roughness and
wearproofness of surface allows to offer the method of determination wearproofness steels and alloys.
Because intensity of wear steels and alloys substantially changes depending on the terms of friction,
determination of their wearproofness it maybe to conduct on the state a superficial layer. Thus, to produce
the estimation of structural homogeneity of superficial layer on the change of size or distribution of WEO on
the surface of details.

2. Experimental part

The state of the real surface of metals is related to forming on the surface of electric dipole moments
that determine the size of electrostatic barrier in-process electron output. Because of the heterogeneous state
of metallic surface, there is corresponding relief of electrostatic barrier that predetermines divergence works
of electron output for the different areas of surface. Thus, for this surface of metal there are characteristic
power relief and distribution of WEO on a surface. Comparison power relief of standard material with relief
of material that is tested gives an opportunity to estimate the change of the structural state of superficial
layer. Thus, as such material can be used the standard of the investigated steel or alloy with known
wearproofness, state of superficial layer and conditions of loading in tribojoints. By the change of the
structural state of superficial layer it's possible to determine wearproofness.

In particular, the terms of difficult dynamic loading in tribojoints result in formation of the certain
structural state of superficial layer of details and level of his wearproofness. Tests of the friction unit model
are not always possible due to the duration of the tests and the high cost of carrying out a full-cycle
experiment. The required amount of information on wear resistance can be obtained in a shorter time in the
methods of accelerated tests of friction pairs. Obviously, the test method for simulating full-scale conditions
on a dynamic stand may be the most acceptable.

Techniques and a number of special instruments that allow the implementation of complex contact
loading and test specimens in conditions close to full - scale were developed. Realization of the offered
method of estimation wearproofness tribojoints we will consider on a concrete example with the use of
standards 60S2A (XC60 - AFNOR) and alloy of KhTN-61(Standard of Ukraine), by the friction with a two-
dimensional and three-dimensional loading on the special setting on the methodology presented in work [14-
15]. The samples were plates 2 mm thick, 14 mm wide and 30 mm long. Friction of the end face of flat
samples made it possible to provide constant contact conditions during tests with various dynamic loads. The
volume of the worn-out material of the samples was determined through linear wear and the contact area.

Testing terms: amplitude of the transversal slipping a from 0 to 0,2 mm; amplitude of the longitudinal
slipping is a 0,1 mm; frequency of the transversal slipping is 30 Hertzs; frequency of the longitudinal
slipping is 66 Hertzs; normal loading 20 H, time of tests to 4 hours. The results of tests are presented in a
table 1. Measuring works of electron output was conducted with the use of method dynamic condenser of
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Kelvin, in that measuring of WEO is carried out on the difference of potentials, which arises up between a
measureable surface and surface of electrode — standard [1].

Table 1. Results of tests at a two-dimensional and three-dimensional loading

Material of

s?aﬁ[jl:rdo Agys, MM V, mm3 Rz, um Rmax, Hm L,m 1,-103, mm3/m

0 0.041 6.5 11.0 960 0.04

0.01 0.099 10.0 26.0 1164 0.09

KhTN-61 0.05 0.139 8.5 16.0 1368 0.10

0.10 0.112 8.0 11.0 1056 0.11

0 0.052 3.0 9.7 1920 0.03

0.03 0.090 5.0 9.5 2496 0.04

60S52A 0.06 0.033 3.0 4.0 1104 0.05

0.08 0.071 1.0 1.5 1920 0.05

Note: Aws — amplitude of the transversal slipping; Rmax, Rz — parameters of roughness; V — volume wear; L — way of friction; Iv —
volume intensity of wear.

Thus, a measureable standard and electrode - standard form a flat condenser and does not contact inter
se, but here possible is an effective exchange by electrons under the action difference works of electron
output of the used metals. Between the surface of standard and electrode due to the pin difference of
potentials the variable electric field is formed. Measuring of tension indemnification of this field allows to
define difference of potentials between a standard and electrode, to obtain information about the state of
layer of sub nanosize thickness.

Frequency of vibrations of electrode-standard from gold made 500 Hertzs, diameter 1,4 mm.
Determined distribution WEO a scan-out with a step a 0,2 mm on one line in the center of working surface of
standards within 1 meV. Standards before measuring wiped an alcohol and maintained during twenty-four
hours to establishment thermodynamics of the equilibrium state of surface. The got distribution works of
electron output is presented on Figure 1 and 2.

F, eV |-

44

Fig.1. Distribution works of electron output along the surface of standards from the steel KhTN-61 after a wear
with different amplitude of the transversal slipping: (1) Ays =0 mm; (2) Ays = 0.05 mm; (3) Ags = 0,1 mm.

As follows from a Figure 1, state of superficial layer standards alloy of KhTN-61 before the friction
approximately identical and WEO is determined about 4.1 eV. As a result of friction with different amplitude
of the transversal slipping the state of superficial layer standards changed. A friction with a two-dimensional
loading (A« = 0) results in the receipt of superficial layer with enhanceable and large variation of WEO from
3.90to 4.40 eV. It is possible to suppose that the new structural state of surface, near to amorphous, attended
with the increase of WEO, is.

A presence and increase amplitude of the transversal slipping result in diminishing of size and variation
of WEO. At tests on a friction with Aus = 0,05 mm of WEO droningly diminishes from 4.10 to 4.00 eV,
variation in the values of WEO here makes the interval of 3.90...4.10 eV. Superficial layer of standards after
a friction with a three-component loading with Ayws = 0,1 mm provides WEO from 3.95 to 4.05 eV. The
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increase amplitude of the transversal slipping results in diminishing dispersion of WEQO specifies on the
increase homogeneity of the structural state superficial layer, which is accompanied by the decline of
wearproofness.

F,eV [

4,15

Fig.2. Distribution works of electron output along the surface of standards from the steel 60S2A after a wear with
different amplitude of the transversal slipping: (1) Ays = 0 mm; (2) Aws = 0.06 mm; (3) Ays = 0,2 mm.

Analogical results were got for standards from steel of brand of 60S2A (see Figure 2). Enhanceable by
volume intensity of wear is marked at presence of the transversal slipping and characterized by the increase
of homogeneity superficial layer, decline size of WEO.

Decline of WEO at the increase amplitude of the transversal slipping it is possible to explain as follows.
At tests on a friction under act of external variables tensions takes place origins of dislocations that move in
the systems of skidding. Part from them outcrops metal and dislocation steps appear. It is known that these
steps carry an electric charge and, consequently, form electric doublets. The increase of amount doublets
distributions results in diminishing of WEO and decline wearproofness of the investigated surfaces. In the
deformed material at a difficult dynamic loading a basic role is played by interaction of dislocations that
appear at the shock loading and as a result of cyclic deformation. It results in difficulty of plastic deformation
and conditions are created for the facilitation of origin of fragile crack.

Conclusions

Presently plenty of different technological methods to increase resource and reliability of work parts of
machines are used in practice. However, their application is not always possible. Most often, the expected
efficiency is not ensured due to the lack of formation of optimal parameters of the surface layer during the
manufacture or operation of parts.

Work of electron output can be used for research of electronic structure of surface. Deformation of
metals at a friction with the different terms of contact results in structural alterations, certain
microgeometries of surface, and accordingly to the change of power relief of surface. Comparing initial
power relief before deformation with relief after deformation it is possible to define areas surfaces that got
different degree of plastic deformation.

Expansion of practical application of results estimation size of WEO domain maybe by control of
wearproofness tribojoints, which exploited in the conditions of difficult dynamic loading with the presence
of vibrations operating in different directions. Possibility to promote efficiency appears of estimation
wearproofness with to confront the change of the structural state of superficial layer of details tribojoints.

This makes it possible to purposefully develop (or choose from among the existing ones) highly
efficient structural and technological methods of increasing the performance of parts in extreme conditions,
to create designs of new friction devices and significantly reduce the time of their production.

In this case, it is possible to derive and analyze the friction and wear characteristics of a pair’s
materials, evaluate friction pairs by comparison, and physically model the processes in actual tribocouplings.

Our further work will consist in the development of a technique for measuring the WEO on the surface
of machine parts.
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CLUSTER ROUTER BASED ON ECCENTRICITY
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In this paper, a cluster router based on eccentricity was worked out, related to the field of
telecommunications, especially, to the field of message transmission. Messages in this router are transmitted as
packets along the route specified in it between devices connected to the network. Each node in this network is
assigned a unique address, thanks to which routing can be accelerated. Each router forms a routing map, thanks
to the calculated eccentricity of nodes, with which the physical route of the packet is selected at the logical
address of the cluster. In addition, the routing map is stored in the register and non-volatile memory of the device
to prevent information loss. To analyze this cluster device, a fractal analysis of the UV-flower model network was
carried out and the information dimensions of Tsallis and Renyi were calculated.

Keywords: cluster router, eccentricity, complex networks, box covering algorithms, Tsallis and Renyi dimensions.
Introduction

With the development of Internet technology and telecommunications, research is being actively carried
out in the field of routing complex networks, which raises the question of developing effective routers [1-2].
In addition, the number of mobile device users is growing, which complicates the network and routing
between subscribers. In addition, a large increase in traffic is observed in complex networks such as the
Internet [3], as well as in various social networks. It is known that complex networks form a large number of
links between subscriber nodes that cover a large physical area. Energy efficiency optimization and fast
routing are among the most intelligent and relevant tasks today [4,5].

Routing protocols play an important role in the life and power consumption of sensor nodes. Since each
node is powered by a battery and has a limited resource. An optimized routing protocol saves these node
resources [6, 7]. There are many routing protocols for a wireless sensor network [8, 9]. The main ones are (1)
flat [10], (2) location based [11] and (3) hierarchical [12]. With flat routing, each sensor node interacts with
each other. Location-based routing information is only transmitted in a specific area. Particular attention is
paid to routing protocols of a hierarchical type, which provide the best results in terms of energy efficiency,
throughput and routing [4].

Cluster routing protocols divide a network into several clusters by determining the network eccentricity.
Each cluster consists of one main cluster node and several nodes. Each node collects information and
forwards it to the main node. Further, data is sent from the main node to the central pre-determined station.
These operations are performed in order to cover the network with a minimum number of cells. To solve
these problems, it is necessary to use box-covering algorithms, such as CIEA, MEMB, GC, etc. [13-18].
These algorithms are used to calculate the fractal dimension of large-scale networks by covering the network
with the minimum possible number of network cells. The minimum number of cells allows you to use base
stations less and find the shortest paths to nodes or cells faster. After the network has been covered by
various algorithms, we analyzed this cluster router by calculating different information dimensions of the
routing map [19, 20].

The classical dimension is fractal dimension that mainly focuses on the relationship between the
number and the size of boxes. However, fractal dimension does not consider the information inside the box.
To review the information in each box Wei at al. proposed a classical information dimension, where boxes
with a large number of nodes have a maximum impact on the information dimension. However, in some
cases, the boxes containing a small number of nodes are significant in the network. And moreover, classical
information dimension cannot decide which box has greater influence on the fractal property. Considering
these cases, Zhang et al. proposed the Tsallis information dimension based on Tsallis entropy [21, 22]. This
is because entropy can focus on different information within the box. The Tsallis entropy is one of the
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general forms of the Shannon entropy [23, 24], which is controlled by the parameter g. It should be noted
that Tsallis entropy is currently used in many areas of human activity, for example, in the analysis of medical
images, stellar polytropes, community detection and physics of the cardiovascular system. Closely related to
Tsallis entropy is the Renyi entropy, which is considered as the non-extensive statistical mechanics. Based
on Renyi entropy, Renyi information dimension was proposed by Duan et al. In Renyi information
dimension, the presence of the parameter o makes the proposed method more flexible and expands the
possibilities of its use in many areas. For example, we can realize the importance of Renyi entropy in
ecology and statistics as index of diversity. In addition, the Renyi entropy is important in quantum
information, where it is used as a measure of entanglement.

In this work we proposed a new cluster router based on CIEA, which can divide the network into
clusters. Then we calculated the Renyi and Tsallis information dimensions by partitioning the network into
boxes. The use of various box covering algorithms for calculating the information dimension has been
insufficiently explored in scientific sources. In addition, the CIEA has not previously been used in the
calculations of the Renyi and Tsallis information dimensions [25-27].

1. Cluster router based on eccentricity

The cluster router based on eccentricity is equipped with a controller with a switching matrix,
bidirectional ports for connection to a control machine and a programmable logic integrated circuit (FPGA)
with non-volatile memory, made with the possibility of routing through multiple subnets. Figure 1 shows a
block diagram of a cluster router. The cluster router contains a controller with a switching matrix 1,
bidirectional ports 2 for connection to a control automaton 3 and a programmable logic integrated circuit
(FPGA) 4 with non-volatile memory 5.

= 2= = 3 =) a
=[2=

Source 5

=2 = —

Fig. 1. Block diagram of cluster routing based on eccentricity.

Well-known routers build a route across the entire network and are based mainly on Dijkstra's
algorithm. However, these routers are not effective because they contain a large number of network nodes. In
contrast, a cluster router divides the network into clusters by calculating the eccentricity, which reduces the
number of operations to find the shortest path in the network topology.

To describe a clustered router, we denote the network cluster size as I, and the cluster radius as ry,
where I, = 2r,+1. And G is a network (Figure 2) containing a set of nodes N = {1, 2, ..., n} and edges E = {1,
2, ..., m}, in which the distances between routers must be strictly less than Is.

Interface
|
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PC1 PC2 PC3 PC4 PC5 PC6

Fig. 2. Network topology example.
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Next, we determine the eccentricity e(v) of the nodes v of the connected network G by the formula:

e(V) = max{d(v, ulu e V(G)} (1)

The eccentricity e(v) of node v in the connected network G is the maximum distance between nodes u
and v. Thus, the eccentricity of the network is the maximum distance between network nodes [28].

Further in the figure. 3 we present an implementation for dividing the network into clusters using
network eccentricity. For example, the network includes 13 nodes and 12 edges, as shown in Figure 3.

