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Preface 3

Dear authors and readers!
Dear Colleagues!

It is already becoming a tradition to inform you about the most important achievements of the "Eurasian
Physical Technical Journal” as a peer-reviewed scientific publication indexed in the international Scopus
database, where the CiteScore 2021 is 0.7 (According to update on December 4, 2021).

On the Scimago Journal & Country Rank (SJR) platform, based on the results of materials published in
the "Eurasian Physical Technical Journal™ during period 2019 — 2020 H-index is 2!

Since January 28, 2021, the “Eurasian Physical Technical Journal” is included in the updated list of
journals recommended by the Committee in the following areas: Physics, Energy, Materials Science.

The Open Access “Eurasian Physical Technical Journalstatus provides free access to published full-text
articles in PDF format, in addition to domestic databases of electronic libraries, also on the US Santa Barbara
Librarywebsite.

This issue presents original scientific research results on topical problems of physics and technology. It
should be noted that, despite the difference in the geography of the authors, the problems being solved are
approximately the same. This is all the more valuable, since there is an opportunity to get acquainted with
the applied research methods and original results.

The Materials Science section presents the results of modeling phase equilibrium in nanoparticles of the
Si-Ge system, which are the main material of modern semiconductor electronics. The thermodynamic
interpretation of the simulation results was obtained on the basis of various mechanisms for lowering the free
energy of the system. Researchers from India, using a scanning electron microscope, the structural properties
of nickel ferrite synthesized by the co-precipitation method studied. Fourier transform infrared spectroscopy
of nickel ferrite shows the formation of a cubic structure with two significant absorption bands.

In another article researchers have studied the efficiency of using the effect of nickel doping of thin
films based on CdSe using atomic force microscopy, energy dispersive analysis and X-ray diffraction, as
well as photocatalytic tests. It has been shown that films in which the NiSe phase predominates are most
promising for use as photocatalysts. Authors from Karaganda investigated the hardness of stainless steels,
high-entropy coatings, metal glasses based on the analysis of Gibbs energy. Another paper is devoted to the
numerical modeling of the stress-strain state of the orthotropic multilayer composite material plates.

The use of renewable energy sources necessitates solving various problems, such as ensuring
sustainability when integrating them into electric power systems. The researchers from Tomsk investigated
the features of the introduction of wind power plants into the power system, taking into account the influence
of their operation on the rate of transient processes, due to a decrease in the total inertia. As another energy-
saving solution at the operating thermal power plant, it is proposed to improve the steam-jet ejector of the
condenser of steam turbines, which allows, during implementation, to obtain savings in heat consumption for
the production of electrical energy. The Engineering section offers various technical solutions. For example,
in the Russian authors paper the possibility of using hydrostatic oscillators with nonlinear power elements in
the field of mechanical tests for vibration strength and vibration resistance is shown. In the Kazakh authors
paper a method for controlling the starting mode of operation of a multi-motor electric drive of a plate
conveyor is proposed to ensure its smooth start-up and reduce dynamic loads to increase the service life of
the traction belt and to reduce maintenance costs.

The development of laser technologies determines the use of computer technologies to obtain more
detailed information about the optical properties. The authors from Nepal show the calculation of the
differential cross section using a mathematical model in the presence of a Coulomb potential and an
elliptically polarized beam with one-photon absorption. The aim of the Uzbekistan author research is to
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develop an original relativistic-invariant theory of an ideal gas. Based on the relativistic invariance of the
velocity distribution function, an equation of state for a relativistic ideal gas is obtained, which relates its
pressure, average energy density, and temperature.

In accordance with the requirements to international scientific journals, the editorial board members and
reviewers are constantly updated and replenished. In this issue we present a new member of the editorial
board - candidate of technical sciences, leading specialist of the Institute of Engineering Thermophysics of
the National Academy of Science of Ukraine (IET NASU, Kiev), Suprun Tatiana Tarasovna. Her scientific
interests associated with fundamental studies of the mechanism and patterns of transport processes in
turbulized flows. The T.T. Suprun works are devoted to the experimental study of the regularities of
convective heat transfer and hydrodynamics of elements of heat and power equipment, the development of
methods for calculating heat transfer on streamlined surfaces under complicated external conditions, typical
for the flow path of turbomachines. She has extensive experience as an executor in the implementation of
funded projects and scientific programs. Suprun T.T. participated in joint experiments with the Institute of
Theoretical and Applied Mechanics of the SB RAS (Novosibirsk), the Institute of Thermomechanics of the
Czech Academy of Sciences (Prague), actively worked on a project between the IET NASU and the Institute
of Fluid-Flow Machinery of the Polish Academy of Sciences (Gdansk).

It is known that the scientific journal quality is directly determined by the responsible work of editors
and reviewers during preparation for publication. For over 10 years, Suprun T.T. provides invaluable
assistance in improving the quality of articles in the areas of thermal physics, hydrodynamics and power
engineering. We are sure that Suprun T.T. as member of the “Eurasian Physical Technical Journal” editorial
board will to contribute to the expansion and strengthening of international cooperation in future.

We hope that the proposed scientific works will interest our readers.
I’ll be glad to see you among our authors of the next issues materials.

Best regards,
ch. editor of the “Eurasian phys. tech. j.” Saule Sakipova
December, 2021
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THE INITIAL COMPOSITION AS AN ADDITIONAL PARAMETER
DETERMINING THE MELTING BEHAVIOUR OF NANOPARTICLES
(A CASE STUDY ON Six-Ge1x ALLOYYS)
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Being the basis of modern electronics, silicon-germanium semiconductor alloys are widely used in a great
number of fields. In this paper, the phase equilibria in Si-Ge nanoparticles have been simulated using a thermo-
dynamical approach. Calculations show that nanoparticles of different diameters and compositions have unique
sets of nanoscale liquidus and solidus temperatures which differ significantly from the reference data for the bulk
alloy, and the range between nanoscale liquidus and nanoscale solidus temperatures narrows with reducing the
particle size. Unlike bulk alloys, the compositions of co-existing liquid and solid phases at different temperatures
dramatically differ in nanoparticles with various Si contents while the dependences of equilibrium phase
compositions and volume fractions of co-existing phases on particle diameters have turned out to be different at
various temperatures and atomic fractions of Si in a nanoparticle. A thermo-dynamical interpretation of the
obtained results has also been given based on several mechanisms of lowering the free energy of the system.

Keywords: phase equilibria, nanoparticles, melting, silicon, germanium.

Introduction

Investigation of solid solutions between silicon and germanium at the nanoscale has been of particular
increasing interest in recent years. Si-Ge solutions possess a unique set of properties including wide band
gap, which can be gradually changed (by varying the germanium content); high mechanical strength;
resistance to high temperatures etc [1]. Those properties, some of which can be changed and improved by
nanostructuring, make Si-Ge solutions be a very promising material in numerous fields.

Silicon is considered to be the basis of modern electronics, being a relatively inexpensive and abundant
semiconductor. Silicon-germanium nanoalloys have been applied to designing metal-oxide-semiconductor
field-effect transistors with improved value of carrier mobility, complementary metal-oxide-
semiconductor integrated circuits, high speed and high responsivity waveguide photo-detectors and hetero-
junction bipolar transistors with dramatically improved performance, including values of cut-off frequency
approaching to 300 GHz, and values of gate delay well below 10 ps (the numbers unimaginable in bipolar
transistors), add to this, excellent electronic and optical properties allow Si-Ge nanoalloys to be widely
utilized in phase change memory (PCM) devices, directly composing some of the PCMs (see [2-5]).

Furthermore, Si-Ge alloys have been widely used for manufacturing thermoelectric generators of
different types. Radioisotope Si-Ge thermoelectric generators are installed on various spacecraft
(e.g. “Voyager 2”) and are working in space for several years almost without deterioration [6].
Thermoelectrical efficiency, which is revealed by a dimensionless figure of merit, ZT, can be greatly
enhanced through nanostructuctural engineering [7, 8]. ZT is directly proportional to the electrical
conductivity and inversely proportional to the thermal conductivity; the main approach to the solution of the
problem of an increase in ZT is using polycrystalline nanomaterials where the thermal conductivity is
decreased due to the formation of multiple grain boundaries which scatter thermal phonons while retaining
the values of other parameters, and some other effects (see [8] and Refs. within).
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Various types of Si-Ge nanostructures are prepared mainly by melt growth techniques including the
zone-melting growth or the vapor-liquid-solid growth technology, however, the key role in fabrication of
polycrystalline nanoalloys now belongs to additive manufacturing including direct and selective laser
melting [9]. To control and improve those processes, the knowledge of thermodynamic properties at high
temperatures (i.e. the phase diagram of Si-Ge solutions) at the nanoscale is critically needed. In the bulk
state, pure Si and Ge and their alloys have been fairly well studied [10-12]. In nanosystems, experimental
investigations (calorimetry experiments) are extremely challenging and time-consuming to perform, but
nano-thermodynamical calculations offer a smart alternative. Despite the fact that some attempts to
theoretically predict the phase equilibria in Si-Ge nanoalloys have been made by L.H. Liang et al. [13],
S. Bajaj et al. [14] or by B. Bonham and G. Guisbiers [15] and, there are still a lot of gaps in their description
and the considered alloys remain poorly studied at the nanoscale.

In nanomaterials, the description of phase transformations and equilibria is significantly complicated
due to some specific effects. The compositions of co-existing phases and phase transition temperatures in
nanoscale systems (nanoparticles, nanodroplets etc.) depend on the size of the system [13-23], its shape [16-
19, 22] as well as on the thermodynamical properties of all interfaces [23]. In phase diagrams, the mentioned
effects can manifest themselves as significant shifts of characteristic points, shifts and deformations of
characteristic lines in comparison with phase diagrams for the bulk-state systems. The need to recalculate the
phase equilibria at the nanoscale is due to the fact that the displacements of characteristic lines and points for
nanoscale systems can exceed hundreds of degrees [13]. These effects have been observed experimentally
[24] and can be explained by a great enhancement of the surface-to-volume ratio and surface contribution to
the total energy of the system.

In order to calculate the phase equilibria at the nanoscale by thermodynamical methods, it is necessary
to minimize the total Gibbs function of the system with allowance for the contribution of all interfaces and to
analyze the configuration of its minima (see [16,20,21], for example). Despite the fact that there is a set of
papers observing the mentioned effects, the general regularities cannot be obtained from most of them at
present due to the substantial differences in the models derived and some critical gaps. For example, as far as
the authors are aware, most of the approaches lack the consideration of the dependence of phase diagrams on
the composition of the system. The model with the composition effect taken into account (with some
simplifying presuppositions) has been introduced by our group and applied to modeling the melting behavior
of nanoparticles of a tungsten heavy alloy for special applications [25] as well as the liquid-liquid phase
separation in organic and polymeric solutions in small-volume droplets and pores [26]. The calculations have
shown that, unlike bulk alloys, where a variation of the chemical composition of the system leads to changes
in the volume fraction of co-existing phases (according to the lever rule) but does not affect the mutual
solubility of components, in small-volume systems the chemical composition of the system determines not
only the volume fractions of the phases, but also their equilibrium composition. Also, the calculations have
shown an unusual effect of the significant variation of all phase equilibria characteristics depending on
mutual position of co-existing solid and liquid phases in the structure [8, 16, 19, 20, 23] while all the sets of
characteristics dramatically differ from each other and from the corresponding values for the bulk state. The
shape of the system can also be taken into account using different approaches. For example, in [8, 16, 17,
19], we have suggested a dimensionless coefficient of shape, which is equal to the ratio between the surface
areas of the figure under consideration and the sphere of the same volume.

The shape coefficient is a continuous parameter generalizing various versions of isochoric
transformations of the system, including smooth deformations. Another way to describe the complex
morphology of real particles is using the methods of fractal geometry [8, 16-19]. Formation of highly
complicated fractal-shaped structures is generic for many non-equilibrium processes [27], the morphology of
such structures is characterized by their fractal dimensions: the examples of structures with various fractal
dimensions can be found in [8, 17-19].

In the present paper, we have highly developed the approach from [25] and used it to predict the high
temperature phase equilibria for Si-Ge solid core-liquid shell nanoparticles as well as the tendencies which
characterize their deviations from the data for the bulk state. In the bulk state, the considered alloy has a low-
temperature symmetric miscibility gap at temperatures below ~266.5 K [14]. Above this temperature up to
the liquidus, the Si-Ge system exhibits continuous solubility in the solid state with a diamond structure. At
high temperatures, Si-Ge alloys have liquidus and solidus curves without a congruent melting point.
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1. A mathematical model of solid — liquid phase transitions in nanoscale particles

The system to be modeled has the form of spherical Si-Ge nanoparticles of various diameters and
compositions at temperatures above solidus. It is assumed that in phase equilibrium a nanoparticle is
consisted of a single spherical solid inclusion (core-phase) surrounded by a spherical layer of a melt (shell-
phase). In a closed binary thermodynamic system, the conservation conditions of matter are given by
Egs. (1):

nd®

__ZV], n =xn, n,+n =n, n, _Zn”,v Zn” - Z” (1)
ij

where x is the atomic fraction of Si in the whole particle; d is the diameter of the particle under
consideration; n is the total number of moles of both components in the particle; V; is the volume of phase j;
J=c, s; the indices c and s refer to the solid core- and liquid shell- phases, respectively; ni, n, and V;(T) are
the number of moles of each component n;, the number of moles of component i in phase j and the molar
volume of component i in phase j (the molar volumes are considered to be temperature-dependent in general
case), respectively; i=1,2; the indices 1 and 2 refer to Si and Ge, respectively; xij is the molar of component i
in phase j.

Temperature-dependent molar volumes of pure solid Si and Ge (thermal expansion) are expressed as
follows: V,, =11.989-exp(2.280-10° - (T —293)), V,, =13.648-exp(L.725-107° - (T —293)) [28]. For melts of
pure components: V,.=11.100 cm*/mol, V,, =12.966 cm*/mol [ibid]. The geometric characteristics of the

forming phases can be described as follows: A, :4n(3VC/4n)%, A =nd® where A. are A are the surface

areas of the core- and shell-phases, respectively.

A criterion for whether the system is at equilibrium is a minimum of its Gibbs function with allowance
of all interfaces: g =(n, +n,. )G, (%.,T)+ (N, +n,)G, (%, T)+0,A +0,A , Where o, o, are the surface
energies on the outer (-shell) and internal (core-shell) boundaries. G_(x,.,T) and G,(x,,T) are the molar

Gibbs functions of solid and liquid Si-Ge solutions with compositions xy; at temperature T, respectively.
As the authors of [10] have shown, the Si-Ge system can be described by the model of a regular solid
solution:

Gs (Xls’T) =RT (Xls In X5 + (l_ Xls)ln(l_ Xls)) +Qs (rs)xls(l_ Xls)!
G ( lc’T) = RT(ch In X +(1—X16)|n(1—X1 ))+Qc(rc)xlc(1_xlc) +

e H((;)(r Toa(0) + (- %) o2 (k) H(“))(T— T,(r)

where R is the ideal gas constant; €, (r;)are the regular solid solution parameters for liquid and solid

()

phases, each parameter depends on the characteristic size r; of the considered phase (on the radius of the
solid core-phase r and the thickness of the liquid layer which forms the shell-phase rs; both rc and rs can be
obtained from the given Egs. after some simple transformations); A H,(r,) and T,(r.,) are the size-

dependent melting enthalpies and melting points of pure Si and Ge.
Size-dependent regular solution parametersQ (r;), melting enthalpies A H,(r,) and melting points

T.(r) as well as melting entropies A,S;(r.)=A,H,(r.)/T.(r.) can be calculated within various
approaches; in this report, we use simple equations obtained by L.H. Liang et al. [13,18]:

r N _ _ 25 &
Amsi(rc)=Amsi{1—[;i 1} }Tmi(fc)—TmiweXp(sR( /3 1)} Pln)=e, (1 nJ ©

where S, are the “literature” melting entropies and melting points for pure Si and Ge in the bulk state;

oo 1 mioo

Q,, are the regular solid solution parameters for solid and liquid phases in the bulk state; a; is the
characteristic size of the crystal structure of a pure component; in calculations below, a; is considered to be
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equal to 6 atomic radii [13]. According to a remark made in [13], we use in our calculations the atomic
radius of Si  which is  higher than the one of Ge. For  pure  Si:
T..= 1693 K, A,S, = 2941 J/(mol-K), ai = 132 pm; for pure Ge: T, = 1210 K,

mleo m2o0

A,S,, = 20.57 J/(mol - K), a2=122.5 pm. Q__ = 3500 J/mol, Q. = 6500 J/mol [25].

Surface energy o’ (X) of Si-Ge liquid solutions as a function of composition x is obtained in [11]. The
dependence is close to a linear one and can be approximated by the following relation:

6"’ (X)=0,"'X+0; (1—X) where x is the molar fraction of Si, 6V u o5" are the surface energies of pure Si

and Ge melts at the considered temperature. A similar equation is used for calculation of surface energies of

Si-Ge solid solutions: 6" (X)=0;'X+0; (1-X). At crystal — melt interfaces, surface energies can be

obtained from the simplified Girifalco-Good equation in the form which has been previously used by the
authors of [29]: 6™ =c* —c"".

Temperature dependences of surface energies for pure Si and Ge are calculated from the following
linear equations (see Refs. [18, 28]): ;' =0.865-1.3-10"(T —1637), o," =0.587-1.05-10"*(T —1211.5)

, 0y =1.081-1.3-10*(T -1637), o, =0.737-1.05-10"(T -1211.5).

In the bulk state, where the surface contribution to the total energy of the system is negligible, the phase
equilibria calculated by finding the minima of the Gibbs function (Eqgn. 2) (see Figs. 1-3), demonstrate a
good agreement with the reference data [10].

2. Results and discussion

In the bulk state of a material, the only, single set of compositions of co-existing liquid and solid phases
at a given temperature correspond to all possible compositions of the system (x). The composition of the
system determines only the molar fraction of each phase directly according to the lever rule. However, the
phase equilibria characteristics of nanoscale particles calculated by minimizing the Gibbs function (and
plotted in Figs. 1-5) demonstrate a fundamentally different behavior in comparison with the one of the
system in the bulk state. In particular, for each composition of the system (x), there is a unique set of
equilibrium compositions of liquid and solid phases (see Figs. 1-3 for nanoparticles containing 25, 50 and
75 at.% Si, respectively). In each figure, the lower horizontal dashed line corresponds to the maximum
temperature at which a nanoparticle of the given composition remains entirely solid (“nano-solidus™). The
upper horizontal dashed line, in turn, corresponds to the minimum temperature at which a nanoparticle is still
entirely liquid (“nano-liquidus”). At temperatures higher than “nano-liquidus” and lower than “nano-
solidus”, a minimum of the Gibbs function corresponding to a heterogeneous state does not exist.

z = 0.25, liquid phase z = 0.25, solid phase

1,450 1,450

— ¢ — bulk
bulk entirely liquid nanoparticlg o
——40 nm ) — 40 nm

1,400

entirely liquid nanopartigte

1.400

w2 1,350 s 1,350
I &~
1,300 1,300
1.250 entirely solid nanoparticle 1.250 entirely solid nanoparticle
0 5.10-2 0.1 0.15 0.2 0.25 0.2 0.3 0.4 0.5 0.6
Is; Isi
a b

Fig.1. Temperature-dependent atomic fraction of silicon in the liquid (a) and solid (b) phase. The considered
nanoparticle contains 25% Si. The red dashed lines indicate the “nano-liquidus” and “nano-solidus” temperature
(the upper and lower ones, respectively). At room temperature, the particle diameter is equal to 40 nm. The black

solid line represents the bulk behaviour.
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At every composition of a nanoparticle and every temperature within the heterogeneous region, the
solid phase is richer in Si than the one of the bulk system. The character of deviations of the composition of
the liquid phase from the values for the bulk-state material differs depending on the temperature. At high
temperatures near the “nano-liquidus”, the atomic fraction of Si in a nanoparticle is higher than in the bulk
state while at low temperatures near “nano-solidus”, vice versa, the liquid phase is less rich in Si than such a
phase in the bulk-state system. In details, this feature is illustrated in Fig. 4 where the composition of the
liquid phase for equiatomic nanoparticles is plotted as a function of nanoparticle diameter at T=1400 (left)
and T=1500 (right).

z = 0.5, liquid phase z= 0.5, solid phase
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Fig. 2. Temperature-dependent atomic fraction of silicon in the liquid (a) and solid (b) phase. The considered
nanoparticle contains 50% Si. The red dashed lines indicate the “nano-liquidus” and “nano-solidus” temperature
(the upper and lower ones, respectively). At room temperature, the particle diameter is equal to 40 nm. The black

solid line represents the bulk behaviour.
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Fig. 3. Temperature-dependent atomic fraction of silicon in the liquid (a) and solid (b) phase. The considered
nanoparticle contains 75% Si. The red dashed lines indicate the “nano-liquidus” and “nano-solidus” temperature
(the upper and lower ones, respectively). At room temperature, the particle diameter is equal to 40 nm. The black

solid line represents the bulk behaviour.

As shown in Figs. 1-3, a decrease in the size of a particle leads to a decrease in the temperature range in
which the system remains in the two-phase state. At every composition, the “nano-liquidus” of a 40-nm-
diameter nanoparticle lies much below the corresponding point of the bulk liquidus line (see Fig. 5). The
“nano-solidus” for all compositions considered is higher than its macroscopic analogue; the value of a
temperature shift is equal to several dozens of degrees (such effect has also appeared in some previous
calculations [25] where multiple simplifying presuppositions have been introduced).
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Fig. 4. Size-dependent compositions of the liquid phase (red solid lines) at T=1400 K (left) and T=1500 K (right) in
comparison with the values for the bulk system (black dashed line).
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Fig. 5. “Nano-liquidus” and “nano-solidus” temperatures for nanoparticles of various compositions: 25 at.% Si
(squares), 50 at.% Si (rounds), 75 at.% Si (triangles). At room temperature, the particle diameter is equal to 40 nm.
Empty and filled markers correspond to liquidus and solidus temperatures, respectively. The phase diagram for the
bulk-state material is plotted with a black dashed line.

The narrowing of the heterogeneous region for nanoparticle is caused by a great enhancement of the
surface contribution to the Gibbs function of the system which makes remaining homogeneous without
formation of an inner interface at temperatures near liquidus and solidus values for the bulk-state system
thermodynamically more favorable. The changes in compositions of liquid and solid phases within the
heterogeneous region can also be explained by the tendency to reduce the contribution of the surface energy
which can possibly be realized [17,18,25,26]: (1) as a result of an increase in the total volume fraction of the
melt, which is accompanied by a reduction in the inner surface area; (2) as a result of an increase in the
content of the component with a higher molar volume (Ge) in the liquid phase, which is also accompanied by
a reduction in the inner surface area; (3) as a result of an increase in the content of a lower surface energy
component (Ge) in the melt, which leads to a decrease in the surface energy of the outer boundary (surface
energies on the inner interface are always much lower than on the outer one [29]).

The performed simulation shows that in nanoparticles containing 50 and 75 at. % Si at low temperatures
near “nano-liquidus”, all the three mechanisms are implemented. For example, in a nanoparticle containing
75 at. % Si at T=1555 K, a decrease in diameter from 100 nm down to 40 nm is accompanied with an
increase of the volume fraction of the liquid phase from ~19 to ~23 vol. % and a slight increase in Ge content
in the liquid phase. In an equiatomic nanoparticle of 40 nm in diameter at 1400 K, there is a similar trend: the
volume fraction of the melt is about ~18 vol. % in comparison with the value of ~14 vol. % for a 100-nm-
diameter nanoparticle, and the atomic fraction of molten Ge in the liquid phase is higher for smaller particle
than for larger ones.
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At the same time in nanoparticles with 50 and 75 at. % Si at high temperatures near “nano-solidus” and
in Ge-rich nanoparticles (25 at. % Si) throughout the temperature region, mechanism 1 prevails (so the phase
re-distribution is “volume-controlled”). For example, in a nanoparticle containing 75 at. % Si at T=1585 K,
while the diameter decreases from 100 nm to 40 nm, the volume fraction of the melt dramatically increases
from ~46 to ~62 vol. % and the atomic fraction of Ge in the liquid phase drops from ~36 down to 32 at. %.
In the case of an equatomic nanoparticle at T=1500 K, the volume fractions of the liquid phase are equal to
~68 and ~76 vol. % for 100-nm-diameter and 40-nm-diameter particles, respectively, while Ge contents in
the melt are ~65 and ~58 at. %, respectively. Finally, in a nanoparticle with 25 at. % Si at T=1277.5 K, the
volume fraction of the liquid shell-phase grows from ~9 up to ~15 vol. % with reducing the size from 50 nm
to 40 nm. At the same time, it is accompanied by a slight decrease in the atomic fraction of Ge in the liquid
phase. At T=1390 K, when the particle size reduces from 100 nm to
40 nm, an increase in the volume fraction of the melt and a decrease in Ge content in the liquid phase also
show up: from ~82 to ~88 vol. % and from ~81 to ~79 at. %, respectively.

A decrease in particle diameters down to smaller values leads to more significant deviations (than the
ones presented in Figs. 1-5) of equilibrium compositions and volumes of co-existing phases from the
reference data for the bulk-state material. Note that for particles of a smaller size, surface tensions can
become size-dependent, at very small sizes, the basic concepts of thermodynamics could hardly be applied
and even the difference between solid and liquids states vanishes [30]. Modeling of such small systems
requires using some other approaches (see [31], for example). Note that despite the fact the term “nanoscale
effects” is widely used, there is a broad class of systems, especially polymeric ones, with great molecular
volumes and masses, in which such effects manifest themselves at characteristic sizes even several thousand
times higher [20,26] (and such effects should probably be called “small-amounts-of-matter effects”). In
addition to this, high surface-to-volume ratios can be obtained not only in nanoparticle materials but also in
mesoporous ones while the morphology of pores also influences the characteristics of phase transitions
including the magnetic ones [32].

The spherical geometry of considered particles is also an idealization. A spherical particle of a given
volume has the minimal surface area, taking into account more complicated morphologies [8,17-19] leads to
an additional increase in the surface contribution to the total Gibbs function and some more significant shifts
of characteristic points in the “phase diagram”. As noted above, the shape of considered particle can be
considered using one dimensionless parameter such as a coefficient of shape [8,16,17,19] or a fractal
dimension [8,16-19] and requires minor changes of the Eqs. above. It is necessary to mention that the
configuration of the interface between co-existing phases changes during the initial stages of melting, so the
introduced shape parameter needs to be temperature-dependent [18]. In the general case, the specification of
phase properties of a nanosystem without detailed and precise information on its size, shape, initial
composition and some other properties is almost incorrect. In description of nanoobjects, the well-known
concepts such as “phase diagram”, “liquidus”, “solidus” obtain new meanings. The suggested model can
easily be applied to the description of the melting behavior in systems of other chemical compositions
including three- and polycomponent ones while the appropriate solution model and its coefficients as well as
material constants (e.g. surface free energies and their temperature and composition dependence, molar
volumes and their temperature dependence etc) are required for simulations. The similar effects in systems
with another nature of phase transitions (e.g. nanoparticles of stratifying solid solutions, stratifying liquid
solutions in small-volume droplets and pores) can also be described using a model which is quite different in
mathematical formulations but shares the same thermodynamical basis (see [17,20,26] for details).

In the case of nanoparticle ensembles containing particles with different morphology characteristics,
the average phase composition and functional properties depend on the size and shape distributions in an
ensemble. In [33], we have suggested a method for calculating such distributions based on the combined
usage of number theory (including the derivations of G.H. Hardy and S. Ramanujan on the theory of
partitions), 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:

fD(¢p,D,N)~exp(_GAsp(D);TRTlnfp]’ fpzNEI¢ exp{n[g(N—¢p)_@J}, (4)
p
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Here, ¢, :m(deff /d. )3 is the number of atoms in a nanoparticle, o is the lattice packing density, N is
the total number of atoms in the system, d. is the effective diameter of a nanoparticle (the diameter of a

sphere of the same volume), A, (D)is the specific surface area of the ensemble, d,, =2r, .

The presented estimates are in perfect accordance with the experimental data (see [33] and Refs. within)
and make it possible to model the thermodynamical conditions for the realization of optimal average
characteristics of nanoparticles (equilibrium compositions, phase transition temperatures, functional
properties etc) as well to predict the degree at which such characteristic are “blurred” in an ensemble.

Conclusion

The performed thermodynamic analysis of phase equilibria in Si-Ge alloy nanoparticles of various
compositions leads to the following conclusions:

1) in nanoparticles, the set of phase transition temperatures (liquidus, solidus) and the compositions of
co-existing phases at phase equilibrium depend on the nanoparticle size. But in addition to this, at each size
and temperature, the Si and Ge contents in solid and liquid phases are dramatically different for different
compositions of a nanoparticle. The phase equilibria in a nanosystem can hardly be described by a single
phase diagram for all the composition range;

2) the character of the influence of the nanoparticle size on phase compositions differs being
temperature-dependent: reducing the particle size can lead either to an increase or to a decrease in Si content
in the liquid phase. The explanation of such effects is based on the existence of several mechanisms of
lowering the surface energy of the system while the dominant mechanism(s) is (are) different at different
compositions and temperatures.
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The Nickel ferrite has been synthesized by co-precipitation method. X-ray diffraction pattern confirms the
formation of cubic spinel structure with lattice constant 8.347A. Structural properties like X-ray density, average
crystalline size, bond length, dislocation density and microstrain have been studied. The scanning electron
microscope images show grain of bead structures. The Fourier transform infrared spectroscopy spectrum of
nickel ferrite under investigation reveals the formation of a cubic spinel structure showing two significant
absorption bands, corresponding to high frequency band viand low frequency band v.arising from tetrahedral (A)
and octahedral (B) interstitial sites respectively.

Keywords: Nickel ferrite, X-ray diffraction pattern, scanning electron microscope, Fourier transform infrared spectroscopy.
Introduction

Ferrites having a general chemical formula of AB2O, with three types of ion distribution inside the
structure namely, normal spinel, inverse spinel and mixed spinel [1]. The nickel ferrites are observed to be
inverse spinel in nature, where nickel ion mainly occupying the tetrahedral site in the lattice. Structural,
magnetic and electrical properties of ferrites are mainly dependent on synthesis conditions, size, metal ions
in composition, and distribution of cations at tetrahedral A site and octahedral B sites [2]. The nickel ferrites
are having large number of applications due to its good resistivity, good coercivity, good retentivity,
optimum saturation magnetization, very high stability [3-4]. The nickel ferrites are found to good material in
applications like memory storage devices, magnetic core [5], magnetic shielding [6], microwave devices [7-
8], catalytic activity [9], gas sensor [10-12] etc. Nickel ferrites are synthesized using various methods based
on the required properties, the methods are namely; auto- combustion method [13], sol-gel method [14], co-
precipitation method [15-16], solid-state reaction method [17-18], hydrothermal [19] etc. In this paper, the
work is aimed to synthesize NiFe;O4 nanoparticles by simple, low cost and environment friendly co-
precipitation method. The co-precipitation method gives small grain size in the range of nm; the synthesis of
particles takes place at room temperature [20]. The particle shape and size can be easily controllable based
on the synthesis conditions. Hence Co-precipitation is comparatively having various advantages than other
methods. The structural properties of synthesized material are characterized using X-ray diffraction,
Scanning Electron Microscope (SEM) and Fourier transform infrared spectroscopy (FTIR).

1. Experimental part

The starting materials NiCl, and FeCl; were of analytical grade. The chemicals were taken in
stoichiometric proportion; the mixture of chemicals is then dissolved in distilled water. The solution is
thoroughly stirred for uniformity. The 3M NAOH is added drop wise for precipitation of solution with
constant stirring at 60°C. Oleic acid is added as surfactant to the solution. Obtained brown colour precipitate
solution again stirred and then washed with distilled water and ethanol, and then filtered. The precipitate is
centrifuged and dried; the dark brown colour product is finely powdered using agate mortar in acetone
medium. The end product is annealed at 500°Cfor 8 hours. The end product is annealed to give better
crystallinity and agglomeration. The larger domain structures are helpful in better magnetic properties such
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as coercivity and retentivity. The temperature of annealing is chosen keeping all these aspects and as per our
previous work [21].The schematic diagram of synthesis is shown in Fig. 1. Structural characterization of the
nickel ferrite powder was carried out on Philips X ray diffractometer (XRD), with Cu Ka radiation of
wavelength 0.154nm. FTIR spectral analysis of sample was carried out in the wave numbers range between
400 cm™ to 4000cm™,
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Fig.1. Schematic diagram of synthesis of characterization ferrite samples.

2. Results and discussion
2.1 X-Ray Diffraction Analysis

X-Ray Diffraction Analysis (XRD) pattern of synthesized NiFe,Ox is shown in Fig.2. Indexing of the
peaks in XRD pattern is done by JCPDS card no.10-0325.Analysis of XRD pattern using Bragg’s reflection
planes (220),(311),(222),(400),(511)and (440) indicates the formation of cubic spinel structure. Interplanar
spacing is calculated using Bragg’s equation [17-18]

n= 2dsin, 1)

where ‘n’ is order of diffraction, A wavelength of x rays(0.154nm) and ‘d’ is interplanar spacing. For cubic
spinel structure, interplanar spacing in terms of Miller indices is given by the equation

d=a/V(h?+k?+1%) nm (2)
Interplanar spacing ‘d’ and lattice constant ‘a’are calculated with corresponding (hkl)values and are
tabulated in table 1.

Table 1. Interplanar spacing and lattice constant.

(hkT) Angle d(calculated) d(observed) Lattice constant(a) (A)
(26) (A) (A)
(220) 30.31 2.950 2.949 8.341
(311) 35.65 2.518 2.518 8.352
(222) 37.36 2.410 2.407 8.338
(400) 43.41 2.087 2.085 8.338
(511) 57.27 1.605 1.609 8.358
(440) 62.92 1.475 1.477 8.355

Lattice constant a = 8.347 (A)
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The calculated and observed values of ‘d” are in good agreement for all the peaks. The deviation from
the perfect crystallinity results into broadening of the diffraction peaks. In X-ray diffraction the formula
which relates the crystallite size to the broadening of a peak in diffraction pattern is Debye-Scherrer’s
formula which is given by the equation

D =0.9M/(p cosh), (3)

where D is average crystallite size, A wavelength of incident X-ray and B angular line width of half
maximum intensity(FWHM).
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Fig.2.XRD pattern of NiFe,O4 nanoparticles

Dislocation density (o) is defined as ratio of length of the dislocation lines the unit volume of the
crystal, which represents the amount of defects in the sample and is calculated using equation (4)

$=1/D? 4)

The microstrain is defined as the deformation of an object divided by its effective length and is
represented by ‘g’

€ =pcoso/4 (5)
X-ray density (dx) and lattice constant ‘a’ are related by the following expression
dx = 8M/Nad®, (6)

where Na is Avogadro number, M is the molecular weight of the nano nickel ferrite.
The distance between magnetic ions (hopping length) in tetrahedral A site (La) and octahedral B site
(Lg) were calculated using the following relations

La= aﬁandLB = aﬁ, @)
4 4
where ‘a’ is lattice constant.

The calculated values of crystallite size (D), lattice constant (a), unit cell volume(V), dislocation
density(d), microstrain (&), hopping lengths La and Lg and X-ray density (dx) of NiFe;Ogparticles are
tabulated in Table 2.

The size-strain broadening are additive components of the total breadth of a Bragg peak [22]. The
distinct 0 dependencies laid the basis for the separation of size and strain broadening in the analysis of
Williamson and hall. The W-H plots are plotted using Eq.8 are plotted in Fig.3a.

P €C0SO = %+4gsin 7 (8)
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Table 2.Crystallite size, lattice constant, unit cell volume, dislocation density, microstrain (&) hopping lengths (La
and Lg) and X-ray density.

Crystallite Size (D) (A) 182
Lattice constant (a) (A) 8.347
Volume (a%) (A%) 581
Dislocation density (8)(m?) 3.72x 101
Microstrain (&) (m?) 2.06 x 1073
Hopping Length (A) La=3.614 Lg =2.951
X-ray density(dx) (g/cm?) 5.353

Williamson-Hall (WH) and Size Strain Plot (SSP).
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Fig.3. (a) WH plots and (b) Size strain plots of NiFe,O, ferrite
The evaluation of the SSP parameters are obtained by considering peaks in intermediate range. This
gives less weight to data from high angle reflections where the precision is usually less. The SSP plots are
shown in Fig.3b which is plotted using Eq.9. [23].

(dyya B COSO)* = % (d B €OS0) + (%) (9)

Table.3 Crystallite size, micro strain and using W-H plots, SSP.

Crystallite size (in A) Micro strain (g x 107%)

From W-H graph From SSP graph Micro strain e=slope/4,(WH) Micro strain e=2*sqrt (intercept), (SSP)

234 134 1.54 16.60

2.2 Scanning Electron Microscope (SEM) analysis

The SEM image of NiFe,Osnano particles is shown in Fig.4. The particles are observed to be granular
in shape and the size of particles lies in the range of 300-400 nm size. The particles show uniformity in size
and showing partial agglomeration.

2.3 Fourier Transform Infrared (FTIR) Studies

Fig.5 shows the Fourier Transform Infrared (FTIR) spectrum of NiFe;Oa.

Waldron [24] observed that both absorption bands of ferrites are due to the familiar tetrahedral
octahedral M-O stretching vibration modes. The spectrum of NiFe,O, ferrite under investigation reveals the
formation of a cubic spinel structure showing two significant absorption bands, at 532 cm™ and around 414
cm corresponding to high frequency band viand low frequency band v-arising from tetrahedral (A) and
octahedral (B) interstitial sites respectively [25].
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Conclusion

The spinel NiFe,O4 ferrite has been synthesized by Co- precipitation method. X-ray diffraction (XRD)
pattern confirms the formation of cubic spinel structure with lattice constant 8.347A.The crystalline size of
the sample is observed to be 182A (Debye-Scherrer method). The SEM images show grain of bead structures
with size in the range 300-400 nm. The grains observed to be uniform in size but partially agglomerated. The
two bands in FTIR spectra are observed at 532 cm™ and 414 cm™confirming the tetrahedral and octahedral
interstitial sites.
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This work is devoted to the study of the efficiency of using the effect of nickel doping of thin films based on
Cdse with the possibility of varying the structural and optical properties due to a change in the phase composition
of the films. The method of electrochemical reduction of metal ions from aqueous solutions of electrolytes was
chosen as a method for obtaining films. The variation of the applied potential difference was used to produce films
with different characteristics. To characterize the properties and dynamics of their changes, methods of atomic
force microscopy, energy dispersion analysis and X-ray diffraction were chosen. The strength mechanical
properties of the films were studied using the indentation method. During experiments conducted dependencies of
changes of structural, optical, strength characteristics of synthesized films depending on production conditions
are obtained. Photocatalytic tests to determine the rate and efficiency of decomposition of the Rodamine B
organic dye showed that films in the composition of which the NiSe phase prevails have the greatest potential for
use as photocatalysts.

Keywords: doping, CdSe, photocatalysis, thin films, reaction rate
Introduction

In the modern world, one of the key problems is pollution by products of the chemical and textile
industries, which include various organic dyes used to color various materials [1-3]. At the same time, the
majority of manufacturing products and waste during disposal retain their resistance to most physical,
chemical and mechanical processing methods. One of the most common dyes used in industrial production is
Rhodamine B, which allows giving the material a bright saturated color. However, despite the prevalence of
this type of dyes, the processes of its utilization and processing are rather complicated, and the efficiency of
processing and bringing the decomposition processes to harmless components is low with standard methods
of disposal [4,5]. In turn, the accumulation of dye residues in aqueous media can lead to serious negative
consequences associated with mutational processes or environmental pollution [6, 7].

To solve this problem, in recent years, methods of photocatalytic reactions with the use of various
catalysts based on various semiconducting materials or ferroelectrics have been increasingly used [8-10].
The interest in these classes of materials is due to their optical properties and the band gap, which plays an
important role in the processes of photodegradation and splitting of dyes under the influence of UV light.
One of the promising materials is thin films based on cadmium-selenium, which have excellent
semiconductor and optical characteristics, allowing them to be used as a basis for photoresistors,
semiconductors, etc. [11-15]. At the same time, one of the promising areas of research in this field is the
modification of thin films by doping them with magnetic elements from the iron subgroup, which make it
possible to make significant changes in both the structural and optical properties of the films [16-20]. The
main effect on which all changes in the properties of films are based is the replacement of cadmium or
selenium with metal ions, followed by the possibility of forming substitutional or interstitial solid solutions.
In this case, the formation of such phases leads not only to a change in structural changes, but also has a
significant effect on an increase in the structural ordering degree in films and, consequently, a change in the
strength properties, as well as an increase in resistance to external influences. It is also worth noting that, in
some cases, doping with metals from the iron subgroup allows one to obtain films with grains of the «core-
shell» type, which have their own specific features [21, 22].
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One of the promising methods for producing thin films is the method of electrochemical reduction of
metal ions from aqueous solutions of electrolytes, which makes it possible to obtain films with a controlled
thickness, as well as a controlled phase and elemental composition [23-25]. At the same time, this method
makes it possible to quite effectively carry out various modifications of films by adding various metal salts to
the electrolyte solution, which are reduced on the substrate in the case of creating an applied potential
difference. In turn, varying the difference between the applied potentials leads to the possibility of
controlling both the thickness of the films and the concentration of recovered metal ions by changing their
recovery potentials [26-30]. In this regard, the most urgent research is to assess the possibility of using the
method of electrochemical synthesis of thin CdSe films from aqueous solutions of electrolytes with the
addition of nickel salts to them to obtain solid solutions of substitution or interstitiality. Based on the above,
the purpose of this work is to study the effect of the applied potential difference during the electrochemical
reduction of metal ions from aqueous solutions on the change in the phase composition and structural
parameters of CdSe films doped with nickel. The resulting films were also used as a basis for photocatalytic
decomposition of the organic dye V.