Fig. 3. Division of the network G into clusters (A, B, C, D) based on eccentricity (r,=1). White nodes are
uncovered nodes, gray nodes are covered, black nodes are centers. Numbers nodes indicate eccentricities.

At the first stage, we find the eccentricity e(v) of the nodes and the central node. As the central node, we
choose the node located at a distance r, from the node with the maximum eccentricity. At the second stage,
nodes located at a distance r, from the central node are covered by one cluster with the central node. In the
next steps, we continue operations as in the previous steps until the entire network is covered. After the
entire network is covered with clusters with radius ry, the shortest path between clusters is first determined
(Figure 4), and then between nodes (Figure 5).

After the entire network is covered with clusters with radius ry, the shortest path between clusters is first
determined (Figure 4), and then between nodes (Figure 5). The cluster routing process includes the following
phases: first, we need to find the shortest path from node 1 to node 2 (Figure 5). To do this, the network is
divided into four clusters (A, B, C, D) using the cluster routing algorithm, and the nodes in each cluster are

covered with lines.
8)
&—0—=0

Fig. 4. The shortest path between clusters of the Fig. 5. lllustration of the global shortest path with
network from FIG. rp=1.

Second, we represent each cell as a single node. If there is an edge between two nodes in two different
cells, we consider these two cells to be connected. The network shown in fig. 4 consists of four different
blocks formed by the network shown in fig. 3. It is obvious that the size of the network has decreased
significantly. Thirdly, we find the shortest path between nodes 1 and 2 (arrows) as shown in Fig. 5.

Thus, the number of operations performed to find the shortest path between nodes is reduced. All of the
above operation for the compilation of cluster routing is carried out on the FPGA 5 (Fig. 1).
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2. Entropy and the Renyi, Tsallis information dimensions of cluster router

To calculate the uncertainty of a probability distribution, Shannon first proposed the concept of
Shannon's entropy. In modern communication theory the Shannon entropy has become one of the best
known measures of uncertainty, and it is used mainly to describe uncertainty relations and predictions of
quantum mechanics. The Shannon entropy [23] is determined by the following formula:

H(X) = i pilogz —, 2)

where X = (p,, 02,  Px) is  finite  discrete  probability  distribution, ~ which  means

Prz0(k=12...muXi_,pm =1

With the development of information theory, the Shannon entropy in some cases may not meet all the
requirements for application in various fields. To further apply entropy and other options for calculating the
uncertainty of a generalized distribution, Alfred Renyi introduced a new entropy inspired by Shannon's
entropy. The Renyi entropy is a family of entropies that can be used in special cases by changing the
parameter «. This entropy also can preserve additivity. The Renyi entropy [18] of order « is defined as:

(X) =— 108& i Pieec- 3)

For o € (0, 1) U (1, ) and the corresponding limit for a € {0, 1, co}. For a = 1, the limit of the Renyi
entropy can correspond to the Shannon entropy; therefore, the Renyi entropy is a generalization of the
Shannon entropy. The Tsallis' entropy of order g can be defined as follows:

e
s, = kh=mP @)

q g-1
where N is the total number of elements in the set of probabilities, and p; are the corresponding probabilities.
When the order of g is 1, the Tsallis entropy corresponds to the Shannon entropy. The order of o in Renyi
entropy is usually compared with the order g in the Tsallis' entropy to analyze their stability in rapidly and
slowly changing situations [22].

As for the information dimension, it was first used to estimate the information load and measure strange
attractors. For the first time, Wei et al. defined an information dimension [26] based on the information

entropy and the box covering algorithm. The information contained in a complex network can be defined as
follows:

= Z! 1 Di In Dis (5)

where p; is the probability of nodes in any box, and can be defined as follows:
p!’ = ﬂ' (6)
where n; is the number of nodes in any box, and n is the total number of nodes in any network. And the

information dimension of the network can be calculated as follows:

E"J[BJ‘IEIISFI EI[ EleJ|
/
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where I is the length of the box needed to cover the network, is the probability of nodes in any box,

and the edge of the box is equal to Iz [20].
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The informational dimension of Tsallis was proposed by Zhang [23] to explain the complexity of the
structure of networks and to reflect the degree of self-similarity and fractal properties. The Tsallis
information dimension can be calculated as follows: _

1—2?311:!-({33'1

dp = — lim ———— (8)

1g—0 Inlig
According to equation (7), the Tsallis entropy information can be found as follows:

TNE b (1) -
Ir = =piE;] - 9)

where I is the length covering the box and p; is the probability associated with the box coverage results. g
is the limiting parameter of the generalized entropy.

There are many dimensions to describe the complexity and uncertainty of a network, but many of
them have fixed formulas and are not flexible. And the Renyi information dimension has a parameter «,
which can change and affect the measurement itself. The Renyi dimension is defined as follows:

+1°gzgzlpka

dg = — lim *~**—F—, (120)

!3—'0 log '!IB

where Iz is the box size of the box covering algorithm. For a = 1, the Renyi dimension corresponds to the
information dimension, which is easily proved using the L'Hospital equation. When «a = 0, the dimension is
exactly the classical Hausdorff dimension [26].

3. Calculation of the Renyi and Tsallis information dimensions of for the UV-flower
model network

UV-flower is a model network that has a certain structure [24]. In the first generation (n=1) we start
building a circular graph U+V, where U and V are network parameters. In the next generation (n=2) we
replace each node with two parallel edges U and V. These operations are shown in Figure 6.

\ / / N\ / .\
b / / \\ / \\
n=1 n=2

Fig. 6. The first two generations of the UV-flower model network.

In Table 1 below, we present the Renyi and Tsallis information dimensions of the UV-flower model
network by dividing this network with different box covering algorithms.

Table 1. Reniy and Tsallis information dimensions of the UV-flower model network

Box covering Reniy information Reniy information Tsallis information Tsallis information
algorithms dimensions («=0.5) dimensions (a=2) dimensions (g =0.5) dimensions (g =2)
MEMB 1.820 1.674 1.821 1.674
GC 1.823 1.783 1.820 1.798
RS 1.992 1.946 2.042 1.945
CIEA 2.160 2.170 2.158 2.169

The theoretical fractal dimension of the UV-flower network is determined by the following formula:
In{U+V)
Inlf

According to formula 10, the theoretical fractal dimension [17] of the UV-flower model network is D =
2.321, which can be compared with the experimental data in Table 1 and reveal the most accurate result.

D:

. U>1 (11)
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Figure 7 (a, b) below shows the Renyi information dimension for the UV-flower model network,
partitioned using the CIEA.
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Fig. 7. Renyi dimension (dr = 2.16) when separating the UV-flower network by the CIEA:
a) dr=2.16,0=05;b)-dr=2.17, a = 2.

Figure 8 (a, b) below shows the Tsallis information dimension for the UV-flower model network,
partitioned using the CIEA.
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Fig. 8. Tsallis dimension when separating the UV-flower network by CIEA:
a)dr=2.158,q=0.5;b)dr=2.16,9=2:

According to Figure 7, 8 the power rule for the cluster size is satisfied, which reflects the fractal
property. Since we know that the theoretical dimension of the UV flower model network is 2.32, we get
closer value when parameters g and « equal to 2 (dr = 2.169 and dr = 2.17) and slightly less when the
parameters equal to 0.5.

Conclusion

In this paper, a cluster router was proposed that performs rapid route construction by clustering the
network based on eccentricity, which ensures the autonomy of the device in case of failures. This router,
unlike other routers based on the Dijkstra algorithm, builds a route first between clusters and then between
network nodes, which allows you to significantly succeed in speed. To analyze this router we calculated the
Tsallis and Renyi information dimensions of the UV flower model network using box covering algorithms.
The values closest to the theoretical values were obtained when the network was covered by the CIEA and
the information dimension of Tsallis was D, = 2.158 (for g = 0.5) and D, = 2.169 (for g = 2), and the Renyi

dimension Dg=2.16 (for a = 0.5) and D= 2.17 (for a = 2).
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The problem of studying the influence of electron mirrors design features, in particular, the gaps between the
electrodes on their electron-optical characteristics is solved. A method to solve the problem that combines the
advantages of analytical paraxial and numerical approaches is described. FOCUS CPM software developed by the
authors of the work that implements the method described is presented. Calculation accuracy is estimated using the
example of a three-electrode mirror. A focus position as a function of gap width between cylindrical electrodes is
calculated and analyzed.

Keywords: electron optics, paraxial optics, electron mirror, numerical methods, trajectory analysis.
Introduction

A theoretical basis for modern analytical instrumentation is electron optics. The success in the use of
mathematical tools to design precision electron- and ion-optical systems is reflected in the achievement of
record-breaking parameters of diagnostic equipment: mass spectrometers, electron spectrometers, electron
microscopes, micro-computer X-ray tomographs, etc.

Two approaches in modeling systems of electronic and ion optics are widely used: numerical and
analytical. A numerical approach makes it possible to carry out a high-precision analysis of system parameters
with almost arbitrary configuration of electrodes. Complex real systems are studied with high accuracy by
numerical methods. SIMION [1], CPO [2], FOCUS [3] and other software for numerical-solution of electron
optics problems are known and widely used in practice. In contrast to solving problems of analysis, the
possibilities of synthesizing new designs by numerical methods are severely limited. Synthesis problems are
effectively solved using the mathematical apparatus of classical paraxial electron optics.

One of the areas in mass spectrometry of matter is associated with the development of multielectrode
mirrors [4], which have unique focusing properties in temporal and spatial domains. The designs of such
mirrors are successfully developed using the analytical methods of paraxial optics [5]. But since an analytical
expression of potential distribution function is used when designing systems in paraxial approximation, some
important issues remain unresolved. Firstly, these are uncontrolled errors in calculating output electron-optical
characteristics of real (not idealized) electron mirrors, secondly, the impossibility of taking into account the
influence of edge fields, and thirdly, fundamental restrictions on design complexity.

The aim of this work is to combine the advantages of numerical and analytical approaches to the design
of electronic mirror schemes. The technique presented here uses the unique analytical approach developed
earlier by the authors [5] to the synthesis and optimization of electron-optical parameters of mirrors, but already
under conditions of high-precision numerical simulation of electrostatic field. Along with the development of
a technique for synthesizing electron mirror schemes, the practical problem of developing a ready-made tool
for such synthesis, FOCUS CPM software, is solved.

1. Analytical modeling of paraxial mirrors
The essence of analytical approach in the modeling of electron lenses, mirrors, etc. is to find partial

solutions to the basic equation of paraxial optics. Knowing the partial solutions of the equation is the clue to
calculating all electron-optical characteristics of the simulated system. In particular, cognition of particular
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solutions makes it possible to construct a general solution (the trajectory of central particle), to define cardinal
elements of an electron-optical system, and so on.
The paraxial equation in the case of axial symmetry has the form

dr' + % 'r' + %Cb"r =0, D

where @ =d(z) is axial distribution of a potential, and the primes denote differentiation with respect to z.

Equation (1) is an ordinary linear differential equation of the second order, therefore, it has two linearly

independent partial solutions p=p(z) and g=g(z), which form a fundamental system of solutions, the linear
combination of which allows us to find a general solution (trajectory equation)

r(z) = ap(z) £ bg(2), (2)

where a and b are arbitrary constants determined from the initial conditions in the initial (subject) plane z=z:

2\/_

a= (goTo — GoTo)s

®)
2 V !
= @, (Po’”o PoTo)
and indices "0" and “U” mark functions values in the plane z=zo and in the turning plane z=z,, for which
d(z,)=0 and D'(z,)#0. In formula (2), sign "+" refers to a direct path branch, and sign "-" refers to a reverse
one.
As for the fundamental system of solutions, one of the solutions p=p(z) is an analytic function that
satisfies equation (1), which we rewrite as

dp" + %Cb’p’ + %Cb"p =0, 4
and the solution g=g(z) can be represented as [5]
9(@) = Jo@q(2), (5)
where q=q(z) is an analytic function that satisfies the equation
dq" + ;Cb’q’ + %(D"q = 0. (6)

In the case of electronic mirrors, the functions p=p(z) and g=q(z) must satisfy the following initial
conditions [5]
P

207

Pu=0qu=Lp,=q,=— 7

The fulfillment of the following equality for the Wronsky determinant

W =/®(2)[p(2)g'(2) —p'(2)g(2)] = —CD’ ®
is a guarantee of linear independence of solutions.

Within the framework of the analytical approach, a more or less accurate approximation of electric field
axial distribution is used as a function ®(z), most often expressed by a combination of elementary mathematical
functions.

Formula (2) describes the trajectory of the particle launched from a point with coordinates zo, ro at an
angle ag (tan(ay) = ry) with energy E, = .

As we have already noted, particular solutions make it possible to find cardinal elements of electron
mirror [5]. The position of mirror focus and its focal length are determined by equalities

1 1
Zp = E(ZV +zc) f = > (zv — z¢), €©))
where zy and z¢ are vertex coordinates and center of mirror curvature which can be determined from the

following considerations. In case when an object and its image are placed in field-free space, particular
solutions p=p(z) and g=g(z) are linear functions and therefore can be written as

p=(z—-zJp,9=(Z—-2z)g (10)
Using the fact that the plane z=z, is located outside the field, from (10) we obtain the desired values
ZC=ZO_@,ZV=ZO_@. (11)

Po 9o
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2. Algorithm for Numerical Simulation

Numerical approach to solving the problem under consideration methodologically repeats the
abovementioned analytical one. The fundamental difference lies in the fact that the function @(z;) calculated
in the array of nodes z; by the Boundary Element Method [6] is used here as the axial distribution of the
potential ®(z). This method of determining ®(z) is a guarantee of high simulation accuracy and, most
importantly, allows one to study the systems with almost arbitrary electrode configuration. The first ®'(z), the
second ®”(z) and the third ®"(z) (we will need it later) derivatives are also spline approximations of
corresponding derivatives found at nodes z; using numerical differentiation formulas [7]. We should note that
in standard approaches to the numerical solution of a field problem, the potential distribution and its gradient
must be calculated over the entire working region of an electron-optical system [8, 9].