1. Experimental part

The electrolyte solution used for the synthesis of thin films was obtained by dissolving the following
salts in an aqueous solution in a given molar ratio: 0.5 M CdSQO4, 0.5 M SeO;, 0.5 M NiSQ4-7H20. Varying
the deposition potentials in the range from 1.0 V to 1.5 V was used to obtain films of various phase
compositions. Determination of the phase composition and crystal lattice parameters was assessed by
analyzing X-ray diffraction patterns obtained with a D8 Advance ECO X-ray diffractometer, Bruker. The X-
ray diffraction patterns were recorded in the Bragg-Brentano geometry in the angular range 26=35-75°, with
a step of 0.03, the spectrum acquisition time was 1 sec. To calculate the crystallographic parameters, the
DiffracEVA v.4.2 and TOPAS v.4 software codes were used. The phase composition was refined using the
method of full-profile analysis of the positions of the diffraction maxima and their comparison with the
reference values from the PDF2-2016 database.

The band gap and optical characteristics were determined using the UV-Vis transmission spectrum
analysis technique obtained on the Jena Specord-250 BU optical spectrometer.

The determination of the electrophysical characteristics and the dynamics of changes in the | —V curves
depending on the conditions for the synthesis of thin films was carried out in the range of -1.0 V to 1.0 V
using the four-contact shooting method. The measurements were monitored using an Agilent 34410A
multimeter with a Hewlett Packard 66312 A power supply.

The study of the efficiency of doping thin films with nickel on the decomposition rate of the organic
catalyst Rhodamine B was evaluated by carrying out a model experiment of the photocatalytic reaction under
the action of ultraviolet light. Rhodamine B (30 ml) diluted in distilled water was used as a model solution. A
500 W xenon lamp with a 420 nm light filter was used as an ultraviolet source. The rate of the photocatalytic
decomposition reaction was estimated by measuring the absorption curves and determining the optical
density by UV-Vis spectroscopy in a given wavelength range of 400-700 nm.

2. Results and discussion

Table 1 shows the results of changes in elemental analysis for the studied films obtained under various
synthesis conditions. The determination of elemental analysis was carried out by analyzing the obtained
energy-dispersive spectra from different areas of the samples under study and then calculating the average
values. Determination of the elements distribution isotropy in the structure was evaluated by obtaining maps
of the elements distribution using the mapping method in energy-dispersive analysis. According to the
obtained data of the maps of the distribution of elements, it was found that the distribution of elements in the
structure is isotropic, without any visible areas with a higher or lower content of elements, which indicates
the uniformity of the deposition of elements and the formation of stable structural elements. According to the
elemental analysis data, an increase in the potential difference from 1.0 to 1.5 V leads to an increase in the
concentration of deposited nickel in the structure of the films from 11.5 at. % up to 26.2 and 34.6 at. % for
samples obtained at potential differences of 1.0 V, 1.25 V, and 1.5 V, respectively.

The determination of the phase composition and the change in its dynamics depending on the
preparation conditions was carried out on the basis of the analysis of X-ray diffraction patterns obtained in
the angular range 20=35-75°. The general view of the obtained diffraction patterns indicates the
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polycrystalline structure of the obtained films with a low degree of structural ordering and a high content of
amorphous-like inclusions in the structure of the films.

Table 1. Elemental composition data for the synthesized films

Applied potential difference, V Cd, at. w. % Se, at. w. % Ni, at.w. %
1.0 43.24+1.3 45.3+2.1 11.5+0.9
1.25 37.5£1.6 36.3£1.4 26.2+1.3
15 34.24+1.1 31.2+1.6 34.6+1.7

This nature of X-ray diffraction patterns is characteristic of cadmium-selenium-based structures
obtained by electrochemical deposition in the range of potential differences of 1.0-1.5 V, characteristic of the
production of amorphous films [Fig.1]. According to the obtained X-ray diffraction data, peaks characteristic
of two different phases are present on diffraction patterns. According to the data of the Rietveld full-profile
analysis method, these reflections are characteristic for the following phases: the hexagonal CdSe phase with
the spatial system P63mc (186) and the orthorhombic NiSe phase with the spatial system R3m(160). The
distorted shape of these diffraction lines, as well as their large half-widths, indicate that the structure of the
films contains rather fine grains, with a strongly distorted and deformed shape.
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Fig.1. X-ray diffraction patterns of the synthesized films obtained at different potential differences:
1)1.0V;2)1.25V;3) 1.5V

Estimating the contributions of two phases depending on the applied potential difference, the
dependence of the change in the phase composition of the films was plotted, which is shown in Figure 2. In
the case of samples obtained at a potential difference of 1.0 V, the NiSe:CdSe phase ratio is approximately
3:1. An increase in the applied potential difference, which leads to an increase in the concentration of nickel
in the structure of the films, leads to an increase in the contribution of the NiSe phase, and to a change in the
phase ratio. The increase in the contribution of the NiSe phase is due to the fact that with an increase in the
applied potential difference, the rate of recovery of nickel ions from agueous solutions of electrolytes
becomes higher, as it approaches the value of the nickel reduction potential, as a result of which cadmium is
partially replaced in the structure of the CdSe phase with the subsequent formation of a new NiSe phase. In
this case, an increase in the potential difference leads not only to an increase in the contribution of the NiSe
phase, but also to an increase in the structural ordering degree, which is expressed in a change in the shape
and width of diffraction peaks characteristic of both phases.

Table 2 shows the results of changes in the crystal lattice parameters depending on the synthesis
conditions at various potential differences. As can be seen from the data presented, a change in the applied
potential difference leads to a decrease in the crystal lattice parameters and its volume, which indicates an
increase in the structure ordering during the synthesis, as well as a decrease in the deformation contributions.
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Fig.2. Diagram of changes in the films phase composition depending on the applied potential difference

It should be noted that a change in the phase composition, leading to the displacement of the hexagonal
CdSe phase, also leads to an increase in the crystallinity degree by 7.6 % and 12.3 % for the samples
obtained at a potential difference of 1.25 V and 1.5 V, respectively. This behavior of changes in the
structural ordering degree indicates an improvement in the structure, as well as the formation of a denser
lattice and a decrease in porous inclusions, which is also evidenced by a decrease in the volume of the crystal
lattice and, consequently, an increase in density.

Table 2. Crystalline parameter data

Applied potential Phase Crystal lattice parameter, Crystallinity
difference, V A degree, %
CdSe-Hexagonal, a=4.23132, ¢=6.91710, 67.4
10 P63mc(186) V=107.25 A3
' NiSe — Rhombo.H.axes a=9.99234, ¢=3.30785,
R3m(160) V=286.03 A3
CdSe-Hexagonal, a=4.21224, ¢=6.91452, 75.0
195 P63mc(186) V=106.29A3
NiSe — Rhombo.H.axes a=10.03348, ¢=3.31598,
R3m(160) V=289.01 A3
CdSe-Hexagonal, a=4.19159, ¢=6.90489, 79.7
L5 P63mc(186) V=105.06 A3
NiSe — Rhombo.H.axes a=10.05905, ¢=3.31953,
R3m(160) V=290.88 A3

Figure 3 shows the results of changes in the morphological features of the surface relief of the films
synthesized under different conditions. The general view of the changes indicates that an increase in the
potential difference leads to a change in both the grain size and their concentration and agglomeration on the
surface, which is primarily associated with a change in the grain formation rate, as well as a change in the

phase composition and structural ordering degree.

Figure 4 shows the results of changes in the roughness and microhardness of the synthesized films
depending on the applied potential difference during deposition. The roughness results were obtained by
analyzing the images of the film surface obtained using atomic force microscopy.
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a) b) c)
Fig.3. 3D images of morphological features of synthesized films: a) 1.0 V; b) 1.25 V; ¢) 1.5V

An increase in the applied potential difference from 1.0 to 1.25 V, as can be seen from the presented
data, leads to an insignificant increase in the roughness degree from 11 nm to 26 nm. This increase is due to
a change in the size of the grains of which the film consists due to their enlargement. At the same time, an
increase in the applied potential difference to 1.5 V leads to an increase in the roughness degree by more
than a factor of 5 compared with the analogous value for the samples obtained with an applied potential
difference of 1.0 V. At the same time, the analysis of changes in morphological features showed that changes
in the synthesis conditions lead not only to enlargement of grains and, consequently, to an increase in the
degree of roughness, but also to an increase in the degree of grain size uniformity.

So, at a potential difference of 1.0 V, the grain sizes, according to atomic force microscopy data, are no
more than 5-10 nm, while the formation of single grains, the size of which is several tens of nanometers, is
observed. An increase in the applied potential difference to 1.25 V leads to an increase in the grain size to
20-30 nm, as well as a decrease in the number of single large grains. At an applied potential difference of 1.5
V, the grain sizes increase to 50-70 nm, while the formation of large single grains in the films structure is
practically not observed, which indicates an increase in the homogeneity of the films.
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Fig.4. Graph of change of roughness and microhardness of synthesized films depending on the applied potential
difference

The results presented of the change in the films microhardness depending on the preparation conditions
indicate that a change in both morphological features, due to the coarsening of grains and an increase in the
crystallinity degree, leads to an increase in the strength and hardness of the films. This behavior of changes
in strength characteristics is due to the porosity decrease processes and the disordering regions content
decrease in the films structure. In this case, a change in the potential difference to 1.25 V and 1.5 V leads to
an increase in hardness by 17.2 % and 73.1 % in comparison to the samples obtained at a potential difference
of 1.0 V. Figure 5 shows the results of the change in the graphs of the I-V characteristics of the studied thin
films, filmed in the range from -1.0 to 1.0 V, which are characterized by the presence of two sections of the
I-V characteristic, obeying the ohmic nature (-1.0 to 0) V and the quadratic dependence of the I-V
characteristic (from 0 to 1.0 V). As is known, the quadratic dependence of the change in the I — V
characteristic is most characteristic of semiconductor compounds and is characterized by a limited filling of
electron traps, which leads to a sharp increase in conductivity. The analysis of the dependences obtained for
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the structures under study showed that an increase in the NiSe phase contribution and the structural ordering
degree leads to an increase in the conductivity and a decrease in the resistance. The increase in conductivity
is also due to a decrease in the concentration of amorphous inclusions in the structure of the films, as well as
to an increase in the grain size, which is accompanied by a decrease in the dislocation density and defect
structure.
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Fig.5. I -V characteristics of synthesized films depending on preparation conditions

Figure 6 shows the results of the change in the fundamental absorption edge shift value in the energy
representation, which makes it possible to determine the band gap, as well as its changes depending on the
phase composition of the films. The general view of changes in the fundamental absorption edge indicates
that a change in the phase composition leads to a shift of the edge to the low-energy region, which indicates a
decrease in the band gap. The presented dependences of the change in the band gap and the refractive index,
which characterizes the optical density of the material, reflect the inverse dependence of the change in these
values from each other. In this case, a change in the phase composition, as well as a decrease in the
crystalline porosity, leads to an increase in the refractive index and, consequently, to a decrease in the
porosity of the films. In turn, an increase in the NiSe phase contribution leads to a decrease in the band gap
and, hence, to a change in the electron density of the films.
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Fig.6. a) Tauc’ plots; b) Results of change in the band gap and refractive index

As is known, one of the promising applications of thin films is the photocatalytic decomposition of
organic dyes under the action of ultraviolet radiation in the presence of catalysts. In this case, the key factors
affecting the efficiency assessment of the use of certain photocatalysts are such indicators as the degradation
degree and the decomposition rate of the dye in the presence of a catalyst. Also, an important role is played
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by the degree of catalyst resistance to long-term use and performance retention as a result of several cyclic
tests. Figure 7 shows the results of changes in the time dependence of the Rhodamine B degradation
efficiency during the photocatalytic reaction during interaction with a catalyst in the form of films obtained
under different synthesis conditions. The experiment time was limited by the achievement of the maximum
decomposition efficiency for one of the selected systems with a catalyst. As can be seen from the data
presented in Figure 7, the highest efficiency of the decomposition of Rhodamine B during the photocatalytic
reaction is possessed by films obtained at a potential difference of 1.5 V, which amounted to more than 95 %
of the decrease in the optical density of Rhodamine B in the time allotted for the experiment. In the case of
films obtained at potential differences of 1.0 V and 1.25 V, the efficiency of photocatalytic degradation of
Rhodamine B was 57 % and 78 %, respectively.
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Fig.7. a) Plot of time dependence of Rhodamine B degradation efficiency in case of decomposition reaction;
b) Diagram of assessment of decomposition efficiency in the final stage of photocatalytic reaction

Figure 8 shows the results of the assessment of the change in dye concentration ratio before and after
the reaction on a logarithmic scale, which allows determination of the reaction rate constant. According to
the calculations obtained, it was found that a change in the phase composition of the synthesized films leads
to an increase in the decomposition rate by 1.5 and 3 times for samples obtained at potential differences of
1.25Vand 15V.

Time, min
1 1 1 1 1 1 1
00l g %0 100 150 200 250 300
N e k=0.0029 min™*
0.5 T e
— Ty
A T "
-1.0 1 '\\\\
A T~
O 15+ o
o k=0.0046 min
= A
~ 2041
25 = 10V
e 125V k=0.0093 min™
-3.0 4 15V A

Fig.8. Data on the change in the rate constant of the Rhodamine B decomposition photocatalytic reaction

Such an increase in the degradation rate, as well as an increase in the decomposition efficiency, is
caused by a change not only in the phase composition of the films, but also primarily by a change in the band
gap, a decrease in which leads to an increase in the yield of electrons and photons under the action of photo-
ionization of UV light. The photo-degradation process can be schematically written as follows:
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CdSe/Ni films + hv — e+ h*
H.O + h* -"OH + H*
OH- +h" —'OH
Dye + "OH — oxidation products
Dye + h*— oxidation products

Exposure to UV radiation on the sample leads to the formation of an electron and a photon, which are
knocked out of the catalyst surface and, when interacting with water, form a number of *OH radicals that
directly participate in the decomposition of the dye during the initiation of decarboxylation and
hydroxylation processes with the formation of harmless components.

Conclusion

During the studies, the dependences of the effect of the applied potential difference on the change in the
phase composition, structural features, and the ordering degree in nickel-doped CdSe films were established.
It has been determined that an increase in the applied potential difference leads to an increase in the NiSe
phase contribution formed during the substitution of cadmium ions by nickel ions during the formation of the
crystal structure. It has been determined that an increase in the NiSe phase contribution leads to an increase
in the structural ordering degree and hardening of the film structure. During the studies of the optical
properties, it was determined that a change in the phase composition leads to a decrease in the band gap, as
well as an increase in the optical density of the films. During the evaluation of the applicability of the
synthesized films as a basis for photocatalysts, it was found that films with a high NiSe phase content have a
high photocatalytic reaction rate as well as a high degree of photocatalytic decomposition of organic dyes.

In conclusion, the selected synthesis conditions, as well as the ratio of the starting salts, make it possible
to obtain films with a controlled phase and elemental composition, which are highly promising as a basis for
photocatalysts.
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The article shows that the hardness of most stainless steels is 2-3 times less than high-entropy coatings,
which shows the prospect of their use as parts of various industrial structures. Microhardness of metallic glasses,
which have a defect-free base, and do not differ from high-entropy coatings. In the article, an equation is obtained
that shows that the destruction of the coating is proportional to the surface energy and inversely proportional to
the Gibbs energy. For stainless steels, the surface energy is about the same as for high-entropy coatings. The
Gibbs energy of high-entropy coatings is 2 times higher than that of stainless steels, which leads to a high
hardness of high-entropy coatings, which is observed experimentally.

Keywords: microhardness, high-entropy coating, steel, surface energy, destruction of the coating, nanostructure.

Introduction

This work is a continuation of works [1-3], where the properties of functional and high-entropy coatings
are considered. In high-entropy alloys, as a result of the effect of intense mixing, the entropy contribution
increases, which stabilizes the formation of a solid solution with a simple structure [4-6]. Based on
Boltzmann's hypothesis about the relationship between entropy and system complexity, the configurational
change in entropy AScons during the formation of a solid solution of n elements with equiatomic content can
be calculated using the following formula:

AS,.,¢ =—RIn(1/n) =RIn(n), @

where R is the universal gas constant, n is the number of mixing elements.

At n =5, AScont = 1.61R approaches the value of the melting entropy of most intermetallics (about 2R).
However, it was later shown that a high entropy of mixing is not a necessary condition for the formation of a
single-phase solid solution, but the very term for the name of such an alloy remains in use.

1. Analysis of publications

First of all, we will mention only those publications that relate to the latest advances in the field of high-
entropy coatings. Articles [7-9] provide a review of high-entropy materials with their unique structural
characteristics, individual chemical composition and functional properties. They are generating increasing
interest in the fields of environmental science and renewable energy technology. Despite all the (potential)
advantages inherent in high-entropy materials over conventional alloys, oxides and other compounds, there
are some obvious problems associated with their practical use in the energy sector. Rational design of high-
entropy materials is very difficult at present. One possibility is an approach using theoretical machine
learning methods to design high-entropy materials with the desired properties. From an experimental point of
view, a more efficient way would be to select a benchmark of the model and gradually add or replace new
elements to change the configuration entropy of the system. Another general strategy is to subdivide
components into subcategories according to their roles in the system, and then add or replace the selected
item with other similar items in each category.

Acrticle [10] provides a detailed overview of thermal spray coatings. These methods are opposed to the
methods of laser cladding and surface alloying for the synthesis of thick high-entropy coatings. The article
[11] provides an overview of high-entropy coatings in the aerospace industry. Figure 1 shows the hardness of
high-entropy alloys and compounds. based on refractory metals. Modeling showed that materials based on
refractory high-entropy alloys, their carbides, borides and nitrides showed a wide spread in the calculated
hardness, which ranged from 4.1 GPa to 21.3 GPa. The materials and methods described in the article can
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give a positive result for applications in the aerospace industry: sectors that are associated with high loads
(frames, chassis, shafts, etc.) and extremely high temperatures (engines, propulsion systems).
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Fig.1. Graphical representation of predicted hardness of high-entropy alloys and compounds based on the
refractory metals: dotted lines represent the maximum and minimum hardness [11].

Acrticles [12-14] provide an overview in the field of high-entropy nitride materials, with particular
attention to coatings in which the phases of the solid solution with the formation of simple crystal structures.
The latter will include advanced data processing with artificial intelligence and machine learning to aid in the
assessment large common datasets from experimental and theoretical work. This change in methodology will
be a challenge but will be necessary to fully realize the potential of high-entropy nitride materials. Article
[15] is devoted to a review of high-entropy ceramics.
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Fig.2. Prospective applications of HECs covering from ultrahigh-temperature structural to energy and catalytic
functional applications, [15].



Materials science. 31

In addition to hardening and low thermal conductivity, which has already been found in high-entropy
alloys, new properties such as colossal dielectric constant, superionic conductivity, strong anisotropic
coefficient of thermal expansion, strong absorption of electromagnetic waves, etc. have been found in high-
entropy ceramics. In response to the rapid development in this nascent field, this article provides a
comprehensive overview of design features, theoretical methods for predicting stability and properties,
machining routes, new properties, and promising applications of high-entropy ceramics (Figure 2).

The main goal of this work is to experimentally investigate the microhardness of high-entropy coatings
and propose a model that will allow, within the framework of the energy theory, to explain the observed
effects.

2. Objects and experimental technique

High-entropy (HEC) coatings of the following composition were used as objects of research:
TiNiZrCuCr, CrFeNiTiZrCu, TiFeCuAlSn, AICrNiTiZrCu, PbCrNiTiZrCu, CrNiTiZrAlCu. The coatings
were obtained by sputtering magnetron targets of the above compositions on 12X13 steel using an NNV-
6.611 setup.. These targets were manufactured by us by the method of mechanical alloying [16], in contrast
to cast targets obtained by the metallurgy method. Moreover, after annealing in a vacuum chamber, the
samples became nanostructured. Fig. 3a shows, as an example, a sample under study with an HEC-coating,
in Fig. 3b of their SEM image of the HEC-coating, and in Fig. 3c diagram of the formation of nanostructured
HEC-coatings [17].The roughness of the coating, as an example, measured with the atomic force microscope
(AFM) JSPM-5400, is also negligible (Figure 4) [18].

 SEMHV:15.0kV
View field: 524 ym
SEM MAG: 528 x

a)
Fig.3. A sprayed sample with an HEC-coating (a), an REM image of an HEC-coating (b), a diagram of the

<)

formation of nanostructured coatings of an HEC-coating [17].
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Fig.4. AFM image of TiNiZrCuCr (a) and its roughness (b), [18].
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X-ray fluorescence spectroscopy (XPS) (Figure 5), as an example, shows that the investigated coatings
form high-entropy coatings in the composition from 5 to 35 at. %. Figure 6 shows the distribution of
elements in the coverage, which shows that the elements are evenly distributed.
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Fig.6. Distribution of TiNiZrCuCr elements deposited on 12X13 steel in argon

Such a distribution occurs in the coating due to a diffusion process that occurs during thermal annealing
of the magnetron target in a vacuum chamber for 3-5 hours. We used an HVS-1000A microhardness tester to
measure the coatings (Figure 7). This instrument is designed using the latest advances in mechanics, optics,
electronics and computer technology to test the hardness of metallic and non-metallic materials, especially
small parts or thin hardened layers.
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Fig.7. Measurement of coatings on a HVC-1000A microhardness
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Using the above methods, the table of experimental values can be given. Table 1 shows that
pentaatomic alloys have higher hardness. Hexaatomic alloys have slightly less hardness.

Table 1. Experimental properties of high-entropy coatings (HEC) and metallic glasses (MG) [19]

HEC w HV MG w, HV
CITiNiZrCu 890 FersM02B2o 1015
TiFeCuAlISn 700 FeaoNisoP14Bs 640

CrFeNiTiZrCu 740 FersP1sC 760

AICINITiZrCu 585 FersSiioB12 890

PbCrNiTiZrCu 560 NizsSigB17 860

CrNiTiZrAICu 530 C075Si15B1o 910

Let us compare the hardness of stainless steels [20] with the hardness of high-entropy coatings from
Table 2. Table 2 shows that the hardness of most stainless steels is 2-3 times less than high-entropy coatings.
This opens up the prospect of using high-entropy coatings on parts of various industrial structures.

Table 2. Hardness of stainless steels [20]

Steel u, HV Steel w, HV
12X13 121-187 08X17T 372
40X13 143-229 10X17H13M2T 200

08X18H10 170 12X18H10T 179

For comparison, Table 1 shows the microhardness of metal glasses, which have a defect-free base and
do not differ much from high-entropy coatings [19].

What is the reason for this difference?

To determine the resistivity of high-entropy alloys, an experimental setup was assembled and p (Ohm
m) was measured [21]. It turned out that the specific resistance of the investigated high-entropy alloys lies in
the range (5-7) 10® Ohm m, i.e. slightly different from pw = 5.5 10® Ohm m. According to Ohm's law, the

current density in metals is:

j=env=1/p-E

Whence for the concentration of electrons we have the expression:

n=1/evp-E.,

()
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where the electron charge e = 1.60217662 10° K c; resistivity p = 5 10 Ohm m: average electron velocity
Vcu = 74 10 m/s; the Fermi energy Er = 14 10° J. Thus, the concentration of conduction electrons in the
alloy near the Fermi level is n = 3 108,

We will consider the question of the response of a subsystem of n electrons in high-entropy alloys to an
external action during friction from the standpoint of nonequilibrium statistical thermodynamics. The
electrons in the alloy will be considered as a system of non-interacting particles immersed in a thermostat.
The thermostat is a metal alloy minus n "free" electrons. Quantum transitions during friction, caused by the
interaction of a system of electrons with a thermostat, will be dissipative (with probability P), in contrast to
the interaction during friction (with probability F). Dissipative processes lead to the fact that the secondary
field (system response) is always less than the primary one, which causes the formation of heat during
friction. We will assume that the electron subsystem exchanges only energy with the thermostat. Then the
corresponding ensemble of particles will be canonical. In this case, the expression for the statistical entropy
has the form:

S= —kai Inf;, 3

where fj is the distribution function; k is Boltzmann's constant.
Differentiating (3) with respect to time and transforming, we obtain:

ds k
22 (Inf, —Inf, \P,F, - Pyf;), (4)

where Pj; is the probability of transition from the initial i (with energy E;i) to the state j excited by friction
(with energy E;). For dissipative processes, the principle of detailed balance has the form:

: ()

where g;, g; are statistical weights for the levels E; and E;.
Finally, in [22], we obtained the following formula for the destruction efficiency n of a metal coating:

k2At E. _ c-S _
= -T-—™.n=const-T- -n, 6
n 2AS 1 G° 7-G° ©)

Equation (6) describes the destruction of the coating n proportional to k - the Boltzmann constant, the
change in entropy AS and the time of motion during friction At, the work of friction forces En = A= S, the
concentration of electrons n near the Fermi level, surface energy o, contact area S and vice versa is
proportional to the relaxation time t and the Gibbs energy G° of the thermostat.

The difference in the destruction of high-entropy coatings from stainless steels is in the analysis of
equation (6). It follows from this equation that the destruction of the coating n is proportional to the surface
energy o and inversely proportional to the Gibbs energy G°, that is, the condition  — o/G® — min must be
satisfied. Since the surface energy o for stainless steels is approximately equal to the surface energy of high-
entropy coatings on, that is, ost = on. But the Gibbs energy of stainless steels is approximately 1R and for
high-entropy coatings it is approximately 2R, that is, 0 — o/G° — 1/2. Failure of the coating n can be
calculated as the ratio of the hardness of stainless steels to the hardness of high-entropy coatings using the
formula n — pst/pn. This gives the following result - n — 1/2, which is observed experimentally (Tables 1
and 2). In fig. 8a (according to equation 1) shows an increase in the entropy of mixing with an increase in the
number of elements for equimolar alloys.

It can be seen that the entropy of mixing for the phases of the solid solution increases from a small
value for conventional alloys to a large value for high-entropy alloys of the composition [4]. Based on the
effect of entropy of mixing, it is possible to divide the variety of alloys into three fields, as shown in Fig. 8b.
Low entropy alloys are traditional alloys. High-entropy alloys are alloys with at least five basic elements.



Materials science. 35

Medium entropy alloys are alloys with 2...4 basic elements. The high-entropy effect of activation of the
formation of a disordered solid phase occurs essentially in the field of high-entropy alloys and should be
present to a lesser extent in medium-entropy alloys. Stabilization of a simple solid solution phase is
important for the microstructure and properties that can be obtained in these materials [4-6].

6

£ s | High-entropy alloys
§ /
34 Medium-entropy alloys
o /
% 3 Low-entropy alloys
E / (traditional)
5 2 / AS,,,50.69R
2
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The number of elements in an equimolar alloy
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Fig.8. The increase in the entropy of mixing to the number of elements in equimolar alloys in a disordered state
(a), the division of the world of alloys by the entropy of mixing (b) [4].

Conclusion

High-entropy coatings TiNiZrCuCr, CrFeNiTiZrCu, TiFeCuAlISn, AICrNiTiZrCu, PbCrNiTiZrCu,
CrNiTiZrAlICu were investigated in this work. Such coatings were obtained on an NNV-6.611 setup by
sputtering magnetron targets of the above compositions. These targets were manufactured by mechanical
alloying methods, in contrast to cast targets obtained by metallurgy. Moreover, after annealing in a vacuum
chamber, the samples became nanostructured.

We have shown experimentally and theoretically that the destruction of high-entropy coatings is
proportional to the surface energy ¢ and inversely proportional to the Gibbs energy G°. Failure of the coating
n can be calculated as the ratio of the hardness of stainless steels to the hardness of high-entropy coatings
using the formula n — ps/pn. This gives the following result - n — 1/2, which is observed experimentally.
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In the article, constructions made of orthotropic multilayer composite material, in particular, layered
orthotropic plates are considered. Numerical modeling and analysis of the stress-strain state for the plates are
carried out on the basis of one version for the refined theory of layered plates. The bending problems for plates of
medium thickness and thin multilayer plates of symmetric and asymmetric structures are investigated. All studies
are conducted taking into account the properties of orthotropy and multilayering for the composite material from
which the plates are made. The general algorithm for the numerical calculation of the stress-strain state for
layered plates with orthotropic layers is developed on the basis of the finite difference method. This algorithm is
implemented on a PC by a software package.

Keywords: orthotropic materials, layered composites, layered (or laminated) orthotropic plate, refined bending
theory, transverse shear, deflection, strain, asymmetry, multilayer structure, finite difference method

Introduction

The design of new modern technique and the improvement of technological developments made it
necessary to search and create new materials. Composite materials, in particular, multilayer composites, are a
new type of such materials with a wide range of operational properties that cannot be achieved using
traditional materials. The use of multilayer composite materials in modern apparatuses and devices required
taking into account their structural features, physical properties of the materials used, as well as the creation
of new methods for calculating the stress-strain state of such structures.

The rapid development of scientific and technological progress requires the creation and
implementation of new progressive materials and structures with predetermined properties. Orthotropy is one
of these properties. Orthotropic materials are more difficult to analyze than isotropic materials because their
properties depend on the direction. In orthotropic materials there are two or three mutually perpendicular
axes of symmetry, with respect to which the material properties differ significantly. For example, the
properties of wood material along and across the fibers are very different.

Reinforced concrete (with different reinforcement stiffness in mutually orthogonal directions x and y),
many polymers (plastics, etc.), wood, metal sheets after rolling or upsetting, composites with two families of
threads, layered composites, etc. belong to orthotropic materials. Layered or multilayer composite materials
consist of alternating layers of filler and matrix material. This design is often called a package. The design of
layered composite structures usually contains separate layers of different materials, connected together and
combined into one structure. A layered composite structure has properties that none of its layered
components can possess individually.

In multilayer composite structures, the layers are made of such a material and these layers are arranged
so as to endow the structure with a number of predetermined positive properties. At the same time, the
materials are selected in such a way that, in an optimal combination, they give a qualitatively new type of
construction. Or, in other words, in multilayer composite structures, the layers are arranged so that, under
operational conditions, the structure better corresponds to its functional purpose. Layered composite
structures include layered (or laminated) orthotropic plates.

Layered orthotropic plates are increasingly widely used in various fields of technique, mechanical
engineering and construction. The interest in layered plates is primarily due to the fact that they have a set of
properties and features that qualitatively distinguish them from traditional structures made of homogeneous
materials. The combination of layers in the material makes it possible to obtain a structure that combines
high strength and stiffness with relatively low weight and high technical and operational requirements.
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In practice, structures made of three-layer material are most widespread. Under operating conditions,
such materials are the most rational from the point of view of ensuring a minimum for weight indicators with
the required strength and stiffness. But they do not always meet all the requirements for building structures
and elements of modern technology. The technical, physical and mechanical properties of structures made of
multilayer inhomogeneous materials differ significantly in the thickness of their packages. Therefore, the
features study for the operation of structures made of multilayer inhomogeneous materials in the thickness of
their package by use refined models is important in the design of new innovative lightweight structures made
of multilayer materials. Multilayer plate theories that refine the technical theory should take into account the
strain in the transverse direction of the material and the factors associated with it.

The specific features of soft layers of material in multilayer structures, the joint work of the package
layers under the influence of external loads and the low resistance of the filler material in the transverse
direction give rise to a variety of existing theories [1-12]. Currently, the theory of calculation for multilayer
structures is rapidly developing and improving. However, in practice, when solving specific problems,
difficulties associated with features of multilayer structures arise.

It should be noted that analytical results for structures made of multilayer composite material were
obtained for a limited number of problems. Therefore, approximate numerical methods, the implementation
of which opens up great opportunities for researchers, began to be widely used.

The assessment of the stress-strain state for such multilayer systems is a difficult problem, and in
practice it is not always possible to obtain their solution in a closed form. In this regard, it becomes necessary
to develop an effective numerical calculation, based on a refined theory, which makes it possible to
determine and investigate the components of the stress-strain state for the package layers in an automated
mode.

1. Initial positions, hypotheses, and the plate model

We consider a rectangular layered plate with sides a, and a, (fig. 1), with orthotropic layers and a
thickness H =6, +0,, consisting of an arbitrary number of orthotropic layers. We consider a plate in an
orthogonal coordinate system X;, X,, X3 =Z. The axes X; and X, lie on the coordinate plane and their

directions coincide with the orthotropy axes of the layers. The coordinate plane is positioned arbitrarily along
the height of the plate cross-section. The distance from the coordinate plane to the lower and upper surfaces
of the plate is denoted, respectively, by 5, and &, .

‘Xs

g(x1,X2)

Z !

T
2 =

|

Fig.1. Calculation scheme of the plate

The material layers are numbered from the bottom surface of the plate (fig. 2). The total number of
layers in the package is denoted by n, then we take k =1, 2, ..., n, where k is the number of an arbitrary layer.
The layers in which the coordinate surface is located will be denoted by m. All layers of the plate in
aggregate in thickness form a package of layers.

In the general case, we assume that the structure of the package is formed by layers of different
thickness and stiffness, the physical and mechanical characteristics of which are constant in their thickness.
The number and order of the layers are arbitrary.
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We assume that at the boundary when passing from layer to layer, the static and kinematic conditions
are fulfilled. This corresponds to the operation of their layers without slipping and tearing.

Let a normal load q(X;, X,) act on the upper surface of the plate. The normal load q(X;, X,) varies
according to an arbitrary law. The positive direction of the normal load coincides with the direction of the
normal axis X; = Z.

q(X1,X2)
X3=Z
@)
S L=
m
T Y Y% < ©
/®/ ®
%S b
3 o
@ R
% @ "
Bo

Fig. 2. The cross section of the layered plate

On the plate surface, the boundary conditions take the form
As the main assumptions for constructing a new refined model of the stress-strain state for a layered
plate of an asymmetric structure with orthotropic layers, we accept the following system of hypotheses

2
ol = Giis @i o =—S @i u8 =W. (1)

The given hypotheses are obtained on the basis of the hypotheses proposed by professor
A.Sh.Bozhenov [1], by neglecting a number of factors that insignificantly affect the stress-strain state of
plates.

Here W u y are sought functions of the deflection and shear of the coordinate surface, depending on

the coordinates X, and X, . Gi"3 is the shear modulus of the material for the kth layer of the plate, remaining

components are distribution functions that depend on the transverse coordinate z.

Hypotheses (1) satisfy the conditions for joint operation of layers without separation and displacement,
as well as conditions on the plate surfaces and determine the nonlinear law of variation of transverse shear
stresses and normal transverse stresses in the plate thickness. It is assumed that normal displacements are
equal to deflections.

For the distribution function in expressions (1), we have the foIIowing formulas
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where the constants have the form
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Here and in what follows, the notation introduced in [1] is adopted. For the components in formulas (2)
and (3), we have the following expressions

AK :o,5{|3i'<i @) +GK }; Bk —05BK@+vK)+cK; BK-gK/,

* k k. _
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Based on the accepted hypotheses (1), we construct a linear geometric model of a layered plate and
establish a relationship between stresses and strains.

2. Development of a bending model for layered orthotropic plates with an asymmetric
structure in the thickness

To construct a linear geometric model of a layered orthotropic plate and establish a relationship
between stresses and strains, we use some well-known relations for the three-dimensional theory of
elasticity.

At the same time, we will take into account that for an arbitrary kth layer of the plate, simplified
hypotheses are adopted, they satisfy the conditions for the joint operation of the layers without separation
and displacement, as well as the conditions on the surface of the plate, and determine the nonlinear law of
variation of transverse shear stresses and normal stresses in the plate thickness. Factors such as a transverse
shear in two directions and pressure of layers on each other, as well as orthotropy of layers, will be taken into
account by one shear function.

We determine the transverse shear strain from Hooke's law by substituting the hypothesis expression for
transverse tangential stresses (1). We find normal transverse strains from the last Cauchy relation taking into
account (1).

From the third Cauchy relation, after integrating over z and taking into account formulas (1) and
formulas for the transverse shear strain, we obtain an expression for tangential displacements. Normal
displacements are considered equal to deflections. The distribution functions are determined from the
conditions for the contact of the layers and from the conditions on the coordinate surface.

Tangential strains are determined from the first Cauchy relations, substituting expressions for tangential
displacements in them. Taking into account formulas (1) and expressions for tangential strains, the stress are
found from the generalized Hooke's law.

Received expressions of displacements and strains allow us to construct a geometric model of
multilayer orthotropic plates and determine the components of the stress-strain state at an arbitrary point in
the kth layer. Within the framework of the accepted hypotheses, all equations of the elasticity theory are
approximately satisfied. Thus, the constructed new model describes the three-dimensional law of the change
in the stress-strain state of multilayer plates with an asymmetric structure in thickness. The model is two-
dimensional, since all the sought functions are functions of the coordinate surface.

Equations for the bending multilayer orthotropic plates with an asymmetric structure in thickness are
obtained from the Lagrange variational principle using the relations received on the basis of the accepted
hypotheses. Then, by introducing the force functions, the system of equations and the boundary conditions
are transformed into a mixed form. As a result, a system of three equations of the 12th order is obtained; this
system describes the bending for a multilayer plate of an asymmetric structure in thickness with orthotropic
layers. The system of resolving equations of a layered plate is presented in a transformed form in [1] and in a
mixed form this system takes the following form

2 2 2 2 —0N:
A2 G+ N2 W — (A2~ A2 )y =0;
2 2 2 2 2 2 A 4
A2 p+ (A2~ AW +(AZ - A2 A2 Yy =—qQ; (4)
2 2 2 2 2 —0-
Azs¢+(Ass —Ap)W +(APl—A33 —AP3)Z—0

The system takes into account a transverse shear, a layer pressure, and normal strains. Three functions
of the coordinate surface are unknown; these functions are the function of force, the deflection function, and
the shear function. We have the following relations
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Equations (4) contain differential operators of the 4th and 2nd orders, which are determined from (5)
with coefficients, respectively, A’Jf(j =1,2,3), and B; (i =1,2), depending on the stiffness of the layered

plate. For different values of f and g, the coefficients of the operators take different values, which are shown
in Table 1.

Table 1. Coefficients of differential operators

Value of f e Coe/:f;lflents o Value of g o Coefficients =
F F1 F4-2F; = Ps P13 Py
1S R: R>+R3-Rs R4
2S 1 I2+l3-1s I
13 H; H, Hs
D D11 2(D12+2D65) Dy,
35 RK1 RK> RK;
45 1Ky IK, IKs
23 Cus C14'+C;24 Cos
p Pl,l ,Pl,ZZ i Pzgz
93 Iy I+13+15 s
P1 S 5'122' Sazz
33 Cis C15+Cys Cas

We note that the solution of the obtained systems of equations is possible when six boundary conditions
are satisfied on each contour with respect to the sought functions.

3. Numerical study of the stress-strain state for layered orthotropic plates

The discretization of the system of resolving equations and their corresponding contour conditions [2] is
performed by the finite difference method (FDM) in a rectangular grid. In a compact matrix form, a method
for the group exclusion of the unknown functions at the contour points for the grid domain of the plate has
been developed. Based on the finite difference method, a general algorithm for numerical calculation of the
stress-strain state of layered plates with orthotropic layers of arbitrary structure in thickness is developed and
implemented on a PC by a software package. This software package contains a head program and several
subroutines implemented in the FortRUN language. The flowchart of the head program consists of several
blocks, each of which is a standalone module and performs certain functions. A brief explanation is given
below for these blocks.

Block 1. Input of the initial parameters. For ease of calculation, all dimensional values are given in
dimensionless form.

Block 2. Finding the stiffness characteristics for a layered plate.

Block 3. Drawing up and solving the system of the equilibrium equation for a layered plate.

Block 4. Finding the stress-strain state of a layered plate.

The solution for the obtained systems of equations is possible when six boundary conditions on each
contour are satisfied with respect to the sought functions.

If we turn to history, it is easy to recall that fiberglass and carbon fiber were among the first elements of
layered composites. However, this type of composite structures, qualitatively transformed and widely used in
construction, still needs development and research.

On the basis of the constructed new two-dimensional model according to the proposed numerical
method, the study of the bending problem for hinge-supported, symmetric in thickness, square plates with
orthotropic layers of carbon fiber in a wide range of variations for h/a is performed. These plates have the
following physical, mechanical and geometric characteristics for the corresponding layers of the plates:

- the elastic modulus of the plate layers: E, =25E,, E, =Ej3;

- the shear modulus of the plate layers: Gy, = Gy3 =0.5E,, Gy3 =0.2E,;

- Poisson’'s ratio of the plate layers: vi, =vy3 =v13 =v3, =0.25, v, =v53; =0.01;
- the plate layer thickness: hy =hy =0.5h, h, =0.25h.
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We recall that the elasticity coefficients characterize the physical ability of a material (substance) to
deform elastically when a force is applied to it. The elastic modulus or Young's modulus (E) characterizes
the physical property of the material, namely, the resistance of the material to tension / compression during
elastic deformation. The shear modulus (G) characterizes the ability of a material to resist shear deformation,
that is, it determines the ability of a material to resist a change in shape while maintaining its volume.
Poisson's ratio (v ) is the ratio of the relative transverse compression to the relative longitudinal tension. This
coefficient does not depend on the size of the body, but on the nature of the material from which the structure
is made. In Table 2, the presented values of deflections and tensile stresses in the center of the plate are
compared with the results of known solutions according to the classical theory and to the methods presented
in [3] and [4]. o, is a tensile stress in the outer fiber of the lower layer, o, is a tensile stress at the border

of the outer and inner layers.