Another advantage of the approach proposed lies in the fact that the trajectory analysis of simulated
systems is based on the numerical solution of paraxial equation (1) and finding particular solutions p=p(z) and
g=g(2), which in turn allow us to estimate a wide a set of electron-optical characteristics. Here we note that
standard non-paraxial numerical methods represent as a result only particle trajectories in the form of a
numerical set of two-dimensional coordinates.

A detailed algorithm for electron mirrors numerical simulation in paraxial approximation is as follows.
Having found spline approximations of axial distribution of the potential ®(z) we are capable to find turning
plane position z=z, by solving the equation

d(z,)=0. (12)

Numerical integration by the Runge-Kutta method of equations (4) and (6), written in the form
p" = fiz,p,p"), (13)
q” = fZ(Zf q, q,), (14)

taking into account initial conditions (7) allows finding paraxial equation particular solutions p(z) and
9(2) =\ @(2)q(2) (see (5)).
Integration is performed from the starting point z=z, with a negative integration step. In the vicinity of
this point z=z, on the right side of equations (13) and (14) there is a singularity (uncertainty of type 0/0),
however, removable. After elimination of the singularity, right-hand sides take the forms
1 CD,”(Z)

filz,p,p") =p"%(2) - s f T (15)
9 1¢”’
fo(z,9,94") = g(q’z(Z) - EW(ZZ))>'Z - zy. (16)

When moving away from the singular point, i.e. when the condition |z — z,| > € is satisfied, regular
expressions are used as the right parts (see (4) and (6)
29" (2)p'(2) + 9" (2)p(2)

Azpp) == 40 (2) : 17)
6D’ ! 30"
hnaq) = -2 @1 (i)qj(z) (4@ .

Here ¢ is some small value, which, as calculation practice shows, can be quite large. In numerical
integration, it suffices to take one first step, at which right-hand sides are calculated using special formulas
(15) and (16). After finding particular solutions, the particle trajectory (2) is constructed as a set of forward
and backward branches, and focus position and focal length (9) are determined.

3. “FOCUS CPM” software

FOCUS CPM author’s software is designed to simulate axially symmetric electron mirrors with almost
arbitrary configuration of electrodes in paraxial approximation. The software consists of several modules
(graphic editor, electric field calculation module, trajectory analysis modules), the exchange of information
between which is carried out using data files.

3.1 Graphic editor (Design)

Graphics editor module is designed to form the meridional section of electrode system with the supply of
appropriate potentials to them. The cross section of each electrode is represented as a closed contour oriented
counterclockwise with respect to any of its internal points. At the stage of formation, an electrode can be
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formed as a combination of the following elements: straight line segments, arcs of circles, parabolas,
hyperbolas, ellipses and splines.

3.2 Module for calculating potential distribution function (FieldE).

The module implements the Boundary Element Method (BEM) with the technique developed for
calculating singular and quasi-singular integrals [6]. Based on BEM, external Dirichlet problem is solved,
which, unlike internal Dirichlet problem, makes it possible to simulate EOS, the designs of which are as close
as possible to real ones [8].

The ability to simulate electron-optical systems with the elements of different scales (for example, in case
of small gaps between extended electrodes) is another advantage of BEM, in contrast to widely used finite
difference methods (FDM) and finite element methods (FEM). In addition, BEM requires no calculation of
potentials at all points of a discrete grid covering the simulated area, and allows you to get potential distribution
in any subdomain, for example, on the axis of the system.

3.3 Module for modeling the trajectories of charged patrticles (PathS).

The module makes it possible to calculate the set of trajectories of positively charged particles emitted
either by a point or by an extended source in a certain range of initial angles (see (2), (3)). Based on the results
of calculating the trajectory of a central particle, cardinal elements of electron mirror (9) are calculated.

4 Simulation results

To begin with, the accuracy of path calculations in FOCUS CPM was assessed using the example of
modeling the parameters of classical electron lenses with rotational symmetry. It is known [10] that the optical
power of weak lenses is represented by an integral of some combination of axial potential distribution function
and its derivative. It was noted in [10] that precise calculations are performed with the help of different
techniques, also the comparison with the results of numerical simulations show that a given integral expression
approximates the optical power of weak lenses with surprisingly good accuracy. The comparison of the results
of einzel and immersion lenses optical power calculation using FOCUS CPM software and the integral
expression mentioned above showed their guaranteed coincidence within 1%.

One of the ways to significantly increase the resolution of time-of-flight mass spectrometers [11] is the
use of electrostatic mirrors of rotational symmetry, e.g., three-electrode ones [5], whose electrodes are coaxial
cylinders with equal diameters. In [5], the modes of operation of such mirrors were studied in detail. However,
since the authors routinely used an analytical expression of axial potential for an infinitely small gap between
cylindrical electrodes, the question for the influence of actual dimensions of these gaps remained open. FOCUS
CPM software makes it possible to quantify this impact.

Fig. 1 shows ion-optical scheme of a three-electrode mirror containing all sizes and potentials necessary
for modeling. It demonstrates also the picture of electrostatic field equipotentials and a central particle path for
“parallel-point” mode of the mirror in case of small but finite gap between the electrodes A=0.0002d, where d
is the inner diameter of cylinders.
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Fig.1. lon-optical scheme of a three-electrode mirror: results of FOCUS CPM trajectory analysis

Fig. 2 shows the axial distribution of the potential ®(z), as well as its first @’ (z) and second ®”(2)
derivatives. The focus position, in accordance with (9), turns out to be equal to zs = 1.18d. The results obtained
in FOCUS CPM when modeling mirrors were additionally verified using FOCUS Pro software [3] developed
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for numerical analysis of real (not paraxial) EOS/IOS. Once again, we note that in this case it is necessary to
calculate the field in the entire working area of EOS and a set of particle trajectories. Fig. 3 shows the results
of calculation for 10 particle trajectories in the mirror with A=0.0002d having different radial start coordinates
r. Based on the set of trajectories, the position and the order of spatial focus are estimated using a numerical
method [12]. The result of the estimate is as follows: a mirror provides second-order focusing in terms of the
initial coordinate r at the point ze = 1.12d. To be able to conduct a comparative analysis, the results of
calculations of the focus position z¢ by different methods are collected in Table 1.
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Fig.2. Axial distributions of (a) the potential ®(z), (b) the first ®’(z) and (c) the second ®”(z) derivatives of the
potential in a three-electrode mirror
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Fig.3. Results of numerical simulation of a three-electrode mirror using FOCUS Pro software in a "parallel-point™ mode

Table 1. Focus position zr

Method
Analytical FOCUS CPM FOCUS Pro
Position z¢ 1.01d 1.18d 1.12d

An analysis of tabular data allows us to conclude that the error in calculating the parameters of an electron
mirror in the case of an analytical expression of the potential [5] is about 10%; while the numerical solution of
field problem improves calculation error by about an order of magnitude. At the same time, the time for solving
the problem in a paraxial approximation by means of new FOCUS CPM software is reduced by thousands of
times compared to the case of using FOCUS Pro numerical simulation software [3]. In terms of its main
characteristics (counting speed and accuracy), the FOCUS CPM software presented is ideal for optimizing
designs, e.g., electronic mirrors and studying the effect of their geometric features on output electron-optical
parameters. Fig. 4 demonstrates the dependence of a focus position zr on the size of a gap between cylindrical
electrodes A, which must be taken into account when manufacturing a real device.
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Fig. 4. Dependence of a focus position on the size of a gap between cylindrical electrodes

It follows from the last dependence that in the range of small gaps up to about 5% of d, a focus position
is almost constant and approximately doubles with a further increase in the gap to 40% of d.

Conclusion

In this paper for the first time a unique analytical technique for modeling the parameters of multielectrode
electron mirrors [5] is combined with an original technique for numerical solution of an external field problem
using the Boundary Element Method [6, 8]. The developed approach implemented in the form of FOCUS CPM
software application makes it possible to design electron mirrors with a practically arbitrary electrode
configuration at a high counting rate. The high accuracy (on the order of a few percent) of the calculations of
charged particle trajectories and electron-optical parameters of multielectrode mirrors in FOCUS CPM is
established. A practically important dependence of a focus position on the size of a gap between the electrodes
is obtained for a three-electrode mirror.
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Cmupnoeé B.I1O., Kaoip M.®., Annsicoaesa b.E., Hemkaesa P.P.

Mpbic okcui Ka0bIpIIAKTAPbIHBIH MOP(OI0THACHIHA AHOATAY PeKUMAEPiHiH dcepiH 3epTTEy

Bepinren sxympicTa Oip caTBUIBI ANIEKTPXUMISUIIBIK aHoATay opiciMeH anbiHFaH CupO KaObIpIakTapbIHBIH OeTKi
MOpPGOIOTHACH  Typanbl TOXipHOeTiKk MomiMerrep Kendrtipinred. Ilpomecc ¢ochop KBIIKBIIEI HETi3iHAeri
anekrponutte 90 cexynn 60itrr 13°C Temneparypana S0B TypakTsl MOTEHIMAIMEH XKYPri3inreH. ToxipuOemiK KyMbIC
OapbICBIHAA CHUHTE3/IH ONTHMAJAbI HapaMeTpiiepi aHbIKTalAbl. MBIC KeyeKTi KaObIpLIaKTapAblH MOP(HOIOTHICH
Ntegra Therma (NT-MDT) aToMIbI-KYIITIK MUKPOCKOITHSHBIH KOMETIMEH 3epTTeareH. TaoxipuOenik ®yMbICTapAbIH
HOTHOKeNepi OOWbIHIIIA aHO/ITAay MPOLECIHIH HapaMeTpiiepiHe OailIaHbICTHI MBIC OKCHJIIHIH KeyeK JuaMeTpi OipHerne
OHJIaFaH HAHOMETPJICH JKY3/IeT'€H MUKPOHFa JCHiH 03repyi MYMKIH €KeHJIITl aHbIKTAJIFaH.

Kinm ce30epi: HaHOKEYEKTi, MBIC OKCHAl, O3JEKTPXHUMHUSUIBIK aHoATay, (ochop KbIIIKBUIBI, aTOMABI-KYIITIK
MHKPOCKOIIHSL.

Cmupnoe B.1O., Kaovip M. ®., Anrnvicoaesa b.E., Hemxaesa P.P.

HccnenoBanue BIUSTHUS Pe:KMMOB AHOIUPOBAHMS MJIEHOK OKCHAA MeH HA UX MOP}OJI0TrHIo

B nactosme# pabote mpencTaBieHb! IKCIIEPUMEHTANBHbIC JaHHBIE IO MOP(OIOTHH MOBEpXHOCTH MIeHOK Cuz0,
TIOJTyYEHHBIX OJHOCTAJANIHBIM 3JCKTPOXUMUYECKHUM aHOIMpOBaHWEM. lIporecc MPOBOAMIM IIPU IOCTOSHHOM
npuioxenHoM noteHnuane S0B u remnepatype 13°C (90 cekyHa) B 2JIEKTPOJIUTE HA OCHOBE (pocopHOit kucioTel. B
XO0/Ie SKCIIEPUMEHTAILHOM paboThl OBUIN OIpeZeIeHbl ONTUMAIbHBIE TapaMeTphl cuHTe3a. Mop(hOI0THI0 HOPUCTHIX
IUICHOK MEJIU UCCIIeJOBAIIM C IOMOUIBIO aTOMHO-CHII0BO# MuKpockomiu Ntegra Therma. beuto uccnenoBano BiusiHue
OCHOBHBIX TapaMETPOB aHOIMpOBaHHWs Ha Mopdoinoruto HaHomopuctod mieHkn Cux0. Ilo pesynbraTam
9KCIIEPUMEHTAIBHBIX PabOT yCTAHOBJIEHO, YTO B 3aBUCHMOCTH OT MapaMeTPOB Ipoliecca aHOJMPOBAHMS MOMHO
BapbUPOBATh AUAMETP MOP OKCUAA MEIU OT HECKOJIBKUX JIECITKOB HAHOMETPOB JI0 COTEH MHUKPOH, IIPH 3TOM TaKXe
nMeeTcs BO3MOKHOCTh M3MEHEHUS TOJIIUHBI TUICHKH.

Knrouegvie cnosa: HaHOTIOPHUCTHIHN, OKCHA MEMI, SIEKTPOXUMHUYECKOE aHOJUpOBaHKe, (pocopHas Kucaora, aTOMHO-
CHJIOBAsi MUKPOCKOTIHS.

Mumyaun A. B., Iloranos A. A., lllnmynauna A. B.

OPAKTAJIAbI HNIINIHAI HAHOBOJIIIEKTEPAIH KbIJIY OTKI3IIITIK KOOPUIIUEHTIHIH
TOPJIbI K¥YPAYIHIBICHI TYPAJIbI CYPAKKA.

HanoOesmexrepeH keaeM/i HAHOKYPBUIBIMABI MaTepHajap/bl ally YIIiH aJIUTUBTI TEXHOJIOTHsIIap/Ibl Naijanany
TUIMJI KOHE KOMMEPIHSIIBIK KOJI JKETIMJII TEPMOIJIEKTPIIIK SHEPTUsl TYPICHIIPTilITepiH KYPY/IblH €H MepPCHeKTUBTI
OarbITTapbIHBIH Oipi O0JbIN TaObLIaAbl. HaHOKYpBUIBIMIIAY TEPMOAJIEKTPIIIK MaTepHalbl aHBIKTAWTBHIH TachbIManay
KacHeTTEpiH IpiKTen e3repTyre MyMKiH/iK Oepeai. bepiireH s>kyMbICcTa KpUCTANIBIK TOPABIH TepOericTep yieciHiH (ic
XKY3iHJIE OHBI a3alTy KaXKeT) Ta3a 3aT HaHOOJIIIET1HiH JKbUTY OTKI3TITIK K03 GHINeHTIHE OHBIH MOP]OIOrHsChIHA
afiTapipIKTall TOYSNIUTITIHEH TYPATHIH Tarbl Oip ocep YCHIHBUIBI KopceTireH. HanoOe ek TiH MOp(oIOTHsACH OHBIH
THIMAI JTUAMETPiHiH, QpaKTaIIBIK OJIMIEMiHIH XoHe OCTiHIH KeAip-OYABIPHIHBIH IIaMajapbiMeH OepinreH. TemeH
TEMIIEpaTypaaarbl Ta3a BUCMYT HaHOOOIIIEKTEpiHIH MbIcalblHIa OemmeKx MOpQOJIOTHACHIHBIH "KypaeiaeHyiMeH"
TOPIBIH JKBUTy OTKI3TIIITITIHIH aWTapibIKTail TeMeHAeyi kepcerinreH. JKYMBICTBIH KOPBITKBI OeriMiHze
HaHOOOJIIEKTep aHCaMONBACPiHIH OipKartap CHIIATTaMalapblH €CENTey OIIiCTepi YCHIHBUIFaH, COHBIMEH KaTap
(pakTanIbel OMIIEMIl SKCIICPUMEHTTIK aHBIKTAY 9/IiCTEMECi TaKbLIIaHFaH.

KinT ce3nmepi: TepMoanekTpiik Marepuaniap, KbUly OTKI3TIIITIK, HaHoOeimekTep, (oHOHAAp, (paKTaAbIK
OJILIEMTUTIK.

Hnmyaun A.B., Iloranos A.A., lllumyauna A.B.

K BOIIPOCY O PEHIETOYHOMN COCTABJAIOIEN KOY®PUIMUEHTA TEILIOIPOBOJHOCTH
HAHOYACTHUI] ®PAKTAJIBHON ®OPMBI.

Hcnonp3oBaHue aaUTUBHBIX TEXHOJOTHH Ul MOJIYyYeHHsS OOBEMHBIX HAHOCTPYKTYPHUPOBAHHBIX MaTE€pHalIOB M3
HAHOYACTHII SIBJISIETCS] OJJHUM W3 HanboJee MepCIeKTUBHBIX HalpaBieHui co3aanust 3()(HEKTUBHBIX 1 KOMMEPUECKH
JOCTYIIHBIX TEPMOIIEKTPUUECKUX IpeoOpa3oBarenell sHeprur. HaHOCTpYKTypHpOBaHHE MO3BOJSIET OCYILECTBISTH
BBIOOPOUHYI0 MOAMGUKALMIO TPAHCIOPTHBIX CBOMCTB, ONPENEINSIONUX TEPMOAJIEKTPUUECKYl0 Marepuana. B
HacTosmed pabore mpencTaBieH emmie OAMH A3(PQEKT, 3aKIFOYAIOIIMICS B CYIIECTBEHHOW 3aBUCHMOCTH BKJaja
KoNe0aHni KPHUCTAUIMYECKOHW pemeTkd (MpakTHdecku TpedyeTcs ero yMeHbIIeHWe) B  KOd(QQHUIHEHT
TEIUIONPOBOAHOCTH HAHOYACTHUIIBI YHCTOTO BemiecTBa OoT ee Mopdomorun. Mopdoaorus HaHOYACTHIIH 33aBaJIach
BEITMYMHAMH €€ d(PPEKTUBHOTO THaMeTpa, PpaKkTaIbHOW Pa3MEPHOCTH U IIIEpPOXOBATOCTH MOBepxHOCTH. Ha mpumepe
HAaHOYACTHUI] YUCTOTO BHUCMYyTa TPH HHU3KHUX TEMIEpaTypax MPOJEMOHCTPHPOBAHO CYIIECTBEHHOE ITOHIDKEHHE
TEIUIONPOBOAHOCTH PEHIETKH IPH  «YCIOXKHEHHH» MOPGOJIOTHH dYacTHHbl. B 3akmounTensHOW dYacTH paboThl
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NIPE/CTAaBICHBl METO/BI pacyeTa psjia XapaKTepHCTHK aHcaMOJied HAaHOYACTHUIl, a TaKke O0O0CYXKIAeTCsi METOAMKA
9KCTIEPUMEHTAILHOTO ONPEAeICHUs (PPAKTAIBHON Pa3MEPHOCTH.

KnroueBble ci10Ba: TEPMORIEKTPUIECKHE MAaTEpHAIIbI, TEIIONPOBOJHOCTh, HAHOYACTHUIBI, (POHOHBI, (paKTaIbHAs
Pa3MEPHOCTB.

Azenvmenee M.E., Bpamyxun C.M., Ilonuxapnog B.B.

OJIMEMJIIK OCEPJEPIIH TPA®EH HAHOJIEHTAJIAPBIHJIA OPHAJIACKAH CYHbBIK
KPUCTAJIAPABIH PETTIJIII'THE OCEPI

I'pacden HaHONIEHTACHIHBIH OETIHAETT HOMSPIIBI HEMATHKAIIBIK (DEHUIT TPOTIAPTHI 3(GHUPIIEPiHiH NapaxyioppeHUIAepIiH
TOpPTIOIH KOMIBIOTEPIIK MOJENBACY SKCIepUMEHTTepl OipKarap 3aHIbUIBIKTAp/bl aHBIKTayFa MYMKIHAIK Oepai.
I'padennin enmemaepi 37€KTp Opici MEH TEMIIEpaTypaHbIH 9CEPIHEH 63repreH Ke3/Ieri MOJIeKyJ1aIap IblH AMHAMHUKACK
3epTTenreH. 3eprrey ofici peTiHAe CYHBIK arperaTTblK KYHII JKakplHAayJa MOJEKYJAIBIK ITUHAMHKA OJici
KOJIIaHBbUIFaH. MoJieNibiey aTOMABIK OJiC-ToCiIMEH JKyprisiireH. ['padeH HaHONEHTacChl MEH OJJIEKTp epici
Onakcwangpl KyWIeri HEMaTHKaNblK CYHBIK KPHCTAJUT MOJIEKYJIAJApbIHBIH ©3ITHEH >KHHATYBIH AaHBIKTAHTBIHBI
KepceTinreH. byn kyinep rpad)eH HaHONEHTACHIHBIH CHIHIH OHBIH Y3bIHIBIFbIHA KAaTBHIHACHI ©3TEPreH Ke3Ze maiina
6omaznpl. JXKapreikTaHy OOJBICHEIHIA TApaxJIOPQEHWINSPIIH PETTUIr €Hi MeH Y3BIHABIFBIHBIH KaThlHAcH 3: 1 MoHI
Ke3iHze ece 0acTalTHIHBI AHBIKTAJIIBL.

KinT ce3nepi: HemaTuKanbIK CYHBIK KpUCTaNAap, rpadeH HaHOJICHTACHI, KOMITBIOTEPIIIK MOAECIBICY.

Azenmenes M.E., bpamyxun C.M., Ilonuxapnoe B.B.

BJIUSIHUE PA3BMEPHBIX DJ2®®PEKTOB HA VYIHOPAJOYEHUE KHUIAKUX KPUCTAJJIOB,
PACIHOJIOKEHHBIX HA HAHOJIEHTAX TPA®EHA

BKCHepHMCHTLI IO KOMITBIOTCPHOMY MOJCIUPOBAHUIO MMOBEACHUSA MOJIAPHBIX HEMATUYCCKUX (beHI/IHHpOHapFI/IHOBI)IX
3¢pupoB napaxiopPeHUIIOB Ha NOBEPXHOCTH I'pa)eHOBOI HAHOJICHTHI MMO3BOJIMIIM BBISIBUTH PsiJi 3aKOHOMEPHOCTEH.
W3yuaercst nuHaMUKa MOJIEKYJ NPH HM3MEHEHHH pa3MepoB rpadeHa Moja JeHCTBHEM 3IIEKTPHUYECKOTO IO U
TeMIepaTypbl. B kauecTBe METO/Ia CCIIEIOBAHUS HCIIONB30BAJICS METO/ MOJICKYISIPHON AMHAMUKH B MPUOIMKCHUN
KHJKOTO arperaTHoro coctosiHus. MopeaupoBaHue MPOBOAMWIOCH B aTOMHCTHYECKOM mojaxozae. [lokaszaHo, 4To
rpadgeHoBas HAHOJICHTA W D3JCKTPUUYECKOE II0Jie OMPECISIFOT CaMOCOOPKY MOJEKYNT HEMATHYSCKHX IKUAKHX
KPHCTAJUIOB B OHAKCHAILHOM COCTOSHHH. JTH COCTOSHUS BO3HHKAIOT MPHU HM3MEHEHWH OTHOIICHHS IIUPUHEI
rpaeHOBOM HAHOJEHTHI K €€ JUIMHe. YCTAHOBJCHO, YTO B OOJAaCTH TMPOCBETICHUS YIOPSA0YCHHOCTD
napaxyiop(eHNIIOB HAYMHACT BO3pacTaTh IIPH 3HAUSHUU OTHOLLICHUS LIMPUHBI K JuinHe 3:1.

KiiroueBble ¢JI0Ba: HEMAaTHUCCKUE KUJIKHE KPUCTAILIBI, rpad)eHOBasi HAHOJICHTA, KOMITBIOTEPHOE MOICIMPOBAHHE.

Poimoncanos P.A., Bonkoe A.E., Hopaesa A./1.

Kbuiiam  ayblp HWOHAapMeH cdyJieleHAipreHHeH KeWiHri uTpuii-TeMip TrpaHaTBIHBIH JJIEKTPOHABIK
KHHETHKACHI

Moure-Kapno TREKIS mopeni xpuigam ayblp HOHIAPMEH COYJIENEHIIPIeHHEH KEWiHI WTPHUH-TEMIp TrpaHaThl
UIEKTPOHABIK JKYHEIIEeCIHIH YaKbITTBIK KHHETHKAChIH 3€pTTEY YIIIH KOJAAHBUIABI. 3apsaTairaH OesmeKxTepliiH
HBICAHAMEH e3apa opeKeTTecy KuUMajapbl KypAemi IUAJIEKTPIiK (YHKIUSHBIH (opMamu3Mi — JIHHAMHKAJIBIK
KYPBUIBIMIBIK (PaKTOP asCHIHJIA aHBIKTAIIBI. DJICKTPOH/ABIK KO3Y/IbIH KEHICTIKTIK TapaTybIHbIH €Ki PeKHMi TaObUIIbI:
KBULAAM JIeTbTa JJICKTPOHAAP KO3YABIH OacTankbl (POHTHIH KYpanabl, ajl TpeKTe Maiiaa OOoNFaH MIa3MOHAAPIIBIH
BIIBIPAYbIHAH Mala OOJNATHIH IEKTPOHAADP KeJeci eKiHI (POHTTHI Kypaiasl. TopabiH KbI3y NpOIEecTepiH Tanaay
OapbICBIHAAa HWOH TperiHAe Naiga OONaThIH BAJCHTTIK KEMTIKTEpIiH PEKOMOHWHAIMSCH apKbUIBl OeJiHETiH
MOTEHLUAIIBIK YHEPIHSAHBIH 0achIM yJieci aHbIKTalbl. MOTTBIH KMMaJapbIMEH CHUNATTAJIAThIH 3JEKTPOHIAp MEH
KEMTIKTEp/IiH CepIiM/i IalIbIPaybl TOPJbIH apTHIK SHEPTUSICHIHBIH IIAMAIIbl 6CYiHE dKeJel, al KYPAeli JUANEKTPIIiK
GbyHKUMAHBIH GopMaii3Mi OyJT IPOIeCTEePIiH TOPbI KbI3ybIHA aliTapIIbIKTall ylIeCiH KopceTe/i.

Kiar ce3nepi: xpu1gaM ayblp MOH TPETi, SMEKTPOHABIK KO3y, KYPAET TUAICKTPIIK (PYHKINSA, HOHOAPABIH SHEPTHs
wbIFbIHBI, MoHTe-Kapno monenbaey.

Poimoncanoe P.A., Bonkoe A.E., Hopaesa A./.

DJIeKTPOHHASI KHHETHKA JKeJIe30-HTTPHEBOro rpaHaTa nocJjie 00/1y4eHus ObICTPLIMH TS KeJbIMHA HOHAMH
Mounrte-Kapno mozens TREKIS npumensnach i U3ydeHHs BPEMEHHOW KUHETHKM JJIEKTPOHHOH IOJCUCTEMBI
)KEJIEe30-UTTPUEBOTO TpaHaTa MOCJE BO3JCHCTBUS OBICTPBIMH TsDKeNbIMH HOHaMH. CedyeHHs B3anMOAEHCTBUS
3apsDKEHHBIX YaCTHUI] C MUIICHBIO ONPEAEISIINCH B paMKax (opMain3mMa KOMIUIEKCHON TUAIEKTpUIecKoi GpyHKInu —
JUHAMUYECKOTO CTPYKTypHOro ¢aktopa. OOHapyXeHBI [1Ba peXHMa IPOCTPAHCTBEHHOTO pPacIpOCTPaHEHHS
ANEKTPOHHOTO BO3OYXAEHUS: OBICTPBIC JAEIbTa-3IEKTPOHBI (DOPMHUPYIOT MEPBUYHBIN (POHT BO3OYXKICHHSA, a
9MEKTPOHBI, BO3HUKAIONIME 3a CUET paclaja IUIa3MOHOB, T€HEPHPYEMBIX B Tpeke, (OPMHPYIOT BTOPOH (POHT,
CIEYIOUIMHA 3a TEepBBIM. AHAIW3 IIPOIECCOB HArpeBa pEIIeTKH MHIIEHH BBISBHI JOMHHUPYIOIMIHWN BKIIAJ
MTOTEHIMAJIBHON PHEPTUH, BBIACISIEMON 3a CYeT peKOMOMHAIINN BAJICHTHBIX IBIPOK, TEHEPHPYEMBIX B TPEKE HOHA.
Yupyroe paccessHHS 3JIEKTPOHOB U ABIPOK, OMHMCHIBAEMOE CEUEHISIMH MOTTa, IPUBOINUT JIMIIh K HE3HAYUTEIHLHOMY
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YBEJIMYEHUIO N30BITOYHOM SHEPTUH PEIIETKH, B TO BPeMsI Kak ()OpMaIM3M KOMIUIEKCHOM JHAIEKTPUUECKON (DyHKIUH
JIEMOHCTPHpPYET 3HAUUTEIbHBIN BKJIAJ ITHX MPOLIECCOB B HATPEB PELIETKH.