Table 2. Values of deflections and tensile stresses in the plate center

h/a Classical Exact solution [3] Solution in Solution according to the | Calculation error
theory trigonometric series [4] | proposed method (FDM)
107w, m | 107w, 107 w, 107w, m w, %
m F11 mpa m G11 mpa G11 mpa N YA
022 022 022 022
217.20 217.44 209.08 3.6
1/2 . 20.41 21.51 40. —
/20 | 690.00 | 820 123.48 8215 123.48 840.56 118.23 2.45 4.25
55.90 56.22 53.95 3.4
1/10 43.12 73.70 —_— 73.93 — 75.85 — —
40.10 40.26 38.46 2.9 4.1
16.59 15.26
1 2.7 - - 2 —_— : =
5 0 925 15.01 956 14.85 - -

11.52 11.97 11.48 3.47
1/4 1.10 4.96 — 5.00 — 5.15 — —
10.61 10.96 10.19 3.8 3.96
5.55 5.57 5.32 414
1/2 0.07 0.81 — 0.80 — 0.85 — —
3.34 3.39 3.21 4.94 3.29

A comparison of the results obtained by the proposed numerical method with the three-dimensional
exact solution [3] and the solution [4] in the entire range of the considered parameters h/a shows a
sufficiently acceptable accuracy of the numerical method for solving plate bending problems. The
calculation results presented in Table 2 also show that the classical theory is not applicable to the problems
under consideration.

A comparison for the results of applying the trigonometric series method and the numerical method
proposed in the article shows that the results of solving by trigonometric series are more accurate. But here we
note two important points.

Firstly, the trigonometric series method is an analytical method. Therefore, this method is more
laborious and takes more time than the proposed numerical method implemented on a PC by a software
package.

Secondly, the trigonometric series method can be used only for a limited range of plate bending
problems, namely, in the presence of hinged support at the plate boundaries. The developed method of
numerical calculation for layered orthotropic plates with arbitrary structure in thickness allows us to solve a
wider range of problems with varying different boundary conditions, the geometric plate dimensions, the
external loads, the thickness of the layers, and their elastic characteristics.

When assessing the reliability of the solutions obtained by the proposed method, the results of an
experimental study for the bending of three-layer plates [5] are of great interest. The experiment was carried
out on plates, the bearing layers of which were made of duralumin. The elastic modulus equals

E,=E,=7 :10° kg/cm2, Poisson's ratio is vy = v, = 0.32, the layer thickness is equal to 0,081 cm. The filler
of the plate was plastic foam, in this case the shear modulus is equal to G, =890.7 kg/cm? and the Poisson's

ratio is v, =0.4. The bending of the plate was considered under a uniformly distributed load. So the
problems were solved according to the proposed method for a number of plates under the action of a
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uniformly distributed load. In the experiment, the maximum deflections were measured. In Table 3, the
results obtained are compared with experimental data.

Table 3. Comparison with experimental data for three-layer plates

Plate parameters Deflections, cm
N Side length Filler thickness Load q Experiment [5] Obtained A%
a’h a=6 (cm) (cm) (kg/cm?) solution
1| 765 112.3 1.306 0.038 0.4267 0.4307 0.93
2 | 974 112.3 0.991 0.0507 0.9119 0.9401 3.09
3 | 67.36 96.6 1.272 0.0507 0.3124 0.3258 5.56
4 | 85.49 96.6 0.968 0.0456 0.4801 0.4901 2.08
5 | 56.14 81.4 1,268 0.0507 0.1829 0.1701 6.9
6 | 714 81.4 0.978 0.0507 0.2845 0.2760 2.98
7 | 49.44 71.2 1.278 0.0406 0.0889 0.0855 1.9
8 | 62.02 71.2 0.986 0.0507 0.1651 0.162 1.7
9 | 38.09 55.8 1.303 0.1268 0.1168 0.1055 9.62
10 | 484 55.8 0.981 0.0761 0.1120 0.0995 11.11

Comparison of the results from Table 3 shows that the differences in deflection values are insignificant
and for a large number of plates does not exceed 6%.

Conclusion

In the article a method for numerical calculation of the stress-strain state for structures made of
orthotropic, layered composite materials based on one modified refined bending theory is presented. When
studying the stress-strain state of a structure, it is necessary to take into account the structure material, the
structure texture, boundary conditions, forces and loads acting on the structure, etc. The physical properties
of the material from which the structure is made and the material texture are taken into account by the
research algorithm. Thus, in hypotheses (1), the conditions for the joint work of layers without separation
and displacement are formulated, and the solution of problems is carried out on layers of multilayer
structures, taking into account the interaction of layers. The physical properties of the material from which
the structure is made are also taken into account by the characteristics of the material, in particular, the
elasticity coefficients (E, G, v, etc.), which are present in the basic relations and equations used.

Comparisons of the results according to the proposed method with known solutions (Table 2) and
experimental data (Table 3) indicate the reliability and greater universality of the developed method for the
numerical calculation of the stress-strain state for layered orthotropic structures based on one modified
refined bending theory.
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With the development of wind power in the world, the issues of joint operation of wind power plants in
power systems become relevant. Modern variable speed wind turbines with are connected to the network through
power voltage converters, which, with their significant integration into the power systems, negatively affects the
transient stability of such systems, the operation of emergency control devices, etc. The problem is caused by the
effect of "decoupling” of the wind turbine generators from the power systems, since the connection of the
mechanical moment of the wind turbine with the power system is lost, its frequency characteristics also change,
the overall inertia of the system decreases, and as a consequence, these phenomena can lead to rapid fluctuations
in frequency and voltage in normal modes, and also an avalanche of frequency and voltage in case of accidents.
In addition, a decrease in the total inertia can contribute to the failure of out-of-step protection systems for
eliminating the out-of-step mode, due to an increase in the slip frequency. In the article, experimental studies of
the implementation of wind power plants in power system to assess the impact of their work on the rate of the
transients.

Keywords: wind turbine, inertia, out-of-step mode

Introduction

The world is seeing the dynamics of the penetration of new renewable energy sources (RES), mainly
wind power plants (WPP). According to the reports [1-2], the total generated capacity of WPP in the world
has more than tripled over the past 10 years and amounts to 651 GW (5.9% of world electricity production).
With an increase in the share of RES, their influence on electric power systems (EPS) increases, which
creates certain challenges in modes control, maintaining the balance of power, stability and reliability of
EPS. Among other things, the problem of reducing the total inertia in EPS is becoming urgent. A decrease in
the total inertia is due to the presence of a power voltage converter in the structures of modern renewable
energy sources (wind turbines of the 3-rd and 4-th types, solar power plants), there are no rotating
mechanisms in solar power plants, and the generators of these wind turbines (WT) essentially become
"decoupled” from power system. In addition, the inertia of the system becomes time-varying due to the
constant change in the power generated by the RES. In emergency modes in systems with less inertia, the
rate of change in frequency and other operating parameters is faster [3-7]. The analysis carried out [6] shows
that for the period from 1996 to 2016 the overall value of inertia in Europe decreased by 20%. Systems with
less inertia can quickly lose their stability in the event of serious accidents, the out-of-step mode in such
systems can be mistaken for a short circuit. Thus, large-scale integration of renewable energy sources
reduces the inertial properties of EPS and creates problems with ensuring its stability. In this case, the
operating systems of emergency control automation, for example, the out-of-step protection (OSP), can be
insensitive to rapidly occurring changes in the EPS.

In accordance with this, the purpose of this article is to evaluate the operation of a WPP consisting of a
Typed WT (with a synchronous generator and excitation from permanent magnets, connected to the EPS
through a power voltage converter) for the change in the total inertia of EPS and the rate of the transients.

1 Assessment of the network total inertia

In the electric power engineering, it is customary to evaluate inertia by the value of H- the constant

inertia of the unit:
2

_E_Jyw
H= S 25 ! )

where Js — total unit inertia, E — Kinetic energy, S— rated apparent power of the unit.
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The total inertia of the EPS Heps is calculated according to:
i H; S
e @

“EPS
where Hi and Si— constant inertia and rated apparent power of the i-th generator, n — total number of
synchronous generators connected to the grid, Sers — full power of the power system, which is equal to the
sum of the rated powers of the operating units.

Along with traditional large synchronous generators, wind turbines have a significant amount of kinetic

energy of rotating masses:

H EPS —

E=Jo?, ©)

where: J —wind wheel inertia, - the angular speed of the wind wheel.

However, in the case of Type 4 WT, this energy does not affect the total inertia of the EPS, since the
mechanical part is separated from the EPS by a power converter. According to (2), the integration of modern
WT into the EPS actually increases the total installed capacity of the Sgps, but the constant inertia remains the
same, which negatively affects the frequency response of the system, since the dynamics of the frequency
change in the EPS depends on the total inertia Heps [7]:

Zh;%g = PME - PEL}: = APgps, (4)
where: fo — set frequency of EPS, f — current EPS frequency, Pwzs, Pecs — full mechanical and electromagnetic
power of EPS units, APeps — increment of power imbalance of EPS at natural frequency f.

The EPS frequency f is inextricably linked with the rotor speed of all synchronous machines of the EPS
and is an electromechanical variable that must be constantly and accurately controlled with the help of
appropriate automation devices. A change in the active power AP in any region of the EPS contributes to a
change in the frequency Af.

2. The EPS model development

As a platform for operating modes simulating and analyzing the impact of WPP on the EPS stability, an
EPS model was developed, the single-line scheme of which shown in Figure 1.

Substation 4

500 kV ,'lﬁ
:

Fig.1. The EPS model
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The EPS model is implemented in the Hybrid Real-Time Power System Simulator (HRTSim). HRTSim
is a hybrid-type multiprocessor software-technical system that combines a set of specialized hybrid
processors (SP) of all significant equipment of the simulated EPS [8-9]. The EPS model contains: Slack Bus,
500, 220 and 110 kV transmission lines, transformers, compensating devices, static and dynamic loads
(synchronous and induction motors), a turbine generator G2 of a rated capacity of 225 MVA and G3 of a
rated capacity of 180 MVA. The WPP is the equivalent of Type4 WT, the SP of which was previously
developed and fully verified by the authors [10-11].

For the research, the following conditions and assumptions were adopted:

1. The aerodynamic model is reproduced by the expression generally accepted in world practice [12]:

P =5 RV Co(Z, ). (5)

2. The wind speed change during the simulation according to [13].

3. The mechanical part of the WT is represented by a two-mass model [14].

4. The model for controlling the pitch angle is based on two Pl-controllers: the reference signals are the
"errors” of the generator power P and the turbine speed w, which are compared with the corresponding
settings [14].

5. The torque regulator is represented by a Pl-regulator, the function of which allows the wind turbine
to work at the point of optimal power (MPPT). The controller is implemented according to [15].

6. The voltage source converter control is implemented according to [16].

7. Protection of Type 4 WT and EPS against overvoltage / current and frequency is not applied, since
the article examines the effect on the asynchronous mode.

3. Case study: Assessment of WPP impact on EPS stability

To assess the impact of WPP operation on the stability of the studied EPS, an emergency situation was
simulated: a three-phase fault at time t = 0.2 sec on the L-2 line with its subsequent disconnection, leading to
a break in the connection of the EPS with the Slack bus, violation of stability and the emergence of out-of-
step mode. The experiments were carried out while replacing the power of the traditional source G3 with the
power generated by the WPP in various ratios, while the total power of the EPS did not change: Pwer = 20
MW (11% of the G3 power), Pweer = 60 MW (33% of the G3 power), Pweer = 100 MW (55% of G3 power)
Pwer = 160 MW (90% of G3 power). According to (1.2), the change in Heps of the total inertia of the EPS
when replacing traditional generation has the following values:

Table 1. The EPS total inertia value for WPP integration.

WPP power level, MW Heps, Sec. AH, sec.
0 8.745 -
20 8.341 0.404
60 7.535 1.210
100 6.728 2.017
160 5.478 3.267

In the investigated emergency state, after disconnecting the L-2 line, the G2 and G3 generators are
electrically connected through: line L-3, group AT at Substation 2 and lines L-4 and L-5. Suppose that an
OSP device is installed on the L-3 line outgoing from Power Plant No2, which measures the angle between
the voltages at the ends of the line, i.e. from the Power Plant No2 and at the end of the controlled area (in our
case, at the opposite of the line end) on the 220 kV buses of Substation 2. Figure 2 shows waveforms of the
mutual angle between the voltages at the ends of the L-3 line.

In the post-emergency state, at the moment of disconnection of the L-2 line (t = 0.5 sec), an out-of-step
mode is observed, the voltage vectors at the ends of the L-3 line turn relative to each other and the controlled
angle & intersects +180°. Turning angle & in the positive direction corresponds to an increase in frequency
and excess power in the part of the EPS connected to the far end of the controlled line. Out-of-step mode also
indicates that the electrical swing center is located on the monitored line.
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Fig.2. The waveforms of the mutual angle of voltages at the ends of the line L-3
a) without WPP; b) WPP rated power 20 MW; c¢) WPP rated power 60 MW; d) WPP rated power 100 MW; ) WPP
rated power 162 MW.

In the process of the development of the out-of-step mode, the rate of increase in the angle difference
rapidly increases with the increase in the share of WPP power in the EPS, in particular, from the moment the
L-2 line is disconnected. A summary is shown in Table 2. With the development of the out-of-step mode in
EPS with traditional generation, the change in the angle & occurs more slowly due to the inertia of
electromechanical processes, however, the replacement of traditional generators WPP, which reduce the
inertia of the EPS, significantly accelerates the process.

Table 2. The time development of EPS out-of-step mode with WPP integration.

WPP power level, MW The time of out-of-step mode development, sec.
0 0.49
20 0.39
60 0.29
100 0.23
160 0.19
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The Figure 3 shows waveforms of the angle 6 (between the EMF) of the generators G2, G3 and the
Slack Bus and the relative angle 623, which characterizes the operation of G2 and G3 in post-emergency
state, when they remain isolated from the Slack Bus.
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Fig.3. The waveforms of the G2 and G3 5 angle between slack bus and waveform of 623 angle between to each
other

At a WPP power of 0 and 20 MW, respectively, rotation of the angle & G3 is observed once, i.e. then
G3 returns to stable operation. In general, a similar situation is observed when, for example, a change in the
angle 8 G3 in a post-emergency state in EPS with a predominant traditional generation occurs more slowly
due to inertia, however, when the power G3 is replaced by the power of WPP, the processes accelerate. In
particular, the violation of the synchronous operation of G3 during the integration of the WPP occurs faster,
and the relative angle 623 also changes faster, which is noticeable from the cycles of asynchronous swings in
the EPS. The summary data on the time for which the stable operation of G3 is disrupted and the time of the
first cycle of out-of-step mode between G2 and G3 in the post-emergency state are given in Table 3.

Acceleration of processes can lead to improper operation of both the OSP device itself and OSP
protection from redundant triggers when the angle & of the protected object is changed, which is not related
to the development of out-of-step mode, since the main sign of the difference between the out-of-step mode
development process and emergency and switching processes is an increase in the operating parameter at the
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current measurement interval by no more than two times in relation to its change at the previous
measurement intervals. Experiments show that the acceleration of processes, in particular the development of
the out-of-step mode and the change in the mutual angle between the voltages at the ends of the L-3 line,
occur quickly enough, which can cause the emergency automation to malfunction.

Table 3. Disturbance of G3 stability and the time of the first cycle of out-of-step mode

WPP power level, Break through time stable Break through time stable Time of the first cycle of out-
MW operation G2, sec. operation G3, sec. of-step mode, sec.
0 0.80 1.25 0.35
20 0.78 1.32 0.35
60 0.78 1.52 0.31
100 0.78 1.29 0.36
160 5.478 3.267 0.28

Conclusions

Experiments carried out in the article showed that with the integration of WPP, the total inertia in the
EPS decreases. Due to the decrease in the total inertia, changes in the out-of-step mode parameters also
occur. In particular, with an increase in the power of the WPP, the development time of the out-of-step mode
and the time during which traditional generators fall out of synchronism decreases, which confirms the fact
that the WPP affects the total inertia in the EPS and the rate of transient processes. In addition, with a
sufficiently high share of WPP power in the EPS, equal to 90% (160 MW), strong fluctuations are observed.

The impact of WPP integration on the change in the total inertia requires the deep analysis. The
directions of the further research will be devoted to the study of the influence of the WPP on transient
processes and the reduction of the total inertia at various locations of the WPP in the EPS. Studies are also
planned aimed at varying the models of WPP and infinite bus models for transient processes in EPS in
various operating modes.
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A three-stage steam-jet ejector EPO-3-200 with a working steam flow rate of 850 t / h is installed at the
Combined Heat and Power Plant-2 of the city of Almaty on heating turbines. In this paper, the replacement of the
existing three-stage steam-jet ejector with a two-stage steam-jet ejector is proposed and substantiated. As a result
of the replacement, they obtained a saving of heat (steam) for their own needs for the production of electrical
energy. It has been established that at a pressure in the turbine condenser significantly lower than 100 kPa, it is
advisable to install a new two-stage ejector EPO-2-80 instead of EPO-3-200. Using the existing calculation
methods, the geometric characteristics of the new ejector were obtained. The working steam flow rate of the new
two-stage ejector is 579 t/ h. In addition, the use of two stages makes it possible to simplify the design and make it
more reliable, and also makes it possible to increase the pressure in the cooler of the 1st stage of the ejector. This
is especially important for cogeneration turbines, which may have a high temperature of the main condensate,
which adversely affects the performance of a conventional three-stage ejector.

Keywords: steam-jet ejector, raising of efficiency, three-stage ejector, two-stage ejector, cooler, mathematical
model, steam turbine.

Introduction

Steam jet ejectors are designed to remove air from condenser and vacuum system; they are among the
most important technical components of condensing systems [1]. We know steam jet multistage ejectors of
various manufacturers (Leningrad Metal Plant (LMP), Ural Turbine Works (UTW), Kharkiv Turbine Plant
(KhTP), Kaluga Turbine Works (KTW)), such as EP-3-700, EP-3-3, EP-3-25/75 and others consisting of
three stages each of which contains a nozzle, a receiving chamber, a diffuser and a cooler [2].

We know a steam jet ejector with external coolers — an equivalent of EPO-3-135 developed by the
UTW, with "external tube bundle" coolers [3]. This ejector solves the main problem of multistage steam jet
ejectors associated with inter-stage vapor-air mixture (VAM) leakages. Based on the analysis of
experimental characteristics of multi-stage steam-jet ejectors of steam turbines, a set of questions was framed
to refine the physical model of gas dynamics in the flow path of steam-jet device and the calculation method
for ejectors, as well as the performance features of intermediate coolers. It has been established that the
cooler efficiency depends on the steam pressure which is determined by the operation of steam jet ejector on
the steam jet stage following after the cooler, the temperature and the cooling water flow rate. The steam
contained in the air-vapor mixture entering the cooler is generally overheated relative to the saturation
temperature of the mixture steam. This is to be taken into account when calculating the cooler. Long-term
operation changes the roughness of walls in the ejector mixing chamber. The effect of such change in the
wall roughness on the ejector characteristic is similar to that of the back pressure of steam jet stage. Up to a
certain value of roughness, the injection factor of ejector stage operating out-of-limit remains practically
unchanged. When critical roughness is reached, the ejector switches to pre-limiting operating mode [4].

The developed and approved design solutions were presented [4] that allow to enhance the ejector
performance. Coolers are designed in separate bodies, so the vapor-air mixture cannot move from high-
pressure zones to low-pressure zones and the maintainability of the units increases. The U-type pipes
compensate for the expansion effect of intercooler pipes and increase the heat exchange area.

In [5-8], the axial position of ejector nozzle was analyzed. The studies mentioned were carried out for
various substances used as working and entrained flows, but not for water and water steam. In [9] the ejector
structural design was analyzed. In many cases, ejectors are designed quite empirically, and the main flow
sections are the only elements of ejector geometry that require design force. Some other elements, such as
the length of mixing zone or the secondary flow inlet angle, are left to a designer’s discretion. A design was
proposed that takes into account the effect of a rim between conical and cylindrical parts. The authors of the
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paper [10] have made the model of steam jet ejector, and then carried out CFD analysis for its geometry. The
inlet status data was verified by evaluating the performance of jet ejector to find the entrainment factor which
was then compared to the experimental data.