KaioueBble cjioBa: Tpek OBICTPOro TSHKENOrO HOHA, JIEKTPOHHBIE BO30Y)KICHUS, KOMIUIEKCHAs THAJIEKTpUIECKast
(YHKIMSA, TOTEPU SHEPTUHN HOHOB, MoenpoBanne MonTe-Kapio.

Mameees H.H., JTucuyvin B.U., Apxunoé B.B.

Biprekcis Temmeparypa epicingeri 0aJKbIMa-KpPHUCTANT  aybICyJapbIHAQ MOJHITHIEH  OKCHIIHIH
NOJISIPU3ALUSACHIH AHBIKTAYAbIH KOH(GOPMALMSIBIK TICiIi

Kasipri 3amanrsl TexHonorusuapaa nommTmwieH okcunid (I190) keHiHeH KonmaHyFra OaiaHBICTH KAKBIHIA OHBIH
MOJIEKYJIANIBIK KYPBUTBIMBI MEH KaCHETTEepiHIH MOJENBACY dIicTepiMeH OaillaHBICHIH 3epTTey >KaHHAaHIBI. OAETTE,
MKeM/JI Ti30EeKTi MOJMMEpIIEpiH CYNpaMoiIeKyIalblK KYPbUIBIMBIHAAFbI TEPMOIOISIPH3ALHUSIIBIK 9CEPli MOJACIbBICY
Ke3iH/e CBHI3BIKTHIK Oip eJmemji KpucTaljap >KUBIHTBIFBI OOJIbIN KepiHedl. by amic-Tocin aschiHIa moimmepiep
KYPBUTBIMBIHBIH KOH(OPMAIMSIBIK epeKIIeiKTepi eckepinMeiini. Maxkamaaer mbican petinae (I[190) momumep
MOJIEKYJIACHIHBIH KOH(OPMaIMsUIapPbIHBIH OHBIH JWIOJBAIK MOMEHTIHIH OpTamla KBaJpaThIHBIH TeMIlepaTypara
TOYETALIIriHE 9CEPiH €CENTEY d/IiCi HEeTi3/ICNTeH.

Kinm ce3depi: monexkynanvlk KoHpopmayuanap, ukemoi mizdekmi nonumepnep, RnOAUIMUTLEH OKCUOI,
CYRpAMOIEKy1anbIK KEPbliblM, MEPMUATBIK ROAAPUZAUUA dcepi, DipmeKci3 memnepamypa opici.

Mameees H.H., /Tucuyvin B.U., Apxunoe B.B.

KondopmanuoHHblii 0AX0A K ONpeeIeHHI0 MOJIAPH30BAHHOCTH MOJIMITEIEHOKCH/IA IPH MepPex01ax paciiaB-
KPHCTAJLJI B HEOAHOPOIHOM TEMIEPATYPHOM MoJIe

B cBsI31 ¢ IMPOKUM UCTIOIB30BaHNUEM B COBPEMEHHBIX TEXHOJIOTHSX MONMUAITHIICHOK — cujia ([120) B mociennee Bpems
AKTUBH3UPOBAIUCH HCCICIOBAHUS B3aMMOCBSA3M €r0 HAJIMOJCKYJISAPHOH CTPYKTYpPbl U CBOMCTB METOJaMH
MonenupoBanust. OOBIYHO MPU MOICTHPOBAHUU TEPMOIOIPU30BAHHOTO 3 (dekTa B HAIMOJICKYISIPHOU CTPYKTYpE
THOKOIICTIHBIX TIOJMMEPOB MPEICTABISACTCS HAOOPOM JTMHEHHBIX OJJHOMEPHBIX KPUCTAJUIOB. B pamMkax Takoro moaxoaa
HE YYUTHIBAIOTCS KOH(OPMAIMOHHBIE OCOOCHHOCTH CTPOCHHUS MoJuMepoB. B cratbe Ha mnpumepe (I120)
000CHOBBIBACTCS CIOCOO pacueTa BIUSHUS KOH(OpMAIUil MOJEKYJbI MOJIMMEpa Ha 3aBHCUMOCTH YCPEIHCHHOTO
KBaJpaTa IUTOIHHOTO MOMEHTA €T0 MOJICKYJ OT TeMIIePaTypHI.

KiaoueBble ciioBa: KOH(QOpMAIIMM MOJICKYJ, THOKOIETKHE IOJIMMEPHI, MOJIMATIIICHOKCHA, HaIMOJCKYJISIpHAs
CTPYKTYpa, TEPMO-TIOJSIPHU3AIMOHHEIH 3 (EeKT, HEOTHOPOAHOE TEMIIEPATYPHOE TOTIE.

bepoubexoe A.T., Jlaypunac B. Y., /lona A.B., I'pysun B.B., I'vuenko C.A., Teapooeckuit A.H.

7Kana TexHo10rus 00ibIHIIA JAHBIHAAJIFAH KO 3JIEMEHTTI HbICAHAJIAPAbI NaliiajJaHybIMeH OYiHbIMIAP MeH
KYpaaaapablH 0eTTepiHiH 00JiKTepiHe KOPFAHBIC KA0OLIHAAPLIH MATHETPOH/IbI TO3AHAATY

CoHFBI yaKpITTa KOPFaHbIC JKaObIHIAPBIH ally YIIIH apHajJfaH MarHeTPOHJbl TO3aKJIATKBIIITHI KOJJIAHy KapKbIHAIbI
namynaa. bys omicTi KoJaHyAbIH YJIKeH OoJamiarsl - Oip Me3risifie Korapsl TeMIepaTypara, arpecCUBTI opTajiapra
JKOHE OpTYpJi TO3yFa YIIBIPAWTBIH OETTepli KOpFay YLIIH KOJJAHBUIATHIH YKOFapbhl JHTPOINMSUIBI KaOBIHIAPIbI
KOJIIaHy MYMKIHJITiHe OaiiiaHpICThl. bepiireH »ymbIcTa, TEXHOJOTHSUIBIK TI30€ri erxen-TerKeusl CUmaTTaiFaH,
MarHeTpOH/Ibl TO3aHJaTyFa apHAIFaH HbICAHANAP/IbIH XKaHA TYPJIEPIH Kacay 9JMiCl YChIHBUIFAH. 3epPTTey JKaHAJIbIFbI
0ip FaHa HBICAHAHBI MAliTaaHy apKBUIBI KOII 3JIEMEHTTI jKaOBIHAapIbl ATy MYMKIHIITIHAC JKaThIp. By HelcaHamarbl
OPTYPpJIi 3JIEMEHTTEP/IIH CaHbl OHJaFaH OoybIHa HeTizaenreH. CoHai-aK, Makanaaa MarHeTpOH Ibl TO3aHIATy Ke3iHe
Oec TypJii MeTainbl 6ap HbICAHAHBI MaljajaHy apKbUIbl JbIHFAH OH HOTHXE KeNTIpUITeH.

KinT ce3nepi: MarHeTpoH bl TO3aHIATY, KOPFAHBIII XaOBIHBI, KOTI SJIEMEHTTI HbICaHaJap.

bepoubexoe A.T., laypunac B. 4., /lonsa A.B., I'pyzun B.B., I'yuenko C.A., Teapooeckuit A.H.

MarHeTpoOHHOe HanblIeHHMe 3aIMTHBIX MOKPBITHIi HA AeTajJM NMOBEPXHOCTell W3deauii 1 MHCTPYMEHTOB C
HCNOJb30BAHUEM M3TOTOBJIEHHBIX MO0 HOBOMH TEXHOJIOTHH MHOT03JIeMEHTHBIX MULIEeHeH.

B mocnexnee BpeMs HCHOIR30BAHNE MAarHETPOHHOTO HANIBUICHUS ISl HAHECEHUS 3aIIUTHBIX MMOKPHITHH WHTEHCHBHO
pas3BuBaeTcs. borblas mepceKTHBa UCTIOIBb30BAHHS 3TOr0 METO/a OOYCIIOBIICHA 33 CUET BO3MOXKHOCTH HAHECCHUHU
BBICOKOHTPOIIMUHBIX  TIOKPBITHH, KOTOPBIE HCIONB3YIOTCS Ul 3aIIUTHl  [TOBEPXHOCTEH, ITOJBEPTalomnX
O/THOBPEMEHHOMY BO3/ICHCTBHIO IMOBBIIICHHBIX TEMIIEPATyp, arpecCUBHBIX Cpell M Pa3INYHBIM BHIAaM H3HOca. B
JaHHOH paboTe Npe/UIOKEH CIOoCO0 W3TOTOBJICHMS HOBBIX BHIOB MUIIECHEH /JJIsI MarHETPOHHOTO HAlbIICHUS, C
MOJPOOHO ONMCAHHON TEXHOJOIMYECKON IENOYKOi nX M3rorosieHus. HoBu3Ha 3akiroyaeTcst B BOSMOXKHOCTHU TIPH
UCIIONIb30BAaHUU OJITHOM MHIIEHH HaHECEHWs] MHOTOJIEMEHTHBIX HOKPBITHIL. DTO 00YCIIOBJIEHO TEM, YTO KOJIMYECTBO
Pa3IMYHBIX 3JEMEHTOB B MMIIEHH MOXET M3MEpAThCs JeciaTkamMu. Takxke B paboTe IpuBeNeH MOIyYeHHBIH
MOJIOKUTEbHBIN Pe3yabTaT UCIOIb30BaHUs MPU MarHeTPOHHOM HaNbUIEHUM MUIIEHHU, B COCTaB KOTOPOH BXOIMIO
IITh Pa3IUIHBIX METAJIIOB.

KiroueBble cj10Ba: MarHeTPOHHOE HAIBIJICHHE, 3AIIUTHOE ITOKPHITHE, MHOTO3IEMEHTHBIE MUIIICHH.
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Conoamxan /., Amanzenoi H., banmaéexoe A.C., Epzanuyno F.

180+12C sapoabik xyiienin e3apa ocepiiecy MOTEHUHANIAPbIHLIH 3HEPreTHKAJIBIK TIyeJILIINH sKapThuIai
MHKPOCKONMSUIBIK TICiTiMeH 3epTTey.

TeMmeH sSHeprusza ayblp HOHIAPIBIH JKEHUT SOPONAPBIMEH COKTBIFBICY HPOLECIH 3epTTey SAPOJNBIK (H3MKana,
TEPMOSIIPOJIBIK JHEPreTUKaga >KoHe acTpodU3MKaza MaHbI3IBL. KymOHIBIK TOCKaybUIFa »KaKblH BHEpPrusina
CHUTIATTAIFaH SIPOJNBIK KYHEHIH KOFaphl JONAIK MOHIEPiH TEPMOCHHTE3 IITIH/IETI KEHUT sIpoap CHHTE3iH OacKapy
yiriH KoinmaHazmsl. KyH, IiasMa jkoHe >KYIIbI3NApAarbl JKEHIT SIpoNap peakmusIapAblH KUMAachlH aHBIKTaFaH
MOTeHLMAIapMEH, TapaMeTpiiepiMeH 3epTTeyre MYMKIHIIK Oap. Maxkanana sapo-sApoiblK e3apa 9peKeTTecy
MIPOLIECIH CUMATTANTBIH MUKPOCKOMHMSUIBIK TOCITI YCHIHBUIFaH. DMIMPHKAIBIK MOHJIEPIH IKCIIEPUMEHTTIK JIepeKTepre
COMKeCTIpy Heri3iHAe aHBIKTAWTHIH ()EHOMEHOJIOTHSIIBIK TOCLIe KAMAaHBI KaKChl CUIATTaWThIH MOTEHIMAIAAPMEH
rapaMeTpIiep JKUBIHTBIFBIH KemnTel TaOyra Oonansl. bipak omapiblH KaiChICH LIBIHANBI JETEH CYpak TYBIHAAMIBI.
CoOHZBIKTaH MHKPOCKONMSUIBIK TYP/A€ KYpbUIFaH (DOJAMHI MOTEHLMAIapMEH OHBIH IapaMeTpiiepiMeH KOCBhIMILA
cunarray KaxkeT. Cosr ce0enTeH SIIPONBIK MOTSHITNAIABIH KopaMa Oelliri ONTHKAIBIK MOIETh HEeTi31H/e, ajl HaKThI
Oeutiri exinik (GOIAMHT MOJIENb/IE CHIIATTAHTHIH KapThIIail MUKPOCKOIIMSUIIBIK Tajay *Kacaiasl. QONIuHT MOTeHITHAI
ocepIieceTiH HYKJIOHOApABIH MAaTPUIANBIK 3JCMEHTIHE HETi3lenreH THIMAI HYKJIOH-HYKIIOHIBIK ©3apa opeKeTTecy
KOHE HYKIOHAApIBIH Tapaily THIFBI3ABIFBIHA TOyeNIi Kypbutanel. Tammay Hotmxkecinge E =20, 24, 36 M»sB
sueprusnapaa O+2C saaposbIk KyiieHiH SKCIEPUMEHTTIK KUMAIAPIH JKaKChl CHTIATTAHTBIH JU(PEpEeHITaTIBIK
KUMaJapbl KOHE OHTAMIBI MapaMeTpiiep aHbIKTalIabl. HaKThl MUKPO(DOIIHHT OTEHIMANAAD HETi3iHAe CUMATTalFaH
i depeHnnanablK KuManapabH Hopmanay kodddunuentepi N=0,85-1,0 apanbiFblHIa aHBIKTaJIBL. .

KinT ce3nep: cepnimai manisipay, GposanHr MoJielti, MaTepHs ThIFBI3IBIFBIHBIH Tapanybl, NN e3apa aceprecy.

Conoamxan /., Amanzenowvt H., barmaéexoe A.C., Epzanuynut F.

nccliefoBanue YHePreTHIecKoii 3aBHCHMOCTH NOTeHINAI0OB B3anModelicTBHA siiepHoii cucremsl °0+2C moury-
MHKPOCKONMHYECKHM CIIOCOG0M.

Wzydenne nmporecca CTOIKHOBEHHUS TSHKEIBIX HOHOB C JISTKAMH SIpaMU IPY HU3KOI SJHEPTUH UMEET Ba)KHOE 3HAUCHUE
B sAepHOU (M3WKEe, TePMOSACPHON JHepreThke W acTpodmsmke. BbICOKOTOUHBIC 3HAYEHUS SIICPHON CHUCTEMEL,
OTIHCaHHBIC TIPU SYHEPTHH, OJIM3KOH K KYJIOHOBCKOMY 0apbepy, HCIIONB3YIOTCS I YIIPABICHUS CHHTE30M JISTKHX sIep
B TepmocuHTe3e. CedeHne peakiuii JeTKUX sSAep Ha COJHIIE, IDIa3Me M 3BE34aX MOXKHO HCCIENOBATH C ITOMOIIBIO
OTIpE/ICIICHHBIX HAMH TOTEHIIHANIOB. B cTaThe mpencTaBiIeH MHKPOCKOIMMYSCKUH MOIXOI, OMUCHIBAIOIINN MPOIECC
SIIEPHO-SJICPHOTO B3aUMOJIeiicTBIsL. B (heHOMEHOIOrNUeCKOM 1MoIX0/1e, ONIPEACIIAIONIEM SMIIMPUIECKUE 3HAUCHHUS Ha
OCHOBC COIIOCTaBJICHUA C OBKCOCPUMCHTAJIBHBIMHU HOaHHBIMHU, MOXKHO HAaWTH MHOXECTBO Ha60pOB nmapamMeTpoB,
XapakTepu3yromux cedeHue. Ho BO3HHKaeT BOIMPOC, KaKKue U3 HUX peanbHbl. [loaToMy He00X0AUMO TOTIOTHUTEIHHO
OXapaKTepu30BaTh €ro napameTpbl MUKPOCKOIMHMYECKH C(HOPMHUPOBAHHBIMH MOTEeHIMaNamMu osaunra. OTcioaa ObLi
CcaciaaH HOHy-MHKpOCKOHI/I‘ICCKI/Iﬁ aHaJins3, OHI/ICI)IBaIOHH/Iﬁ MHUMYIO 4aCTb IOTCHIIUMAJIa Ha OCHOBC OHTquCKOﬁ, a
peaﬂbeIﬁ 4aCTb Ha OCHOBE MOACIHN (bOHIII/IHFa. HOTCHI_[I/IaJ'I (bOJ'II[I/IHFa CTPOUTCA B 3aBUCUMOCTU OT IIJIOTHOCTHU
pactpeneneHusl HYKIOHOB M 3((eKTHBHOrO HYKIIOHHO-HYKJIOHHOTO B3aWMOJICHCTBHS HA OCHOBE MATPHIHOTO
JJIeMEHTa B3aNMOJICHCTBYIOMUX HYKIOHOB. B pe3yibraTe ananmsa ObUIH onpeaencHbl nuddepeHnanbHble CCUeHHS
U ONTHMAlbHblE NapaMeTPhl, XOPOILIO XapaKTepU3YIOIIUe SKCIePUMEHTANILHbIE CeUeHHs A1epHOi cucTembl 20+1%C
mpu dHeprusx Ei =20, 24, 36 MsB. Koadgduunentsr HopmupoBauus auddepeHIInarsHpIX CeUeHUH, OMCaHHbIC Ha
OCHOBE peasTbHBIX MTOTEHIINAJIOB MUKPO(OIINHTA, ONpeAesuIich B mpeaenax N=0,85-1,0.

KuroueBble ciioBa: yrpyroe paccessHue, MoJIeNib (OJIINHTA, paclpeaelieHie TNIOTHOCTH MaTepUH, B3aUMOACUCTBUE
NN.

3azepuc I'., I'e3a B., Axoeuu A., Pooun JI., Xomko A., Xapumonoe B., Pozynésa M.

OHepkacinTik AekafoHU3aLMAFa AaPHAJFAH MOAYJIbAIK THIITeri MeTaHOJI OHIipiciHiH KOHABIPFbLIAPHI.
Kypambiaga kemipTeri 0ap XMMUSJIBIK 3aTTap/ibl OHAIPY T'a3 HIbIFAPBIHABLIAPBIHIAFEl KOMIPTEri MOJILEepiH a3auTy
omici 6ombim TabpIaabl. Atam aiftkanna, metanonasl (CH3OH) kasipri yakpITTa anayja >KarblIaThIH iJieciie MyHau
ra3plHaH amyFa 60magsl. MeTaHHBIH MapIIHaIAbIK TOTBIFYBI CHSKTH KOMipCYTEK Ta3bIH CHHTE3-Ta3bIHa aHHAIIBIPY ABIH
KapamnaibIM 9JicTepiH MyHal-Ta3 KeH OphIHAApbIHa TiKeJeH maijanany YIIiH IarblH MOJYJIbIIK KOHIBIPFBUIAPIBI
’acay YIIIH KOJIZaHY MaHbI3bl. XUMHUSUIBIK TPOLECTEPAIH KMHETHKAChl MEH KOHJIBIPFBIHBIH KYPBUIBICBIH €CKepe
OTBIPBII, MapIHaIbl TOTBIFYIbI CAHABIK MOJIENBICY KapacThpbllajsl. bepiireH »ympIcTa TaOMFH ra3/blH ayaMeH
MapIyatabl TOTHIFYBIH CHIIATTAHTHIH OipHEIIE MOAENbJEep KYPBULABI - Macca MEH JHEpPrHsSHBIH TachIMaijay
KYOBIIBICTAPBIH, COHAAN-aK XHMHSJIBIK TYPJICHIIPYJIEpAl €CKEepeTiH Tere-TeHAIK JKOHE TOJBIK YII eJImeMIi
Mozenbaep. Monenbaepi caidbICTBIPYIBIH HETi3Ti KOPBITBIHABICH - TOJBIK CaHABIK MOJAEIH TOJBIK €MEC TOTBIFYAbI
JKaKChl OOJDKaiIbI, all KapanaibiM Teme-TeHIiK Mojeni O6omkamaiapl. boamakra oTTeri-MeTaH KOHBEPCHSICHIHBIH
CaHIBIK MOJICITIBCY HOTHIKEIIEPi 3epTTEil, YCHIHBUTATHIH 00JIa bl

Kinr ce3nepi: nexapOoHU3aIMs, METAHOJ OHIIPICIHIH KOHIBIPFBUIAPHI, XUMUSIIBIK PEAKIUIApAbl MOAEIBACY,
CaH/BIK THAPOAMHAMUKA, XKaHY, APl TOTBIFY.
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3azepuc I., I'eza B., Axoeuu A., Pooun JI., Xomxo A., Xapumonoe B., Pocynéea M.

YcTanHoBKH NMPON3BOACTBA METAHOJIa MOIYJILHOTO THIA JJIsI IPOMBIIIJIEHHOH AeKa00HN3aMH.

[Tpou3BOACTBO yriIepo10coAepiKaIUX XMMUYECKHIX BEIIECTB SIBISIETCS CIIOCOOOM CHIKEHHMS COZICPKAHUS yTiiepoa B
ra3oBEIX BeIOpocax. B wactHocTH, MeTanon (CH3OH) M0XHO moirydaTh W3 HOMYTHOTO HE(TSIHOTO Ta3za, KOTOPHIH B
HacTosIIIee BpeMs cxxuraercs B (akenax. [IpocTeie MeTOABI KOHBEPCHH YIIIEBOJOPOIHOTO Ta3a B CHHTE3-Ta3, TaKUE
Kak MapluyanbHOE OKHCIICHUE MeTaHa, HMEET CMBICII HCIIOIb30BATh IS CO3aHHUsI HEOOIbIINX MOIYJIEHBIX YCTAHOBOK
IUIsL HEIOCPEACTBEHHOW OKCIUTyaTallMd HAa He(TerasoBBIX MECTOPOXKACHUAX. PaccMaTpuBaeTcs YHCICHHOE
MOZCIUPOBAaHUE IAPLHUAIBHOTO OKHCJICHHS C YYeTOM KHHETHKH XHMHYECKHX HPOLECCOB M KOHCTPYKLHH
obopynoBaHus. B maHHOH paboTe HOCTPOGHO HECKOJBKO MOJENEeH Ul OIMCaHWS NapUUajbHOIO OKUCIICHHS
MIPUPOJTHOTO ra3a BO3yXOM - PABHOBECHAS U TIOJIHAS TPEXMEpHasi MOJIEIH, KOTOPBIE YYUTHIBAIOT SBJICHUS IepeHOca
Macchl M SHEPTHH, a TAKXKEe XMMUYECKUX NpeBpaiieHnii. OCHOBHOI BBIBOJI CPaBHEHUs MOJIEJICH 3aKIII0UAETCsl B TOM,
YTO IOJIHAs YMCIICHHAs MOJIENb JIOCTaTOYHO XOPOIIO IPEACKA3bIBAeT HENOJHOE OKHCIIeHWe, a Oojee mpocTas
paBHOBeCHass MoJeilb — HeT. B nanmpHeimem OyayT HCCleIOBaHBI M IPEACTABICHBI PE3YJBTAaThl YHUCICHHOTO
MO/JIETIMPOBAHMUS KHCIOPOTHO-METaHOBOH KOHBEPCHH.

KnroueBble cioBa: 00e3yriiepoXXMBaHNE, YCTAHOBKH IIPOM3BOJCTBA METAHONA, MOJICIHPOBAHHE XHMHYECKHX
peaKuuii, BEIYUCIUTENIBbHAS THIPOANHAMHEKA, TOPEHHE, NapUUaIbHOS OKHCIICHHE.

Hopaes H.X., Cenrusepcmosa E.B., Omaposa I'.C., Huienko A.A., /lepesanko H.A., Xamza T.

@OYHKUMOHAJAbI HHAOAUKAPOOUMAHNHIIK OOSFBIIUTHIH (POTOIIEKTPJIK KacueTTepi

[MomumeTnH  OOSFBIIUTAPBIHBIH ~ XUMISUIBIK ~ KYPBUIBIMBIHBIH —~ OJApABIH  CIEKTPJIK-TIOMAHECICHTTIK  JKOHE
(hOTOBOIBTaNKANBIK KACHETTEpiHE ocepi 3epTTenai. BosFpI KypruIbIMBIHA (QYHKIIMOHAIABI TOTITAPBI €HT13Y )KYTHLTY
XKoHE (ITyOPECICHIINS JKOJIAKTAPBIHBIH 0aTOXPOM/IbI BIFBICYBIHA OKEJICTiHI KOpceTireH. TUTaH THOKCHIIHIH OeTiHe
OOSFBIIITAPABI aCOPOLMIAY KEe31He )KaPThUIAl OTKI3TIII OCTiHICTI OOSFHIITAPABIH arperauusChlHAH TYBIHIAFaH
JKOJIAKTap/blH Oip Me3riiie KeHEIMEH OJIap/blH CIEKTPJEPiHIH KbI3bLI TOJKBIH Y3bIHIBIFBl aiiMarblHA BIFBICYBI
Tipkesnai. Monekynanap/blH KO3FaH KYHIHIH eMip cypy YaKbITBIHBIH ColikeciHmie 1 jkoHe 2 OosFbIITap YIIiH 64 xKoHe
30%-ra TemeHaeyi Tipkendi. AncopOuMsIIaHFAaH MOJIEKyJalapAblH (IIyOpeClEeHIMICHIHBIH OMIp CYpPY YaKbIThIH
COHJIIPY 3JICKTPOHHBIH OOSFBINITAH JKApThUIAM OTKI3rilike OepuTyiHiH HOTHKeCi OoJbI TaObUTaAbl. bepinren
KOCBUTBICTHIH Ti02-1e jKaKCHl aIcopOUsIIaHybIHA OaiiIaHBICTHI, 3ePTTEICTiH OOSFBIITAPMEH CCHCHOMTH3AIISIIAaHFaH
KYH YSIIBIKTapBIHBIH (POTOBOIBTANKAINBIK MMApaMeTpiIepiH enmiey (yHKIIMOHAIIR OOSFBIII YIIiH YIKSH THIMIUTIKTL
KOPCETTi.

Kiar ce3nepi: monmumeTnHIIK OOSFRIITADP; (PYHKIIMOHAIIBIK TONITAP; ONTHKAIBIK KacHeTTep; POTOBOJIBTANKA.