Adriano Milazzo and Federico Mazzelli have developed CFD (ANSYS Fluent) model of ejector using
the user defined functions. The scheme is based on a single liquid approach and solves the transfer equations
for a uniform mixture combined with the conservation equations for a number of droplets and volume ratio
of liquid. The model is checked for compliance with a test version of the steam nozzle, and then compared to
experimental data of the steam ejector with a significant volume of resulting liquid phase. The simulation
showed a good ratio, both in terms of mass flow rates and pressure profile data [11]. In [12], a CFD model of
ejector was also developed and an experimental test was carried out in a wide range of operating conditions
for various configurations of the ejector. The study results show that the length of pseudo-shock has a
dominant influence on the entrainment characteristics and geometry optimization. A significant difference in
the length of the pseudo-shock for gas and gas-liquid ejectors was noted. This is due to the fact that the
similarity of viscosity differs markedly in the range of 0.01-1.0, depending on the used primary and
secondary fluids. Therefore, the optimal ‘mixing tube length/diameter’ ratio is approximately 1:2 for
conventional gas-liquid ejectors and 5:7 for gas ejectors. The article [13] presents a mathematical model
describing the flow inside a real ejector. Comparison of calculations with measurements is more than
acceptable, and this method seems to be suitable for similar devices with converging nozzle. An ejector with
different diameters of neck and diffuser can be used to create a new ejector with an increased airflow.

The authors of [14] propose a procedure for optimizing the ejector without taking into account the
region of mixed supersonic flow, and constructs the design curves taking into account the constant ratios of
general temperature, molecular weight and specific heat. In some applications involving high temperature
gases, such as gas turbine facilities, an annular supersonic ejector is more appropriate where annular
injection of the motive gas at the periphery of the flow passage is desired to avoid the exposure of the motive
gas flow nozzle to the high temperature combustion product gases. The design and optimization procedure
for an annular supersonic ejector was developed based on a simplified one-dimensional mixing of a constant
model area and checked using CFD Fluent software.

In [15] the ejector is designed using CRMC method. CRMC ejector provides higher entrainment factor
with the same critical condenser pressure. On the other hand, with the same entrainment ratio, CRMC ejector
can operate at a higher critical condenser pressure. This confirms that the CRMC method improved the
performance of the ejector. A new highly efficient ejector with external coolers EPO-3-80 was calculated,
designed, manufactured and installed at TPP. Experimental studies of the developed ejector were conducted.
Industrial testing was carried out for 1.5 years. Currently, EPO-3-80 ejector is successfully operating as part
of a turbine unit with K200-130 turbine of LMP RF. The author has carried out a comparative analysis of the
characteristics of serial ejectors and a new ejector. It follows from the analysis that the performance (length
of operating characteristic) of new EPO-3-80 ejector is higher than that of serial ejectors. The suction
pressure of the new ejector at low air flow rates is also minimal as compared to serial ejectors [4].

In [16], the ejector performance map is developed. The proposed ejector performance map can be used
in numerical analysis of the ejector system to study the architectures of new cycles based on the ejector
experimental data, thus increasing the accuracy of the system model. This can also help the system design
engineers in making decisions on choosing the ejector system after careful analysis of system performance.

EPO-3-120 ejector is the closest to the new model in terms of its technical essence, its design
corresponds to the utility model patent [17]. The known steam jet ejector is three-stage and includes nozzles,
receiving chambers, mixing chambers, diffusers, reducing pipes and coolers located in each stage in a
successive order along the path of motive steam. The nozzles are designed with a possibility of axial
movement relative to the diffuser. The reducing pipes are located below diffusers. The ejector coolers are
vertical and external, with U-shaped tubes. The coolers are triangular to each other, with equal body
diameters. This engineering solution aims at increasing the reliability and efficiency of steam-jet ejectors for
suction of non-condensable gases from the inner space of condensers of steam-turbine cogeneration plants
(SCP) by reducing the total compression ratio of vapor-air mixture and the consumption of motive steam.
The technical result achieved by the new model of ejector is decreased heat consumption for own needs of
steam-turbine cogeneration plant (SCP).

The object under consideration is the cogeneration turbine T-100 / 120-130-3 of the Combined Heat and
Power Plant-2 of the city of Almaty. The barometric pressure at the station is approximately 100 kPa. The
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turbine is equipped with a three-stage steam-jet ejector EPO 3-200. It is necessary to replace the three-stage
ejector with a two-stage one.

Thus, we obtain a simple and reliable design of a steam jet ejector for suction of non-condensable gases
from steam turbine condensers of heating plants operating at barometric pressure below normal values (B =
100 kPa). Allowing to reduce the total compression ratio of the steam-air mixture and the consumption of
working steam, as well as to reduce the heat consumption for the auxiliary needs of a steam turbine
cogeneration plant (STU), due to the use of two steam jet stages and the installation of intermediate baffles
with sealing elements in the first stage cooler, which ensures high efficiency cogeneration turbine plant.

2. Materials and methods

Calculations were made for the first stages of existing three-stage steam-jet ejector EPO-3-200 and the
new two-stage steam-jet ejector EPO-2-80 (Tabel 1). The initial data for calculation: motive steam pressure
po = 490 kPa, motive steam temperature To = 157 °C, condenser pressure px = 7 kPa obtained from the
calculation according to the developed mathematical model of condenser [18], inlet circulating water
temperature tiw = 22.5 °C, geometrical characteristics of ejector. The calculation was carried out using the
method described in [19], [20]. The Table 2 shows the geometric characteristics of the new ejector.

Table 1. Calculation of the 1-st stages of steam-jet ejectors EPO-3-200 and EPO-2-80

Item Parameter Designation Unit Value
No. EPO-3-200 EPO-2-80
1 Pressure in receiving chamber P, = p, -0.92 [20] Ps Pa 6440 6440
2 Pressure of mixture Py = PS - & Pd Pa 141680 225760
3 Compression ratio € - 22 4.0
Ejector volumetric efficiency
4 V. =G, (t, +273.15) Rair [20] Vi m3/h 8569 6406
(ps — P,)-1000
5 Motive steam consumption G, =G, +G,,, Gs kg/h 519 400
Steam consumption in VAM
6 G, - PuanVn [20] Guam kg/h 261 241
R, (t, +273.15)
Injection factor
7 u=( F 1 &%5@[20] u - 0.8 0.80
F, 0. k. . a, p,
Heat exchanger outlet mixture temperature
8 |t =@ (p) 07+t,-03 [20] tmix C 46 46
9 The amount of steam condensed by the heat exchanger Gs HE kg/h 189 208

Figure 1 shows that the curve of the new ejector is lower. The new ejector will help maintain a deeper
vacuum on the turbine. Figure 2 shows the curve of the 1st stage of ejector sucking off the vapor-air mixture,
depending on the temperature of mixture tmix. The curve of the ejector sucking dry air or vapor-air mixture at
a certain temperature has two different sections. The first section (ab), to a certain section G,", is called a
working section, this is comparatively flat. The second section (bc), G,>G,", is called a shifting section, this
is much steeper. Air flow rate G, is called a maximum operating capacity. The maximum operating capacity
is different in dry air and vapor-air mixture of a certain temperature. For example, for section ab G," =
100 t/h. Resulting from calculations, the curves Ps, = f(Gair) of the 1st ejector stage are plotted for "dry" air
(Fig.1) and for ejector sucking off the vapor-air mixture (Fig.2). Also, the calculation results can establish
the dependence of the injection factor u on the distance from nozzle exit section to mixing chamber inlet
section I (Fig.3). Figure 3 shows that the optimal injection factor for the first ejector stage will be u = 0.8.
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Table 2. Geometrical dimensions of the new ejector EPO-2-80

Item Parameter Designation Unit Value
No. g 1stage | 2 stage
Nozzle throat diameter
1 _ |46 3, [20] der mm 13.9 9.3
¢ 3600 k, - 11. - p, -10°-3.14
2 Nozzle exit diameter d, = lgcr [20] de mm 39.2 16.4
Diameter of the mixing chamber cylindrical section
N 5)0.5 [20] deyl mm 109.1 29.1
cyl cr Fcr
Length of exit ical section of | d, —ds
5 ength of exit, conical section of nozzle |__ :m [20] Le mm 120 34
Distance from nozzle exit section to mixing chamber inlet
. 55.79d
6 | section | = * L L [20] Lok mm 131 40
12.64+d, /(d,, -2)
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3. Results and discussion

Analysis of the operation data on operating modes of turbine T-100/120-130 at Almaty Thermal Power
Plant-2 for 2020 showed that the steam pressure in the turbine condenser was higher than 7 kPa for much of
the year. At the same time, barometric pressure is 92...93 kPa. For such process parameters, the main ejector
was developed which differs from the rated (serial) ejector of T-100/120-130 turbine (EP-3-2 or EPO-3-200)
in @ number of characteristics. The new ejector is two-stage, the motive steam consumption per ejector is
579 kg/h, in contrast to the serial one with steam consumption of 850 kg/h.

The proposed EPO-2-80 steam jet ejector is a series-connected nozzle located in the direction of
movement of the working steam in the corresponding casings of the steam jet stages, communicated with the
receiving chamber, which is connected to the mixing chamber, a diffuser located below and communicated
with the mixing chamber, a transition pipe, which on the one hand it is connected to the diffuser, and on the
other hand it is connected to the shell-and-tube cooler. The cooler is made remote in a vertically located
housing, inside of which U-shaped heat exchange tubes are located, characterized in that it contains two
steam jet stages, the bodies of which are located vertically. The cooler of the first steam-jet stage and the
cooler of the second steam-jet stage are connected in series through the cooling water. Condensate is
supplied to the water chamber of the first stage cooler, and the condensate is removed from the water
chamber of the second steam jet cooler. The calculations resulted in a two-stage steam-jet ejector EPO-2-80

(Fig. 4).

2|

i
fj/r

14

|8 15 1C

Fig.4. Steam-jet ejector EPO-2-80:

A - steam-air mixture supply, B - cooling water outlet, C - cooling water supply, D - air exhaust, E - working
steam supply, 1 - first stage cooler, 2 - second stage cooler, 3 - first steam jet, 4 - second steam jet, 5 - steam line, 6 -
working nozzle, 7 - receiving chamber, 8 - mixing chamber, 9 - diffuser, 10 - reducer, 11 - U-shaped tubes, 12 -
intermediate partitions, 13 - tube sheet, 14 - water chamber, 15 - support frame

The new steam-jet ejector is distinguished by its intermediate baffles made in an annular shape; sealing
elements are made as sealing collars; sealing elements are made of fluoro plastic; sealing elements are fixed
along the outer diameter over total circumference of the annular intermediate baffle; the sealing elements are
bolted to the intermediate baffles and fitted with a metal base.

The technical and economic effect of the new ejector was assessed in comparison with the serial one.
This effect consists in saving heat (steam) of own needs for electrical energy production. According to the
operation data of Almaty Thermal Power Plant-2, motive steam is supplied to the main ejectors of T-100/110-
130 turbine from the general station steam collector at 1.3 MPa. Steam is supplied to this collector from the
production extraction of turbine PT-80/100-130/13 or ROU 130/13. The new main ejector will reduce the
steam consumption by 271 kg/h as compared to the serial ejector.

When the steam from extraction of PT-80/100-130/13 turbine is supplied to the collector, the new
ejector consumes less steam heat by 168 kW (0.144 Gcal/h). Then PT-80/100-130/13 turbine can generate
43.2 KW of extra power by saving steam for the main ejector of T-100/120-130 turbine. Thus, thanks to the
new ejector, we saved 84 tons of oil equivalent (t.f.e).
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If live steam enters the general station collector, then the savings from the new ejector can be calculated
based on the characteristic of PT-80/100-130/13 turbine in condensing mode. Savings from the new ejector
will be 70.6 kW. The new ejector will save 137 tons of oil equivalent (t.f.e). The effect obtained does not take
into account the increase in turbine power due to a very likely decrease in condenser steam pressure
(deepening of vacuum) with a new ejector installed which has a higher volumetric efficiency as compared to
serial ejectors. Vacuum deepens at partial steam flows in the condenser and increased air inflows in the
vacuum system in excess of the standard values. The presented analysis was performed without taking into
account the cost of ejector replacement. To assess the effectiveness of the project for modernization of T-
100/120-130 turbine at Almaty Thermal Power Plant-2, a feasibility study is necessary.

The new two-stage steam-jet ejector is designed for exhaust air compression ratio ¢ = 3.5...4.0.
Comparison of the new model with the prototype reveals the following distinctive features:

- two steam-jet stages;

- vertically arranged bodies of two steam-jet stages;

- the cooler of the first steam-jet stage and the cooler of the second steam-jet stage are connected in
series through cooling water.

Distinctive features of the proposed utility model allow to conclude that it meets the "novelty" criterion.
The new steam jet ejector is made of materials known in the industry, structural units and parts, which are
connected into a single structure by assembly operations and are in a structural unity. All this ensures the
achievement of a technical result. This allows conclude the proposed model meets the criterion of "industrial
applicability".

Conclusion

To save steam for own needs, it was proposed to replace the existing three-stage steam-jet ejector at
Almaty Thermal Power Plant-2 with a two-stage ejector. Calculations were carried out for the 1st stage of the
existing three-stage ejector EPO-3-200 and two-stage ejector EPO-280. Geometric characteristics of the new
ejector were obtained. The curve of the 1-st ejector stage for "dry" air was plotted. The curve of the new
ejector is lower; this ejector will probably maintain a deeper vacuum on the turbine. The curve is plotted for
the 1st stage of ejector sucking off the vapor-air mixture, depending on the temperature of mixture tmix.

The dependence of the injection factor on the distance from nozzle exit section to mixing chamber inlet
section was plotted. The optimal injection factor for the first ejector stage will be u = 0.8. The advantage of
the new model is that, with the same productivity for exhaust dry air, the analogue and the existing ejector
consume 1.5 times more motive steam than the declared design.

In the proposed design of the new ejector, the steam pressure in the first-stage cooler is higher than in
the existing and existing ejectors, which makes it possible to reliably operate the ejector at condensate
temperatures 10 ... 15 © C higher than the existing and existing ejectors.

A utility model patent for a two-stage steam jet ejector was obtained. The technical and economic effect
of the new ejector was assessed in comparison with the existing one. The new main ejector will reduce the
steam consumption by 271 kg/h as compared to the serial ejector. When the steam from extraction of PT-
80/100-130/13 turbine is supplied to the collector, the new ejector consumes less steam heat by 168 kW. In
this case, the new ejector will save 84 tons of oil equivalent (toe).

If live steam enters the general station collector, then the savings from the new ejector can be calculated
based on the characteristic of PT-80/100-130/13 turbine in condensing mode. In this case, the new ejector
will save 137 tons of oil equivalent (toe). To assess the effectiveness of the project for modernization of T-
100/120-130 turbine at Almaty Thermal Power Plant-2, a feasibility study is necessary.
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This article investigates the aerodynamic characteristics and finds the critical angle of attack of a triangular
sail blade of a wind turbine for low wind speeds. For this purpose, a triangular sail blade of various parameters
has been developed. The prototype is made of metal frame rods, the material of the triangular sail blade consists
of a light and durable material (silk), one end of which is fixed to the top of the frame with a strong thread and
support rods and bearing with an inner diameter of 8 mm. A sail blade differs from other blades in that the sails
are made with the ability to change the angle of attack using a movable thread. To determine the critical angle of
attack, the aerodynamic forces of the sail blade were investigated at different angles of attack 0°; 15°% 30°; 45°,
60°; 75% 90°. From the data analysis, it was found that the critical angle of attack is 15°, at which the value of the
lift is maximum. Furthermore, at the critical angle of attack, the dependences of the lift and drag force on the air
flow velocity were established, the value of which varied from 4 to 12 m/s.

Keywords: sail, wind power plant, flow speed, aerodynamic force, wind tunnel T-1-M, angle of attack.
Introduction

The wind has been used to generate electricity since the 10s-20s of the twentieth century. Although,
wind energy began to develop since the 90s of the previous century by the 21st century the development
acquired a significant impetus and has now accelerated.

Today, wind turbines are one of the most affordable forms of energy production without the use of
fossil fuels. Wind occurs due to uneven heating of the atmosphere surrounding the planet Earth, unevenness
of the earth's surface, and air movement relative to the earth's surface, mainly in the horizontal direction.
Therefore, the wind is found in all areas of the Earth. The wind generators' first prototype was windmills,
which convert wind energy into mechanical energy. With the invention of electric machines, it was possible
to convert wind energy into electrical energy.

Wind generators do not require additional costs after their installation if not taking into account the
failure of power equipment and breakdowns in the mechanical links of the wind generator. Concerning the
environmental aspect of wind energy, the annual installation of a 500 megawatt (MW) wind farm capable of
generating 1.5 million MW of energy per hour will prevent emissions of 1.5 million tons of greenhouse
gases, 12 thousand tons of sulfur oxide, 7.8 thousand tons of nitrogen oxide, 12.6 thousand tons of ash and
420 thousand tons of solid waste.

The average annual wind speed in 10% of the territory of Kazakhstan will be 6 m/s and higher, which
will contribute to the better development of wind energy in the future. Wind energy potential in Kazakhstan
is about 1,820 billion kWh per year [1].

The climate in Kazakhstan is favorable for the construction of wind farms due to wind corridors with a
wind speed of more than 5 m/s, which is necessary for the operation of wind turbines [2].

The main important part of the wind turbine is a blade. The blades of a wind generator are a complex
and basic element of the device, which determines its technical parameters, the possibility of installation in
one place or another, and its geometric dimensions [3].

The wind affects the blades of the generator and this force, or in other words thrust, acts in the direction
of the air flow. In turn, a lifting force acts perpendicular to the thrust force, which is exactly what works in
wind generators with a horizontal axis of rotation.

In [4], the drag force values were determined as a function of various parameters. A distinctive feature
is that the sail blades have small geometric dimensions.
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A known invention [5] aims to increase the windage of the blades and increase the efficiency of using
wind energy.

There is also an invention [6], a method and device of Volkov's system to produce energy by the
"Parachute capture” method. The method of generating electricity consists in the fact that the rotation of the
wind generator blades is carried out due to the wind captured with the help of the concentrator-diffuser
system installed on the rotary axis with the ability to rotate in the wind, forming a Laval nozzle in the
longitudinal section, in the narrow part of which the wind wheel is installed, and provide creating a lift in the
concentrator-diffuser.

The article [7] sets out the foundations of a sailing wind turbine theory. The calculation of a sail-type
turbine is presented. The resistance of a blade in the form of a rectangular plate at slight bevel angles  0° <
a < 20° of a four-blade turbine is determined.

In article [8], the performance coefficients of the sail model and the optimal sail angle are determined
based on the results of tests in a wind tunnel.

The authors of [9] provided a detailed overview of the various features of leeward sail flow, including
the effect of separation bubbles and vortices at the leading edge.

The authors of this work have developed a sail-type blade of a triangular shape. The developed sail
blade presented in this work was tested at speed in the range of 4-12 m/s.

The purpose of this study is to use wind turbine blades with a dynamically changing shape of surfaces,
made in the form of a flexible triangular sail with a movable end, as power elements.

1. Research methodology

One of the most important aspects of understanding when learning how a sail works is understanding
the acting forces.

The main aerodynamic forces that act on the sail blade during air flow are the lift and drag forces. As
shown in Figure 1, these are the perpendicular forces that play a decisive role in the propeller's rotation.

The drag force Fq is the force parallel to the sail, which is essentially the force that changes the direction
of the wind and pushes the propeller sideways.

The lift force F; is the force perpendicular to the sail that provides energy forwards to the sail. Since the
lift is directed forward, the wind wheel uses this force to rotate. This is precisely the energy our sailing wind
turbine needs to rotate, so it is essential to figure out how to eliminate any other force or circumstance that
prevents it.

The resulting force R is the total component of the aerodynamic forces affecting the sail blade when
flowing around with an air stream.

Angle a is the angle of attack, that is, the angle between the jets of the undisturbed incoming flow and
the chord (the straight line connecting the extreme points of the sail or fin section).

In order for a lifting force to appear on the sail blade, it should have a given profile and be located to the
incoming air stream at a certain angle of attack.

Experiments show that at a certain angle of attack, the boundary layer is separated from the leeward
surface of the sail, and with a further increase, an extensive vortex cavity is formed. This is accompanied by
a drop in rarefaction and its redistribution along the sail chord; as a result, the lifting force of the sail drops
sharply, and the drag increases.