Hopaes H.X., Cenusepcmosa E.B., Omapoea I'.C., Huenko A.A., /lepesanxo H.A., Xamsa T.
@oTOBOIbTAMYECKHE CBOIICTBA (GYHKIMOHAIM3UPOBAHHOIO0 HHI0IMKAPOOLMAHUHOBOI0 KPAaCUTEJIs

W3ydeHo BIUSHHE XUMHYECKOT'O CTPOCHHMS MOJMMETHHOBBIX KpacuTelel Ha MX CIEKTPaIbHO-TIOMUHECIEHTHBIE U
¢doroBonbTanueckue cBoiicTaa. [lokasano, 4yto BBeieHHE (pyHKIMOHAIBHBIX TPYII B CTPYKTYPY KpacuTesst HPUBOAUT
K 0aTOXpOMHOMY CJIBUTY MOJIOC IOIJIONIeHHS U QuyopecueHuuu. [Ipu agcopOuuu KpacuTesed Ha HOBEPXHOCTH
JTUOKCHAA THTaHa OBLI 3apeTrHCTPUPOBAH CABUT MX CIIEKTPOB B 00JACTH KPACHBIX UIMH BOJNH C OJHOBPEMEHHBIM
YIIUPEHHWEM I10JI0C, BBI3BAHHBIX arperamvell KpacuTens Ha IMOBEPXHOCTH IOJYNPOBOAHHUKA. 3aperHCTPHPOBAHO
YMEHBIIICHHE BPEMEHHM J>KH3HH BO30YXIEHHOTO COCTOSIHMS Mojekyn Ha 64 m 30% i xpacureneit 1 n 2,
COOTBETCTBEHHO. TyIIeHHe BpeMeH JKU3HM (DIyopecleHINH aacopOupOBaHHBIX MOJIEKYJN SBISIETCS pPe3yIbTaTOM
nepesiau 3JIeKTPOHa OT KPacHTelssi K MOJyNPOBOJHUKY. M3mMepenus GoToBoNbTandecKnX mapamMeTpoB COJTHEYHBIX
SYeeK, CEHCHOMIM30BaHHBIX HCCIEIYEMBIMH KPAaCHUTEIIMH IIOKa3adu OonblIyio  3(QEKTHBHOCTH IS
(YHKIMOHATN3UPOBAHHOTO KPACHUTEINs, UYTO CBA3aHO ¢ Golee Jrydmei aacopouuneid tanHoro coeaunenus Ha TiO,.
KiroueBble c10Ba: OJIMMETHHOBBIE KPACUTENIH; (GYHKIMOHAIBHBIE TPYIIIIBI; ONTHYECKHE CBOMCTBA; ()OTOBONbTANKA.

Epwuna A.K., Manaméaee P.K., baiioicyma K.E.

Tept Kanakmajabl Bugapbe-1 TypOMHACHIHHBIH KYMBICHI Ke3iHIeri TYpaKThl aya aFbICHIHBIH arbIH OpiciH
TI:KipuOe apKbLIbI 3ePTTeYAiH HITHIKeepi

JKen KOHIBIPFBITAPBIHBIH KOHCTPYKIMSJIAPBIHBIH alTyaH TYPIIuIiri 6ap, 6ipak KyMbIC IPUHIHI OOMBIHINA Oap Ikl YIIT
Heri3ri Typre Oemyre Gosanbl — XelakeHAl (Savonius sken TypOMHANAphI), TPOIeIUIepITi JkoHe KaHaTThl TUNTI ([lapbe
anmapatsl). Kasipri yakeITTa mnpornesuiep THITI el TypOuWHajapsl eH Kell KosigaHbsutansl. Onap eHaipicTe jKaKChl
UTEpLIreH >KoHe KOIITereH eliep/e MbIFapbliaasl. bapibsik 6acka mapamerpiepi TeH Oosica, kel TypOHHACH! ©HAIPETIH
KyaT JKeJl JI@HTeJeri ChIIBIPAaThlH ayMakka nporopuuoHanabl. COHABIKTaH, METaBaTTTHIK IPOIEIJIEPI >Kel
TypOuHanaps! Y3IHIbIFEL 40 MeTp HeMece o/1aH Ja Kell KaJakTapra ue. MyHaail y3bIH, HAKTHI MIIIHAI KaJlaKTap/bl
OUTIKTI MHXEHEPIIK-TeXHUKAIBIK MIEPCOHA MEH THICTi a0 IbIKTaphl Oap YIaK 3aybIThI FaHA jkacail anajsl. JKakeiHIa
KaHATTHI kel TypOuHanapsiHa ([lapbe ken TypOWHanmaphl) KeI3BIFYIIBUIBIK Maiaa 60mabl. KypbUlbIMIBIK JKaFbIHAH
oylap KapamaifbIM >KoHE JKeJl SHePTHACHIH allyJIbIH alTapiblKTail orapsl kKodddunuentine ne (£=0.45). Byn xen
KOHJBIPFBUIAPBIHBIH  THIMAUITIHIH JKaKChl KepceTkimi OonraHbiMeH, Oiy-Papabu  ateiHmarsl  Kazak ¥ ATTHIK
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YHUBEPCHUTETIHIH KbI3METKepJiepi ockl KOA(GGUIUEHTTIH THiMaI MaHIH 1.3 — 1.6 ece apTThIpyFa MyMKIHIIK OepeTiH
XKeJI KOHJBIPFBICBIHBIH JKaHAa HYCKAChbIH jkacanbl. byn kypwurrbl bunmappe nmem atamanel. Byn makana bBupapne
KOHZABIPFBICHIHBIH CHIIATTaMAachlH, OHBIH Kajail JKYMBIC icTey NpPHHLIMIIH J>KOHE »JKeJI KyaThlH NaiijanaHy
KOX(QQHUIHEHTIH apTTHIPY MYMKIHIITiH cHmarTainel. JKyMbIC icTEHTiH 3epTXaHaJBIK MOJCIBIIH Kl TyHHETIHIEe
CBIHAY HOTIKEJICP] YCHIHBUIFaH.

Kiar ce3mepi: xenm typOmnacer, dapre, bumapbe, Koc poTopisl xenm TypOWHACHI, K€l KyaThIH Maiinanany
KOX(PHUIHEHTI.

Epuwuna A.K., Manaméaee P.K., baiisicyma K. E.

Pe3ynbTaThl IKCIIEPUMEHTAIBHOTO HCCJIETOBAHUS TOJSI TeYeHHs] CTAIMOHAPHOIO BO3AYIIHOTO NOTOKA NpPH
padoTe YeThIpexsionacTHoii TyponHbI Bugapee-1

CymiecTByeT 0omblloe pasHoOOpasre KOHCTPYKIMH BETPOTYpOUH, HO MO MPHHIMITY PaOOThl UX MOKHO pa3OuTh Ha
TPH OCHOBHBIX THIIa — MapycHble (BeTpoTypOmHa CaBoHHYcCa), IpoIeiepHble B KpbUIoBEIe (ammapar Jlapne). B
HAcTOAIIEE BpeMsi HAaHOOJbIIEE PACIPOCTPAHCHUE IMOIYYMIN BETPOTYpOMHBI mpormeiepHoro tuma. OHM XOpoIo
OCBOEHBI NPOM3BOACTBOM M BBIITyCKAIOTCS BO MHOTHX CTpaHaX. [Ipy Bcex NMpodmx paBHBIX YCIOBHSIX MOIIHOCTb,
BbIpabaTeIBacMasi BETPOTYpPOMHOM, MPOIIOPINOHAIFHA OMETaeMON BeTpoKosecoM ruroman. [loaTomy meraBaTHble
MIpOTIENITIEPHBIE  BETPOTYPOMHBI MMEIOT Jiomactd ¢ anuHod 40 m Oosee MeTpoB. M3roTOBUTH TakWe UIMHHBIC
cnenuduaeckoi Gopmbl JTOMACTH MOJ CHIY JIMIIb ABHALMOHHOMY 3aBONY C KBATH()UIMPOBAHHBIM HHXCHEPHO-
TEXHUYCCKUM TICPCOHAJIOM U COOTBCTCTBYIOIIUM O60py[[OBaHI/IeM. B TMOCJICAHEC BPEMA HHTCPCC TOABUIICA K
BETpOTYpOMHAM KpBUIOBOTO THMA (BeTpoTypOHHa [lapbe). KoHCTpYKTHBHO OHHM OoJjiee MPOCThie U UMEIOT JOCTATOYHO
BBICOKHH KO3 HLMEeHT u3BiedeHus: dHeprun Betpa (£=0.45). HecMoTpst Ha TO, YTO 3TO HEIJIOXOW MOKa3aTelb
s dextuBHoCcTH pabotsl BOVY, cotpynuuku Kazaxckoro HalmoHaIbHOTO yHHBEpCHTETa MM. ajib-Dapalu pa3padorain
HOBYIO BEPCHIO BETPOTYPOHHBI, KOTOPAs MO3BOJISICT YBEIUUHUTh 3P (eKTHBHOE 3HAYCHUE 3TOro Kodddurmenra B 1.3-1.6
paza. OroT anmnapaT Ha3BaH bunapee. B HacTosIel cTaThe M3naraloTcs onucaHue KOHCTPYKIMHM bunapee, mpuHuun
ero pabOThl W BO3MOXKHBIE METOABI YBEJIUYUTH KOX(P(UIMEHT HCIOJIB30BaHMsI SHEPruu Berpa. M3maratorcs
Ppe3yIIbTaThl HCTIBITAHUS JICHCTBYIOMIEH 1a00paTOPHOH MOAEN Ha a3pOANHAMHYECKOH TpyOe.

KaroueBnbie cioBa: BerpoTypOuHa, [lapse, bunapee, JBYXpOTOpHBIN BETpOABUTATENb, KO3(D(UINEHT MOIIHOCTH

BeTpa.

Ckaxoeé M.K., Toneyoexoe K.O., baknanoe B.B., I'padoboes A.B., Axaee A.C., bexmynoun M.K.

7KeHin cyibl AAPOJIBIK PEAKTOPBIHBIH 0aJKbIMACBIHBIH TY3aFbIHA KOPUYM/bI CAJKBIHAATY dici

ADC-Teri aybIp anarThlH Jamy NpoleciHie OesiceH i aiMaKThIH O0alKybIMeH KOpHyM maiina 6osansl. KopuyMHbBIH
KOpIIaraH OopTara LIBIFybIHA KeJepri KeJITIpeTiH Herisri keaepriiepiin Oipi - OaJKbIMaHbI OKUIAyJay KYpPbUIFBICHI
HeMece OaJKpIMaHBIH TY3aFbl. BalKpIMaHBIH TY3aFbl KOPUYM IapaMeTpiiepiHiH OaKbLUIAHATHIH KOJEMIE YCTATYbIH
JKOHE CAJIKBIHIAYbIH KAaMTaMachl3 €T€ OTBHIPBIN, ChIHM MOHACPACH UIbIFybIHA jk0J Oepmeyi Ttuic. Ocwl ceberrTi
OanKpIMAHBIH Ty3aKTapblHA SAPOJBIK pPEAKTOPABIH AKTHUBTI alMarbIHBIH OaKbIMACBIH THIM/I OKIIAyJjay bl
KaMTaMachl3 €Ty YIIIH CalIKbIHAATYy OiCTepiHe KATBICTHI eNieysi Tajantap KOoHbuIaAbl. YCBHIHBUIFAH Makajaja
KOPHYMHBIH CYMEH 9PEKETTEeCYl Typallbl SKCIIEPUMEHTTIK 3epTTeyJIepre Tajay JKacajabl, OJ1 OHBI CAKBIHIATY YIIiH
OaNKBITBUTFAaH Ty3aKTa KOopuyM OeTiHe kiOepimmi. JKypri3ireH >KYMBICTBIH HOTH)KECIHAE CAKBIHIATYIBIH OCHI
OMiCiHIH TOMEH THIMILUIIriHe OaiIaHBICTHI OipKaTap MaHBI3IBI MOcelelep aHBIKTAIbl, COHBIMEH KaTap OJap.bl
YKOFOJIBIH, MYMKIH KOJIaphl KapacTeIPBULIEL. KopryMabl OanKpITBUIFAH TY3aKKA CAIKBIHAATY OMIiCIH OHTaHIaHIBIPY,
COHJIaif-aK YCHIHBUIFAaH OJICTI ic Ky3iHAE Ky3ere acelpy koHe BUI'-135 crenmin skoHe «JlaBa-b» KOHIBIPFBICHIH
KOJIIaHa OTBIPBIIL, OHBIH THIMJUIITIH Tanay OOHbIHIIA 3epTTeyJiep KosaeMi OONBIHINA HIeHIIM YChIHBUIBI.

Kint ce3nepi: ADC, BBOP, xopuym, ayelp amar, O0anxpiMa Ty3arbl, BUI'-135 crenni, «JlaBa-b» KOHIBIPFBICHI,
KayiICci3/liK, CyTeKTiH mnaiiga 60ybl, Oy KapbUIbICHI.

Cxaxoeé M.K., Toneyoexos K.O., Baknanoe B.B., I'padotoes A.B., Axaeé A.C., bexmynoun M.K.

Cnoco6 oxaa:kaeHusl KOpUyMa B JIOBYLIKe PaclliiaBa JerKOBOJHOIO S/IEPHOr0 peaKkTopa

B mponecce paszsutus Tspkenoi aBapuu Ha ADC C paciuiaBieHMEM aKTHBHOM 30HBI IPOUCXOIMT 00pa3oBaHUE
kopuyMa. OZHUM M3 TJIaBHBIX OapbepoB INPEISATCTBYIOIIUM BBIXOLY KOPHYMa B OKPYXKAIOIIYIO Cpely SBISIETCS
YCTPOMCTBO JIOKaJIM3alMy PaclillaBa WIX JOBYIIKA paciuiaBa. JIoBymIka pacmiasa Jo/DKHA IPUHATH M HE JIOMYCTHTh
BBIXOJ [TapaMeTPOB KOpUyMa 3a KpUTHUYECKHE 3HA4eHHUsI 00ECIeunB ero yAepskaHue B KOHTPOJIMPYEMOM o0beMe U
oxnaxkaenue. [1o 3Toi npuyMHE K JOBYIIKAaM paciulaBa NpeAbsIBIISIOTCS CEpbe3HbIE TPEOOBaHNUS KacaTeJIbHO METOIO0B
oXJNaXIeHus Juid oOecrieueHus 3((GEKTHBHON JIOKaIM3allMM paciulaBa aKTUBHOM 30HBI sAEpHOro peakropa. B
MIPECTAaBICHHON CTAaThe MPOBEIEH aHATIN3 YKCIEPUMEHTAIBHBIX NCCIICOBAaHUN B3aMMOAECHCTBHSI KOPHyMa C BOJIOM,
KOTOpas IOJaBajach Ha IOBEPXHOCTh KOpPHyMa B JIOBYIIKE paciiiaBa JUIs €ro oxJaxaeHus. B pesynprate
MIPOBEACHHON Pa0OTHI ONpEAETIeH PsSA CYIIECTBEHHBIX HPOOJEM, CBA3aHHBIX C HU3KOH A(PQPEKTHBHOCTHIO TaKOTO
METOJ]a OXJIaXIEHHs, a TaKk)Ke PAacCMOTPEHBI BO3MOXHBIE CHOCOOBI WX ycTpaHeHHus. [IpemroskeHO pelieHue Mo
ONTUMH3AINHA METOAa OXJAKACHHS KOpHyMa B JIOBYIIKE pacijiaBa, a TaKke Mo 00BeMy HCCIEI0BAHUH IO
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BO3MOXKHOCTH peajii3alliy IPEI0KEHHOT0 crioco0a Ha MPaKTHKE U aHain3a ero 3 (GeKTUBHOCTH C UCIIOIb30BaHUEM
crerga BUI'-135 u ycranoBku «JIaBa-b».

Kurouesnie ciioBa: ADC, BBOP, kopuywm, Tskenas aBapus, JIOBYIIKa paciiiaBa, cteHy BUI-135, ycranoBka «JIaBa-
b», 6e3omacHocTh, 00pa3oBaHKe BOAOPOIA, TAPOBOH B3PHIB.

Ilvizanoe B. B., Illeiiko C. II., Cakunoe K.E., Kacvimos C.C.

DJIEKTPOHIBIK IIBIFY 5KYMBICHI 00l bIHIIIA TPUOOKOCHLIBICTAPABIH TO3YFa TO3IMILIIriH 0aFanay epexueaikrepi
Kypneni nuHaMuKaibIK KYKTEMEMeH YHKeTicTeH KeHiHTi MpIcanma OeTki KaOaTTBIH TO3YyBl MEH SHEPIeTHKAIBIK
OHIMIUTIK KyHi KapacThIppUIFaH. TpHOOKOCHEUTBICTApIBIH JKYMBIC iCTEy KaOijeTiH >XKoHEe TOo3yFa Te3IMIUTIriH
OaranmayblHa Tajnmay Kyprizimred. TpHOOCHMWIAPIBIK XYKTEME CHIIATBIHBIH €3repyl OeTKi KaOaTTBIH JHEpTHs
OHJIPETIH KYHIH aHBIKTAWTHIHIBIFEI JKOHE 3JIEKTPO HAApIbl OETKe IIbIFapy >KYMBICHIHBIH IIamMachl OOWBIHINIA
OarajaHybl MYMKIH €KEHIIIl KOpCEeTUIreH. ODJIEKTPOHIApAbIH IIBIFYbl JKYMBICBIHBIH Tapaixy LIaMachlH Tajuay
KOHTaKTUJIl ©3apa 9peKeTTecy XKarIaiaapblHbIH OeTKI KaOaTThIH TO3yFa TO3IMIUIri MEeH KyiiHe 9CepiH aHBIKTaiIbl.
[Tnactukansik nedopMaUsiHBIH 9PTYPIIi ASPEKECiH anraH OeTTiH ailMaKTapblH aHBIKTayFa MYMKIHIIK Oepei.

Kinm ce30epi: mo3y, mpubowapnupaep, 31eKmpoHoapovly Wibley HCYMbIChl, YiKeaic, bemki Kadam.

Ivizanos B. B., llleiiko C. I1., Cakunoe K.E., Kacvimoe C.C.

Oco0eHHOCTH OLIeHKHM M3HOCOCTOIKOCTH TPUOOCOeAMHEeHNH 110 padoTe 31eKTPOHHOI0 BHIBO/AA

PaccMmoTpeHo H3HAIIMBaHUE M SHEPTOTIPOU3BOIUTEIFHOE COCTOSIHAE TOBEPXHOCTHOTO CJIOS Ha IIPUMEPE TTOCIIE TPSHUS
CO CIIOXKHBIM JWHAMHYECKNM HarpykeHueM. [IpoaHanm3mpoBaHa OleHKa PabOTOCIOCOOHOCTH M M3HOCOCTOMKOCTH
TpubocoenuHennii. [loka3aHO, dYro W3MEHEHHE XapaKTepa HArpyXCHHS TPUOOCOUWICHCHHH OMpeleiseT
SHEPTOMPOM3BO/IAIIEE COCTOSHUE MOBEPXHOCTHOTO CJIOSI M MOXET OBITh OIIGHCHO IO BEJIUYMHE PabOThl BHIBOJA
3J'IeKTpOHOB Ha HOBerHOCTL. AHaJ'II/IS BCIIMYHNHBI pacnpeﬂeneﬁuﬂ paGOTLI BbIXOda BHGKTpOHOB onpegenﬂeT BIIUSTHUC
YCIIOBUH KOHTaKTHOTO B3aMMOJICHCTBUS HAa HM3HOCOCTOHMKOCTh M COCTOSIHHE MOBEpPXHOCTHOTro ciosi. [lo3Bonser
OTIPEJCTUTh YUACTKU IIOBEPXHOCTH, MOJIYUMBIINE Pa3HYIO CTENEHb IIaCTHYECKOi AedopMarim.

KiroueBble cjioBa: H3HOC, TPUOOIIApHUPEI, paboTa BBIX0/1a SJIEKTPOHOB, TPEHUE, TOBEPXHOCTHBIN CIIOM.

Kanabaee 3.2K, Axmanoe¢ C.H., Typavikoorcaesa /I.A., Ycunoe H.M., Hopaumoe M.K.

IJKCUEeHTPUCHUTETI TaJ11ay Heri3iHnae KYPbUIFaH KJIACTEePJIiK MAPLIPYTH3ATOP

Bepinren >xympIcTa  TENEeKOMMYHHKAIMs CalachblHa, aTan aWTKaHAa xabap TachIMayay calachlHa KAaTBICTHI
SKCIEHTPUCUTETTIK KJIACTEPIiK MapHIpyTH3aTOp YCHIHBULABL. bynm Mapmipytusaropparbl xabapiiamanap >KeJiire
KOCBUIFaH KYPBUIFBLIAp apachlH/ia OHA KOPCETIIreH MapipyT OOMbIHINA TTakeTTep TypiHae Oepineni. by xemineri
opOip TyitiHre MapHIpyTTay/ibl TE3JEeTeTIH Oipereil MekeHxkail TaraiibiHanaapl. OpOip MapIIpyTU3aTOp TYHIHIEPAIH
€CeNTEeJreH IKCLIEHTPUCUTET] apKaChIH/Ia MapLIPYTTay KapTachlH Kypai/Ibl, OHIH KOMETIMEH KJIaCTeP.IiH JOTHKAJIbIK
MeKeH-)Kaiibl OOWBIHINA TTAKETTIH (U3UKAIBIK OAFbITHIH TaHJalabl. COHBIMEH Karap, OarbITTay KapTachl aklapaTThlH
JKOFaITybIH OOJIBIPMAay YIIIH KYPBUIFBIHBIH PErHCTpiHJE KoHE )Kaablna cakrananbl. Ockl KIACTepJiK KYPBUIFBIHBI
tanaay yurin "UV-flower" Mmogenbaik sxkemicine GppakTaiaslK Tangay xypriziaai xone Iamiuc neH PeHbu aKmapaTThiK
eIIeMepi ecenTelNIi.

KinT ce3nepi: knacrepiik MapupyTu3aTop, SKCIEHTPUCUTET, KYP/Ei JKeliiep, Kiactepiepre 0eJIeTiH anropuTMIep,
Hamnmc xone Penpn enmemaepi.

Kanaoaee 3.2K, Axmanoe¢ C.H., Typavikoocaeea /].A., Ycunoe H.M., Hopaumoe M.K.

KnacrepHblii MapmIpyTH3aTOP HA OCHOBE AHAJN3A IKCIHEHTPUCHTETA

B nanHoii paborte pa3paboTaH KJIaCTEPHBIN MapIIpyTH3aTOp Ha OCHOBE SKCIEHTPUCHTETA, OTHOCSIHNCS K o0nacTu
TEJIEKOMMYHHKALIMi, B YaCTHOCTH, K 00JacTH mepenaun coobuieHuit. CooOlieHHs B 3TOM MaplIpyTH3aTope
NIEpPENaTCA B BUJAC IIAKETOB 10 YKa3aHHOMY B HEM MaplIpyTy MEKIY YCTPOWCTBAaMH, IOAKIFOYEHHBIMHU K CETH.
Kaxxnomy y31y B 3TOM ceTH MpHUCBanBaeTCsl YHUKAIBHBIN aapec, 0Jaroaaps 4eMy MOKHO YCKOPHTh MapIIpyTH3AIHIO.
Kaxaprii mapmpyTuzatop GopMupyeT KapTy MapIIpyTH3aIyy, 6J1arofaps paCCUUNTaHHOMY SKCIICHTPUCHUTETY Y3JIOB,
C MOMOIIBI0O KOTOPOTO BEIOMpaeTcst (GPM3MYECKU MapHIpyT MakeTa I0 JIOTHYECKOMY ajapecy kiactepa. Kpome Toro,
KapTa MaplIpyTH3allUd XPAaHUTCA B PETUCTPE U HHEPrOHE3aBHUCUMOM MaMATH YCTpOMCTBA Ul NMpeNOTBpalCHUS
norep nHGopmanmu. J{is aHanu3a 3TOro KIacTepHOro YCTPOHCTBa ObUT IPOBE/ICH (DpaKTaTbHbIH aHAIN3 MOJSIILHOM
ceru ‘UV-flower’ u paccuuransl nHGoOpManroHHbie pazmeprocTu Lammuca u Penpu.

KuroueBble cjioBa: KJIACTEPHBII MapIIPYTH3aTOP, IKCLEHTPUCUTET, CIIOKHBIE CETH, alTOPUTMBI AEIAIIUE CETU Ha
KJacTepsl, pasmepHocTd Lannuca u Penbu.




104 ISSN 1811-1165 (Print); 2413-2179 (Online) Eurasian Physical Technical Joumal, 2022, Vol.19, No.3 (41)

Caymoexosa 3., Tpyouuywin A.

Pean ochTi-cCHMMeTPHSUUIBI FJIEKTPCTATHKAIBIK aliHAJAPABIH TPaeKTOPUSJIBIK TaagaybinsiH FOCUS CPM
O0armapiaaMachl: dIicTep MeH aJIrOpUTMaep

OJNeKTpOHABIK aWHANApABIH KOHCTPYKTHBTI epEKIICNIKTEpiHiH, aTalm aWTKaHAa >3JEKTPOATap apachIHIAFbI
CaHBUIAyNApABIH  ONAPIBIH  DJICKTPOHIBI-ONTUKANBIK CHIIaTTaMaJlapblHA odCcepiH 3epTrey ecebi  Imemiieni.
AHAUTHKAIBIK TTapaKCHAIAbl JKOHE CAHABIK TOCUIAEPIiH apTHIKIIBLIIBIKTAPBIH OipIKTIPETiH ecenTi miemry ofici
cunarranrad. JKYMBIC aBTOpJAphel O3iplieTeH JKOHE CHIATTaNFaH oficTi jkysere acelpateiH FOCUS CPM
OarapiamMainblK KaMChI3/laHy YCHIHBUIAIbl. YII 3JEKTPOJTHI aifHa MbICAJbIHJA €cenTeyJepliH ANIIriH Oaranay
XyprizinreH. TOFBIC OPHBIHBIH IMIMHAPIIK 3JIEKTPOATAP apachIHJaFbl ANIIAKTHIK [IaMachlHa TOYEJALIIr ecenTei,
TalJaHFaH.

KinT ce3nepi: 3JeKTpOHIBIK ONTHKA, MapaKCHAIABI ONTHKA, JJEKTPOHABI aiHa, CaHABIK SAiCTep, TPAeKTOPHSUIIBIK
TaNaay.

Caymaoexosa 3., Tpyouuyvin A.

Hporpamma FOCUS CPM TpaekTopHOro aHajdu3a peajbHbIX aKCHAJbLHO — CHMMETPHYHBIX
3JIEKTPOCTATHYECKHX 3ePKAJI: METOABI H AJITOPHTMBI.

PemaeTcs 3ajada ¥cclieOBaHUS BIUSHUS KOHCTPYKTHBHBIX OCOOCHHOCTEH AJICKTPOHHBIX 3epKall, B YAaCTHOCTH,
3a30pOB MEXIY 3JIEKTPOJAMH Ha UX DIICKTPOHHO-ONTHYECKHE XapaKTepuCTUKH. ONMUCHIBAeTCS CHOCOO pPEIleHUS
3aa4yy, COYCTAIOIMK B ceOe MPeMMYIIECTBA AHATHTHYCCKOTO NAPaKCHAIBHOIO M YHCICHHOIO IOAXOJ0B.
[pexncrapnsiercs nporpamMmmHoe obecnieyenne FOCUS CPM, pa3suroe aBTopamu paboThl M peaIn3yrolee OnuCaHHbI i
crioco0. TIpoBoguTCsl OLlGHKA TOYHOCTH PAaCUeTOB HA NPUMEPE TPEXdIEKTPOJHOTrO 3epkana. PaccuuThBacTCs H
AQHAIM3UPYETCsl 3aBHCUMOCTb TOJOXEHUsT (OKyca OT BEIMYMHBI IPOMEXKYTKa MEXIy UWINHIPUYECKUMHU
3NEKTPOJAMH.

KirioueBble c10Ba: SJICKTPOHHASI ONTHKA, MApaKCHAIbHAs ONTHKA, JJICKTPOHHOE 3EPKAJo, YUCICHHBIE METOJIBI,
TPACKTOPHBIN aHAIHU3.
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