The angle of attack that provides the maximum coefficient of the lift is called the critical angle of
attack. This is also called the "stall angle of attack™. Below the critical angle of attack, the lift coefficient
decreases as the angle of attack decreases. Conversely, above the critical angle of attack, when the angle of
attack increases, air begins to flow less smoothly along the upper surface of the profile and begins to separate
from the upper surface. With an increase in the attack angle on most profiles, the point of separation of the
flow from the upper surface moves from the trailing edge to the leading edge. At a critical angle of attack,
the flow on the upper surface is more split and the airfoil or wing provides maximum lift. With a further
increase in the angle of attack, the upper surface flow becomes more divided, and the lift coefficient further
decreases.
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Fig. 1. Location of aerodynamic forces when air flow around the sail blade

Figure 2 shows the mechanism for influencing the air flow on the sail blade, depending on the angle of
attack.
R

a) b) <)

Fig. 2. The location of the sail blade relative to the angle of attack:
a) o.=0+30°b)a=30+60° c)o=060~+90°.

As could be seen from the figure, with an increase in the angle of attack from 0° - 30°, the lift increases
sharply, while the drag remains practically at the initial level. In the range of angles of attack of 30° - 60°, the
lift ceases to increase, but the drag force begins to grow strongly, and the resulting total force increases.
Finally, at 60° - 90°, the lift gradually disappears, and the drag increases slightly, reaching a maximum.
However, the entire force tends to decrease due to the disappearance of the lifting force.

For the study of aerodynamic forces, a prototype blade with a dynamically changing shape (a sail) was
created. The prototype is made of metal frame rods, the material of the triangular sail blade consists of a light
and durable material (silk), one end of which is fixed to the top of the frame with a strong thread and support
rods and bearing with an inner diameter of 8 mm. Fixed to the rack with support rods.

Several prototypes of elastic, lightweight, and durable blades were tested to create an actual wind
turbine design with sailing blades. The material is polyester with a high density, also has a large roughness of
the streamlined surfaces. The elasticity and lightness of the raincoat fabric material provide surface
flexibility that lends itself well to fluctuations in the air flow, which reduces its resistance. An estimated
comparison of the resistance of a solid triangular plate of a similar area showed significantly greater
resistance than that of a movable, self-regulating triangular sail shape.

A sail blade differs from other blades in that the sails are made with the ability to change the angle of
attack. Figure 3 shows a prototype of a dynamically variable blade shape.
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Fig. 3. Laboratory layout of a sail blade with dynamically variable form:
1 - wind turbine blade with a dynamically variable surface shape, 2,3,4 - frame, 5 - adjustable flexible attachment
of the movable end of the blade, made of solid thread, 6 - wind direction

A number of studies have been carried out to determine the aerodynamic characteristics of a prototype
sailing blade with a dynamically variable shape. All experimental tests to determine aerodynamic
characteristics were carried outina T - | - M wind tunnel.

In the experiments, the laboratory sample of the blade was air flowed at different speeds. Figure 3
shows the location of the model of the blade sample in the test section of the T-1-M wind tunnel (laboratory
of aerodynamic measurements). The flow velocity varied from 3 m/s to 12 m/s.

In the experiments carried out, a three-component aerodynamic balance of the mechanical type was
used, Figure 1.

The main units found in all designs of aerodynamic scales are: 1) a supporting device that connects the
model installed in the flow to the scales; 2) a system of decomposition of the forces and moments perceived
by the model into their components; 3) weighing elements for reading measured values; 4) a device for
changing the angles of attack and sliding of the model.

The accuracy of determining the aerodynamic coefficients significantly depends on the suspension's
design. Therefore, for greater accuracy of measurements made on balance, the design of the supporting
devices must meet two conditions:

1) the aerodynamic forces acting on them (primarily the frontal resistance force) should be small
compared to the forces acting on the tested model;

2) it should distort the incident flow around the model less.

2. Research results

To determine the critical angle of attack, measurements were made of the lift and drag force of the
reduced size sail blade on the wind speed.
Figure 4 shows a graph of the drag force dependences and the lift force on the angles of attack of the
sail blade at 12 m/s.
FL/Fd.

A

/\Fl

Fig. 4. Dependence of the aerodynamic forces of the sail blade on the angle of attack at 12 m/s.
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As could be seen from the figure, with an increase in the angle of attack, the sail blade flows around
smoothly, the vacuum on the leeward side of the blade increases, and the zone of increased pressure extends
from the point of complete deceleration to the entire lower surface of the sail. As a result, the lifting force
rises to 6 N.

With an increase in the lifting force, the drag also increases, determined by the frictional force in the
boundary layer and the pressure force generated by the pressure difference in front of the sail and behind it.
The stream flowing around the sail deflects downward. The greater the angle of attack, the greater the flow
deviation. With an increase in the angle of attack to 90°, the boundary layer grows and turbulizes, and the
flow begins to stall from the surface of the sail blade. The lift starts to decrease and then drops sharply due to
the intense stalling of the flow at an attack angle from 15 to 90°.

At an angle of attack of 15°, the sail blade has a maximum lifting force; therefore, this angle of attack is
critical for the sail blade. As the critical angle of attack approaches, the increase in drag accelerates due to
the incipient flow stall.

Figures 5 and 6 show the aerodynamic forces at the critical angle of attack of the sail blade.

FL.H

DOV, s

Fig. 5. Graph of the dependence of lift on air velocity

Fd.H

)

2 Yy M5
Fig. 6. Graph of the dependence of the drag force on the air flow rate

The obtained dependences show the proportional dependence of the lift force and the drag force of the
blades on the flow velocity. The maximum lifting force at an angle of attack of 15° is 6 N., and the maximum
drag force is about 5 N.

Conclusion

Based on experimental studies of the aerodynamic forces of a triangular blade of a wind turbine for low
wind speeds, the following optimal results were obtained:

- it has been established that the critical angle of attack for a triangular sail blade is 0 + 15°, at which the
maximum value of the lifting force and the minimum value of the drag force is observed. With a further
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increase in the angle of attack, the lift ceases to increase, but the drag force begins to grow strongly. This
phenomenon is explained by the turbulization of the boundary layer.

- the dependences of the aerodynamic forces of the sail blade on the air flow speed at a critical angle of
attack of 15° were obtained.

- it is determined that the maximum value of the lifting force at an angle of attack of 15%is 6 N., as well
as the maximum value of the drag force is about 5 N.
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The article reviews the possibility of using the hydrostatic generators of oscillators with nonlinear power
elements (elastic shells) as part of the structures of various test benches in the field of mechanical tests for
vibration strength and vibration resistance, as well as when testing with external and internal pressure. The
hydrostatic generator of non-periodic pressure impulses for engineering products testing is a new patented
technical solution in the field of testing machines. The ratios of the angular velocities of the shafts, which provides
the movement of the operating fluid into the actuator of the test bench in the form of a non-periodic function and
with impulses varying in amplitude in a random manner were obtained. It makes a continuous and non-repetitive
sequence of pressure impulses and corresponds to the operation of the tested objects in real conditions. The
random nature of the amplitudes settings is provided by signals controlled from electric generators through
controlled hydraulic valves. The development of a hydrostatic generator with a power element in the form of an
elastic shell is represented by a hydromechanical diagram of a generator of hon-periodic pressure impulses with
corresponding kinematic and dynamic dependencies. In addition, there were developed three hydro-mechanical
systems with the use of a new hydrostatic generator for engineering products testing both for mechanical random
vibration and for testing the external and internal pressure of engineering objects that operate in such conditions.
The result of the research is the expansion of the range of systems and methods for the test processes
implementation under random non-periodic force effects on various engineering objects.

Keywords: hydrostatic generator, non-periodic pressure impulses, technical products, testing.

Introduction

The vibration damage on mechanisms, hydraulic and pneumatic devices, electronic and radio relay
devices, on-board computers and other mechanical and electrical devices is due to the resonance phenomena.
The dynamic loads arising in this case lead to functions disorder and mechanical breakdowns of structural
elements of such devices: wire breakage, leakage, short circuits, electrical contacts breakdown, breakdown of
various frames, racks, brackets, etc. [1-3]. About 70% of failures of such and similar products in mechanical
engineering are the results of vibration [3-10]. The use of hydrostatic generator of oscillators with nonlinear
power elements (elastic shells) in the structure of testing and a number of technological machines makes it
possible to implement a variety of controlled processes. Such dynamic systems are used, for example, in
technological processes of vibration transportation and vibration segregation of bulk materials [1], in the
systems for dynamic damping of harmful vibrations [2]. They are very promising in the field of engineering
products testing for vibration strength and vibration resistance [11-13].

At present, many technical instruments and devices are being developed for various underwater
technical objects, which require testing of a large number of instruments and apparatus at high external
pressure with variable pulses [14-19]. This is a new application of the developed hydro-mechanical systems
for mechanical effect testing, as well as external and internal variable pressure impulses [20, 21].

The purpose of the research is to synthesize a hydrostatic generator with a power element in the form of
an elastic shell to create non-periodic pressure impulses for different type’s machines testing.

1. Hydrostatic generator of non-periodic pressure impulses

To create non-periodic pressure pulses, there are power section and a control system in the hydrostatic
generator (Fig. 1). The basis of the power section is an elastic shell 1 (high pressure hydraulic hose), clamped
between the plates of the plungers 2 and screw pairs 3, and fixed in the generator housing. On one side (top),
a connection fitting is inserted into it, by which the generator is connected to the hydraulic line of the
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operating mechanism, and on the other (below) — a high-pressure valve 4 with a conical shut-off element,
which, if necessary, provides a hermetic shut-off of the hydraulic line of the regulated pump 5. When the
valve 4 is open, a given volume of operating fluid is pumped through the shell per unit time. The pump valve
5 provides adjustment of the pressure in the shell and the hydraulic system of the actuator.

Eccentrics 6 with equal eccentricities are located between the pairs of plungers. Rolling bearings 7 are
placed on the surfaces of the eccentricities. With the "neutral™ position of the eccentrics (see the left and right
pairs of plungers), there is a minimum clearance between the ends of the plungers and the bearings, which
excludes simultaneous contact of the eccentric with two plungers at once.

oz

16

Control system

[

I

[

J;E:,\

To the hydraulic line

,

Power part of the actuator

N

Shell section

lx

!

L

15

O :
‘w‘ T

R R
o o =ie | C )

. p— — g

Fig.1. Hydromechanical diagram of the hydrostatic generator.

Gears 8, 9 and 10 are fixed on the eccentric shafts, which are in engaged with each other, while the ratio
of the numbers of teeth of the gears 8 and 9, as well as the ratio of the numbers of teeth 9 and 10, are infinite

non-periodic fractions, for example:

)
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Obviously, the angular speeds of the gears will also be related

D _ AT 0.9592 @3)
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This is a key feature of the generator, since from the moment of its first start-up, such a relative position
of the eccentrics, as shown in Fig. 1, will no longer be repeated, however, like any other of their relative
position.

The drive of the eccentric gears is carried out through the drive gear 11, rotating at an angular speed o,
connected to the gear 8 and the shaft of the hydraulic motor 12. The drive gear has a flywheel on its shaft,
which eliminates the pulsation of the angular velocity of rotation. The hydraulic motor 12 through the gear
system provides the reciprocating movement of the plungers and the operation of the generator. The
hydraulic motor is driven by a variable pump 13 equipped with a safety valve. Hydraulic systems of the
generator both in the power section and in the control system are shown in a simplified manner.

The shell in each pair of plunger-screw has a preliminary compression h. Preliminary compression can
be changed by turning the screws 3 in the range hmax...hmim Using rotary hydraulic cylinders 14. The rotary
hydraulic cylinders 14 are controlled by on-off valves 15. On-off valves 15 are controlled by generators of
random signals (not shown in Fig. 1). The maximum duration of the signals t income at the valve coils is due
to by the time required for a complete rotation of the shaft of any of the hydraulic cylinders 14. But it can
decrease randomly, like the very alternation of these signals. The operating fluid is supplied to the hydraulic
line 16 from the unregulated pump 17 in such way that it is enough for the simultaneous operation of all
rotary hydraulic cylinders for a time t. But such a coincidence when simultaneously all generators of random
signals produce a signal with a maximum duration of t is extremely unlikely. At any arbitrary period of time,
the pump flow is excessive. Therefore, it is equipped with an overflow valve 18, which transfers excess
operating fluid to the tank.

Due to the abovementioned minimum clearance between the ends of the plungers and the bearings of
the eccentrics, the operating stroke of each plunger (up and down) and the displacement of the liquid from
the shell correspond to the rotation of the eccentric by 165...170°. Thus, if the preliminary compression of
the shell h on any of the plungers does not change and has a maximum value of hma, then the minimum
volume of the operating fluid wmim displaced by it will be repeated with each revolution of the corresponding
eccentric (Fig. 2). In this case, a pause takes place along the abscissa axis w1+t (upper plunger). The operating
stroke of the opposite (lower) plunger is performed antiphase and there is also a pause in this movement.

w Wmax
Upper plunger

Pause

T

B
21
\/ Lower plunger
\4

Fig. 2. Intervals between the volume impulses at different degrees of compression of the elastic shell

Thus, one period is equal to the time of one revolution of the eccentric and is a sum of four pauses t,
and the time tq for displacing the volume w, which corresponds to one pressure impulse:

T=t,+1t,
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but it can vary over a wide range by changing the feed of the variable pump 13, and the angular speed of
rotation of the driving generator gears 11 (Fig. 1). Let us consider another key element of the hydrostatic
generator. It is the ability to regulate the volume of the operating fluid displaced from the shell w by
changing the upfront pressure build up h.

Let us introduce the concept of the kinematic characteristic of the elastic shell, which is the main power
part of the generator of non-periodic impulses. The full volume of pump 5 (Fig.) 1 is passed through the
elastic shell. The elastic shell together with the plungers, provide a non-periodic supply of volumes of
operating fluid and make it possible to control their value. The kinematic characteristic is the dependence of
the displaced volume w on the relative radial deformation of the shell x (see the shell section Fig. 1) without
taking into account the effect of pressure.

The indicated dependence is quadratic, so omitting the intermediate formulas, we write:

W= ax+a,x’, (5)
where a1 and a; are the coefficients of the kinematic characteristics that determine the range of regulation of
the amplitude W of the displaced volume (Fig. 2):

alzn-{g(d—h%%(d—h)z}, (6)

a,=0.25n-(B+d—h), (7

where B is the length of the compressed section of the shell, d is its outer diameter, which does not change
with the increasing of internal pressure, h is the preliminary compression set by screws 3 (Fig. 1).
The limits of variation of the parameter h have design constraints:

hmax = d - e, (8)
hmin = d — 0.5do + e, (9)
where do is the inner diameter of the shell.

Thus, the larger the standard size of the shell (high pressure hose), the wider the range of regulation of
the amplitude W of the displaced volume. In addition, when pressure increases, the inner diameter increases
as well, and this expands the h regulation range.

Moreover, only in the «neutral» (initial) state their phase positions will be equal:

Q1= 3= @2=0,
and with the beginning of rotation, the phase relations will change and during a very long time interval t the
ratio of the current values:

@0 _ D 6950 @) _ @2 9608
P,1) o, ;) o,
remain infinite non-periodic fractions.

Obviously, time between pressure and volume impulses generated by the plungers are never exactly the
same because the ratios of the angular velocities of the eccentrics are expressed in infinite periodic decimal
fractions. Therefore, the total volume of liquid displaced by all plungers is a non-periodic (random) sequence
of impulses. The estimated graph of the total liquid volume random time changes are shown in Figure 3. The
graph shows the possible behavior of the operational liquid displaced by the plungers at one period.

W

T

Fig. 3. Graph shows the frequency at which the volume of liquid displaced from the elastic shell of the generator
of non-periodic pressure impulses
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The period corresponds to the full revolution of the eccentric which rotates with the angular velocity w.
In the next period, the impulse sequence will be different. Harmonic analysis of such sequences gives a
continuous spectrum of harmonics, which is constantly changing in the ratio of amplitudes and frequencies
over time [20].

2. The use of generator in testing machines.

A large number of failures in mechanical engineering products are caused by vibration that occurs
during the operation of their own power plants, from transport vibration and other reasons. At the same time,
heavy dynamic loads can lead to functional disorder of hydromechanical, pneumatic, electrohydraulic and
similar devices (vibrostability loss) as well as to mechanical breakage of structural elements of such devices
(vibration strength loss). Before these products will be sent into mass production, they must be tested under
extreme conditions [22-28].

There are several methods to test for vibration:

¢ the method of gradual increase of excitation frequency;

¢ the method of amplitude-modulated oscillations, etc.

The best effect is given by the tests carried out in a random vibration mode [19, 20], since any technical
object and its elements vibrate at a spectrum of natural frequencies resonating to the continuous spectrum of
the harmonics of the exciting impulses .

Figure 4 shows a simplified hydraulic diagram of a bench for technical products testing for
vibrostability and vibration strength with a hydrostatic generator of non-periodic pressure impulses 1. A
hydraulic motor 2 and an adjustable pump 3 rotate its eccentrics.
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Fig.4. Hydraulic diagram of the bench for testing the technical objects

Pump 4 is designed to fill the generator, hydraulic lines connected with it and the actuator — hydraulic
cylinder 5. When a set initial pressure is reached, the pump is turned off, and the hydraulic lines are closed
with sealed valves 6 and 7. After starting the generator, the pressure impulses enter the piston holes and
cause random oscillations of the hydraulic cylinder table. The test object 8 (TO) is fixed on the hydraulic
cylinder table. The hydraulic and pneumatic accumulator 9 maintains an average pressure, compensating for
leaks of the operating fluid in the rod end of the hydraulic cylinder, and the pressure gauge 10 serves to
control the average pressure Pay.

To eliminate the influence of the impedance of the actuator moving part, its natural frequency should be
beyond the frequency range covered, and the stiffness of the oscillatory system, determined mainly by the
volumes of fluid contained in the both hydraulic cylinder holes:

E
c=cg +2F —,
WO
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should be maximum (csp is the total stiffness of the springs, F is the area of the piston, E is the elastic
modulus of the fluid, Wy is the volume of fluid in the holes of the hydraulic cylinder and adjacent lines).

The volume of the piston holes of the hydraulic cylinder and the volumes of the hydraulic lines should
be minimized in design, and the natural frequency of oscillations of the hydraulic cylinder table fo, taking
into account the added mass of the test object, should exceed the upper limit of the frequency range fmax by at

least an order of magnitude:
2
fO:i _1 | csp+2F2E >10f s (10)
2n\[\ (m+m,) W,

where m is the mass of the moving parts of the hydraulic cylinder, m,, is the mass of the test object.

Not only mechanical vibration can lead to failures of elements of hydraulic systems of machines and
equipment, but also pressure pulsation that occurs when external loads are abruptly removed from the
operating equipment of machines, when occurs hydraulic shocks of various origins, with the occurrence of
resonant vibrations in hydraulic devices, etc. Hydraulic jump and non-periodic sequences of pressure
impulses as mechanical factors can lead to dynamic loads. They can cause not only failure of normal
functioning (vibrostability loss) and even mechanical failure of such elements (vibration strength loss).

A special bench based on a hydrostatic generator of non-periodic pressure impulse which is shown in
Fig.5, can be used for testing hydraulic devices, hydraulic panels, hydraulic units, as well as high-pressure
hoses when loaded with pulsating pressure.

The drive
of thegenerator
3 ! 8 7 Pydraulic devices
\ and hydraulic units
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system I-E TO
Power 5
hydraulic systems

Fig.5. Hydraulic diagram of the bench for testing of the technical products by internal pressure.

Analogically to the described above test bench, the present one also operates with one main power unit
that is also the hydrostatic generator 1. The generator is connected to rotary hydraulic cylinders and
electrohydraulic valves are included in the hydraulic control system. The hydraulic motor 2, which is
connected to the pump 3, rotates the generator eccentrics. There is a pump 4 that fills the generator, hydraulic
lines and the connected test object, but it also creates a flow of operating fluid under the operating pressure
of the test object created by the back-up valve 5. When valve 6 is opened, the flow of high pressure operating
fluid is passed through line 7 to the technical product under test. The flow of operating fluid subjects it to a
continuous sequence of non-periodic impulses. The impulses are formed during the operation of the
generator. Pressure gauge 8 controls the pressure level.

During the tests, the constant operation must be provided for the hydraulic distributor, valve, hydraulic
lock, or a set of elements of the hydraulic panel or valve body as an integral unit and the same ways as in
normal conditions. In recent years, different equipment for submersible operation is developed and, in
particular, unmanned submersible vehicles that perform many different tasks. It requires a large number of
instruments and equipment — optical, lighting, speed and pressure sensors and many others, which must
undergo a set of pressure tests [3, 29].
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There is a bench shown in Figure 6. That bench is design to put pressure on submersible equipment on
the conditions of constant sequence of non-periodic impulses. It allows to carry out dynamic tests of the
mentioned submersible devices and equipment for hermiticity, strength and stability of operating parameters
under conditions of chaotically changing dynamic pressure of the environment.

The signal processing system
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Fig.6. Hydraulic diagram of the test bench for testing technical devices by external pressure

When the eccentrics of the hydrostatic generator 1 is rotated by the hydraulic motor 2 and the pump 3,
then a continuous sequence of non-periodic pressure impulses is created in the test chamber 4, where the TO
test object is located, against the background of constant pressure created by the pump 5. Pump 5 pre-fills
chamber 4, creating the required static pressure in it and turns off. Valves 6 and 7 provide seal the chamber,
and the hydraulic and pneumatic accumulator 8 maintains a constantly maintains pressure at average value in
the chamber, compensating for pressure leaks. Valve 9 is to release air when filling the test chamber. The
signal processing system contains pressure sensors 10 and 11. Since the angular velocities of the eccentrics
are related as infinite periodic decimal fractions (3 and 4), the phase angles of the eccentrics of the generator,
figure 1 will never be equal.

The sequences of impulses generated by the plungers are added so that the total fluid volume which is
compressed in the test chamber 4, figure 6 will change in the same way as shown in figure 3. If we consider
the fluid elasticity modulus k (N/m?) to be free of pressure, then a gas free fluid [30] equation will look as
follow

k=w, 22, (11)
WZ
where wp is the initial fluid volume in the test chamber at the initial average pressure Pay, Ap is the change in
dynamic pressure relative to the initial one caused by the total fluid volume ws entering the test chamber.

It follows from the formula (11) that in order to achieve maximum pressure impulses, the initial volume
Wo, as well as the volume of all hydraulic lines approaching the test chamber, should be minimal. According
to the signal waveform alteration passing from the sensor 10 to the measuring and processing system of
vibration signal with a constant signal waveform from the pressure sensor 11 it is possible to diagnose the
test object. Also it is possible to diagnose them by using spectral analysis data.

Conclusions

In the result of our work we have created a new patented technical solution in the field of testing
machines - a hydrostatic generator of non-periodic pressure impulses. While creating the hydrostatic
generator of non-periodic pressure impulses, we also developed an alternative concept of hydrostatic
generators to generate non-periodic pressure impulses and mechanical effects in the form of random



72 1SSN 1811-1165 (Print), 2413-2179 (Online) Eurasian Physical Technical Joumal, 2021, Vol.18, No.4 (38)

vibration on various test objects, such as hydraulic and pneumatic devices, electronic and radio relay devices,
on-board computers and other technical devices.

During the tests we have obtained the ratios of the angular velocities of the shafts, which provide the
movement of the operating fluid into the actuator of the test bench in the form of a non-periodic function
which impulses varying in amplitude in a random manner. It produces a continuous and non-repetitive
sequence of pressure impulses and corresponds to the operation of the tested objects in real conditions. The
random nature of the amplitudes settings is provided by the signals controlled from electric generators
through controlled hydraulic valves. The random nature of the amplitudes settings is provided by signals
controlled from electric generators through controlled hydraulic valves.

In addition, there were obtained the kinematic and dynamic dependencies for the developed hydro-
mechanical systems using a new hydrostatic generator. The new hydrostatic generator is designed to test
engineering objects for both mechanical random vibration and external and internal pressure tests of those
objects that operate in such conditions. In our research and tests resulted the expansion of the range of
systems and methods for the implementation of test processes under random non-periodic force effects on
various engineering objects.
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The practice of operating an apron conveyor at mining enterprises has shown that, due to their design
features, they can be successfully applied in various industries for transporting a wide range of goods. Starting a
multi-drive chain conveyor of large length is a rather difficult task, since this process can be accompanied by
excessive relaxation of the traction body. Especially unfavorable are the conditions for starting an apron
conveyor, the belt of which has sagging sections, as a result of which the rigidity of the working body, which is a
function of its tension and load on it, is relatively small. In this regard, ensuring a smooth start of a multi-motor
chain conveyor is an important practical task and is undoubtedly relevant for managing and maintaining a
workable dynamic state of the main an apron conveyor structure operated in difficult mining and geological
conditions.A method of controlling the starting mode of a multi-motor electric drive operation of an apron
conveyor to ensure its smooth start and to reduce dynamic loads, to increase the service life of the traction belt
and to reduce maintenance costs was developed.

Keywords: an apron conveyor, multi-motor electric drive, start-up mode control, smooth start-up.

Introduction

The operation of a conveyor is known to be characterized by a certain sequence of technological
processes: start-up, motor, steady-state, emergency and braking modes. At the same time, ensuring a smooth
start-up of a multi-motorapron conveyor is of great practical importance and is undoubtedly relevant for the
control and maintenance of an efficient static and dynamic state of the main an apron conveyor structure
operated in complicated mining and geological conditions [1-4].When operating long main apron conveyors,
there are used multi-motor designs. With a reloading-free scheme of transporting the rock mass, due to the
presence of a large number of intermediate drives inapron conveyor, it is necessary to solve the problems of
controlling the starting modes of multi-motor electric drives operation and automatic distribution of the total
load between its drives [5-7].

Purpose of work is development of a method to controlling the starting modes of the multi-motor
electric drive of an apron conveyor operation by means of a frequency-controlled electric drive.

1 Analyzing the problems and features of the starting mode of multi-drive an apron
conveyor operation

The studied experience of operating multi-drive chain conveyors shows that a high efficiency of their
use is possible provided that conveyors are equipped with systems and tools of automatic distribution of the
conveyor total load between its drives, regulating the speed of the conveyor belt, eliminating the equalizing
forces in the traction circuit of the conveyor, and a number of other factors.

It is known that starting a long multi-drive an apron conveyor is a rather difficult task, since this process
can be accompanied by excessive relaxation of the traction element. The conditions for starting an apron
conveyor, which belt has sagging sections are especially unfavorable, and the working body rigidity that
depends on its tension and the load on it, is relatively small.lt is also known that in chain conveyors there are
kinematic gaps between the individual links of the mechanism and slacks in the traction chains, etc. The
presence of slacks, gaps, as well as the elastic properties of the traction-bearingbody causes significant
mechanical stresses in the parts of the conveyor when starting electric drives. These overloads often reach
high values with which one or another part of the conveyor fails [8]. The processes taking place in this case
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are very complex and oscillatory in nature. It should be noted that decreasing dynamic overloads in the drive
elements and the traction-bearing body of the chain conveyor during start-up can be achieved in practice by
reducing the reduced kinematic clearance of the mechanism and the initial starting torque of the electric
drive. The initial value of the reduced kinematic clearance is determined by the manufacturing technology of
the conveyor elements and increases with the service life due to wear. In this regard, the most effective way
to reduce mechanical stresses is to lower artificially the initial motor torque to values that are lowerthan the
resistance torque. This engine torque is called preliminary. When switched on with a preliminary torque,
only the kinematic clearance and slack in the conveyor traction chain are taken up.

It is known that for unregulated asynchronous electric drives of mining machines including conveyors,
starting modes are the most difficult. They are characterized by large starting currents that are many times
higher than the nominal values and fluctuations in the starting torque [9 - 11]. This is, on the one hand, the
cause of overheating the windings of the electric motor and decreasing its resource, and on the other hand, it
leads to overloads in the gearboxes and in the chain traction unit. Large inrush currents also have a negative
effect on electrical networks leading to unacceptable voltage drops [12 - 14].In connection with the above-
said, in this work there are considered the existing technical solutions for starting multi-motor chain
conveyors, their features are analyzed and their advantages and disadvantages are identified.

2 Development a of controlling the multi-motorelectric drive of the anapron conveyor
starting method

For multi-drive conveyors, the solution to the start-up problem is very complicated, since in the
presence of intermediate drives, control of the initial tension of the traction element is possible only when a
tensioner is placed at each drive, which is constructively feasible but difficult.

There is a known method of tensioning the traction body of a multi-drive conveyor that is characterized
by fixing the traction body at the tensioning station, turning on the drive of the tensioning station and
sequential tensioning the sections of the traction body between the drives of the traction body by braking the
initial part of each section and, then, moving the end part of this section with the following fixing.It differs in
that in order to increase reliability of the traction body due to its optimal tension, the tension of the sections
of the traction body between the drives is carried out by simultaneous turning on all the drives of the traction
body and subsequent sequential braking the drives of the traction body, starting from the first drive of the
traction body along the way of its movements [15].

It should be noted that the proposed method considers only preliminary tension of the traction element
using an electric drive and a hydraulic tensioning station before starting the conveyor, without acceleration
and reaching the nominal rotation speed of the conveyor electric drive. The performance of the take-up
station when operating at low ambient temperatures deteriorates, which in general reduces reliability of the
conveyor drive.There is also known a method of smooth starting a multi-motor electric drive of an apron
conveyor that is based on measuring the load currents and isolating their active components, as well as in
controlling the drives during the start-up process. At this in the process of starting the multi-motor electric
drive of an apron conveyor, at the initial start-up moment, the minimum rotation frequency of the conveyor
electric drives is set, and with intense increasing the active component of the master drive load current, the
reference for the rotation speed of the master and slave drives is increased to the nominal value [16].

This article describes a method of smooth starting a two-drive apron conveyor without braking the tail
driven electric drive, which does not fully ensure the working branch tension of the traction-bearing body of
an apron conveyor.Based on the analysis and identification of the above solution shortcomings, there has
been proposed a technical solution that can be used to control an interconnected four-motor electric drive
when starting an apron conveyor.The task of the proposed method is to provide control of the interconnected
multi-motor electric drive of an apron conveyor in starting modes, taking into account elastic properties of
the traction-bearing body, and the technical result is to increase reliability of an apronconveyor operation by
reducing the dynamic loads on the traction-bearing body in starting modes and increasing its resource.

The essence of the technical solution consists in the method of controlling a multi-motor electric drive
of an apron conveyor in starting modes that is interconnected through an elastic traction element based on
measuring load currents and isolating their active components. It differs in that, in the process of starting an
interconnected multi-motor electric drive of an apron conveyor, the working branch of the traction element is
pretensioned in each section by a corresponding electric drive, for which at the initial moment of start-up the
last, fourth slave conveyor drive is slowed down. Then, in the following sequence, there is started the third
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intermediate electric drive, the second intermediate electric drive and then the first master electric drive.
They, in their respective sections at the minimum speed movements extend the working branch of the
traction-carrying body. When the branch tension in all the sections reaches the design value, as evidenced by
increasing the consumed load current of the first, second and third electric drives, the corresponding electric
motors synchronously, with the same acceleration, increase the rotation speed of all the drives to the nominal
value [17].0On the basis of this proposed method of controlling the starting mode of operation, a
mathematical descriptionhas been developed that describes the dynamics of this technological mode of
operation.

3 Mathematical description of a four-drive an apron conveyor in the starting mode of
operation

The multi-drive apron conveyor is stared at the creeping speed until the moment of acceleration. The
proposed scheme for starting a four-drive apron conveyor is shown in Figure 1. The fourth slave electric
drive is in the decelerated state.

The fourth slave The third intermediate The second intermediate The first master
electric drive electric drive electric drive 1 electric drive
d8B
\ o1

Fig.1. Block diagram of a frequency-controlled multi-motor electric drive with a smooth start system
foran apron conveyor

The first master, the second slave intermediate and the third slave intermediate electric drives smoothly
pull out the slack of the traction chain until the upper branch of the traction carrier is fully drawn, which will
be evidenced by the actuation of all the three current sensors.

The mathematical description of the initial moment of starting a multi-drive (four-drive) an apron
conveyor is represented by the following equations:
dawy

11? = Map1 — My (1)
d

g % = Mypz — Mg (2)
d

I3 % = Mypyz — M5 (3)

where
J1 is the moment of inertia of the first electric drive;
/> is the moment of inertia of the second electric drive;
J3 is the moment of inertia of the third electric drive;
wq, wo, are the angular speeds of rotation of the first and second electric drives, respectively;
w3 is the angular speed of rotation of the third electric drive rotor;
M 4541 1 the electromagnetic moment of the first master electric motor;
M, is the static moment reduced tothe first motor shaft;
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M 4,p- 1S the electromagnetic moment of the second slave motor;

M, is the static moment reduced to the second motor shaft;

M 4543 15 the electromagnetic moment tothe third slave motor;

M_5 is the static moment reduced to the third motor shaft.

At the initial moment of starting the 1st, the 2nd, and 3rd asynchronous electric motors, the working
body (chain) is drawn out, so, there is no elasticity at the moment. In this regard, the fourth electric drive is
restrained, so, w, = 0.After full drawing the working branch of the traction-bearing body from the
controller PLC through the corresponding control units, a signal is sent to accelerate all the four electric
drives to the rated rotation speed. This moment of acceleration of electric drives is represented by the
following system of equations:

J1 28 = Mypgy — Moy — M, — ¢y [(wy — w)dt +¢; [y — wp)d, @
/2 % = Mz — Moy — My + ¢, [(w; — @y)dt + ¢, [(w, — w3)dt, (5)
Js g = Maws — Meg = My + ¢ [ (w3 — wp)dt + ¢ [ (wg — wy)dt, (6)
]4%: Mypra — Mey + ¢4 [ (w4 — 1) dt + ¢4 [ (w4 — w3)dt (7)

where

c1, ¢, are the rigidity factors of the 1%tand the 2"%electric drives, respectively;

¢3, care the rigidity factors of the 3™ and the 4" electric drives, respectively;

J4is the moment of inertia of the 4™electric drive;

wy is the angular speed of rotation of the 4" electric drive rotor;

M 4,4 is the electromagnetic moment of the 4™ slave motor;

M., is the static moment reduce to the 4" drive shaft;

M; is the moment of resistance from the load.

The proposed block diagram of a frequency-controlled multi-motor electric drive with a smoothstarting
system for apron conveyor can be implemented as follows and includes standard units.The traction-bearing
body of an apron conveyor 1 is a load-bearing belt made of steel plates attached to the chain traction body,
while the first transfer unit (TUL) 2, the second transfer unit (TU2) 8, the third transfer unit (TU3) 14, the
fourth transfer unit (TU4) 20 are made in the form of standard helical gearboxes.

The first electric motor 3 of the first master electric drive, the second electric motor 9 of the second
intermediate electric drive, the third electric motor 15 of the third intermediate electric drive and the fourth
electric motor 21 of the fourth slave electric drive are asynchronous electric motors with a squirrel-cage
rotor. The first current sensor 5, the second current sensor 11 and the third current sensor 17 are standard
sensors that measure electric current consumed by the electric motor. The first frequency converter
(FC1+ACS) 4, the second frequency converter (FC>+ACS) 10, the third frequency converter (FC,+ACS) 16
and the fourth frequency converter (FC,+ACS) 22 are standard converters that convert alternating voltage of
the mains voltage into varying frequency of power supply of electric motors 3, 9, 15, 21, respectively. The
first control unit (CU,) 6, the second control unit (CU) 12, the third control unit (CUs) 18, the fourth control
unit (CUs) 23 are standard control units for frequency converters.The first intensity generator (1G1) 7, the
second intensity generator (IG2) 13, the third intensity generator (IG3) 19 and the fourth intensity generator
(1G4) 24 are made in the form of standard intensity generators providing a smooth change in the output signal
to the values corresponding to the set speed values.The block of setting the minimum speed 25 is performed
in the form of a controlled voltage divider. The speed controller 27 is made in the form of a standard element
that sets the speed, in this case, it accepts the task for the minimum speed at the initial moment of starting,
and at full drawing of the working branch for accelerating the rotation of all the electric drives to the rated
speed value. The PLC controller 26 is a programmable logic controller used to automate technological
processes, energy, transport and other control systems.

4 Results and discussion

Based on the results of the research, an algorithm was developed for starting a four-motor electric drive
of the conveyor, which can be carried out in the following order (Figure 2).
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C Login to the program

v

Input parameters:
Imin,cmin,lBo, B

v

Braking of the 4th electric drive

v

Setting the minimum speed of @min as a signal coming from the output unit of the minimum speed setpoint, via PLC controller
to the electric drive 1, electric drive 2, electric drive. Setting the minimum speed of wmin as a signal coming from
the output unit of the minimum speed setpoint, via PLC controller to the electric drive 1, electric drive 2, electric drive 3

v
Start of the 3rd intermediate electric drive. Extraction of the upper branch section
between the 3rd and 4th electric drives

v

Start of the 2nd intermediate electric drive. Extraction of the upper branch section
between the 2nd and 3rd electric drives

v

Start of the 1st leading electric drive. Extraction of the upper branch section
between the 1st and 2nd electric drives

]

£/

The process of drawing the upper branch of the traction-bearing body
at a minimum speed of ®min

v

Increase in the active load current (1 1cad= | setpoint ) ON all 3 electric drives:
electric drive 1, electric drive 2, electric drive 3

v

Condition: lioad> Isetpoint;
l1-80 = l1-8, l2-B0 = l2B

no yes

l3-80 = 38

v
Acceleration signal from PLC to all electric drives up
to wnom rated speed

4
Acceleration of the conveyor to the nominal
speed wnom

v

Ensuring the necessary design exhaust of the working branch of the traction-bearing
body during the start-up process, as well as the exclusion of unreasonable dynamic
overloads

\ 4
( Exiting the program >

Fig.2. Block diagram of the algorithm for controlling the start of a four-motor electric drive of an apron
conveyor.
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At the initial moment before starting the multi-motor electric drive of apron conveyor, the fourth slave
electric drive of the conveyor is fixed by braking. Then, in the following sequence, the following are started:
the third intermediate electric drive, the second intermediate electric drive, the first leading electric drive
and, at the minimum speed of movement, the upper working branch of the traction-bearing body 1 is
extracted, while each electric drive is the corresponding sections between the fourth and third, third and
second, second and first drives. The minimum rotation speed is set by a signal coming from the output of the
minimum speed set point unit 25, via the PLC controller 26, the speed setter 27. The output signal of the
speed setter 27 enters the inputs, respectively, of the first intensity setter 7, the second intensity setter 13, the
third intensity setter 19 and provides a smooth change in speeds by setting the input of the first control unit 6,
the second control unit 12, the third control unit 18 signal corresponding to the minimum frequency of the
output voltage of the first frequency converter 4, the second frequency converter 10 and the third frequency
converter 16.Accordingly, the driving electric motor 3, the second intermediate electric motor 9, the third
intermediate electric motor 15 through the first transfer device 2, the second transfer device 8 and the third
transfer device 14 begin to pull the working branch of the traction-bearing body 1.

The signal of full extraction of the working branch of the traction-bearing body 1 will be an increase in
the active current consumed by the load of electric motors 3, 9, 15. Further, from the first current sensor 5,
the second current sensor 11, the third current sensor 17, the signals are sent to the PLC controller 26
simultaneously or in different order depending on the amount of sagging of the working branch sections until
the conveyor is started. In this case, the condition for full extraction of the working branch of the traction-
bearing body 1 is the receipt of signals from all current sensors 5, 11, 17 (about an increase in the active
component of the load current of the first, second and third electric motors 3,9,15) to the PLC controller 26.
After that, the algorithm (recorded in the PLC controller 26) is triggered to generate an acceleration signal
with the same value up to the nominal rotation speed of the interconnected multi-motor electric drive.This
signal from the PLC controller 26 output goes to the speed setter 27, and then through the corresponding
setters (7, 13, 19, 24), control units (6, 12, 18, 23), frequency converters (4, 10, 16, 22),asynchronous electric
motors (3, 9, 15, 21),transfer devices (2, 8, 14, 20) and through the corresponding sprockets, the traction-
bearing body of apron conveyor is accelerated to the nominal value.

Verification of the operation of the developed algorithm for starting a four-motor electric drive of the
conveyor was previously implemented in the computer environment of the FRCONFIGURATOR?2 program
at the benches of the Mitsubishi Electric with a frequency converter of the FR-A800 series of the Automation
of Production Processes Department of Karaganda Technical University. The frequency of the electric motor
was controlled through external control devices: toggle switches STR, RH, RM, RL by switching which the
starting signal was supplied. The graphs of changing the values of the output electrical characteristics of
conveyor electric motors (frequency, current and voltage) obtained by the results of bench tests in on-line
mode through the function "Function - Trend monitor" are shown in Figure 3.
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Fig.3. Dynamics of changing the characteristics of electric motors of a four-drive apron conveyor
in the starting mode of operation
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The analysis of the obtained graphs shows that at the initial moment of starting the conveyor, up to
about 13 seconds from start-up, the main electrical characteristics of the drive (current, voltage, frequency)
change the same way. Then, as the motor armature speed increases, the output voltage value increases, and
the amount of consumed current changes inversely proportional to the voltage and frequency. As already
noted, in the developed block diagram of the algorithm for controlling the start of a four-motor electric drive
of an apron conveyor, the signals of smooth pulling of the working branch of the traction-bearing body will
be periods of the stepwise increasing of the active load current of the first, second and third electric motors,
as shown by the dynamics of changes in the characteristics of electric motors obtained in laboratory
conditions when starting a multi-drive conveyor.

Conclusion

Thus, based on the results of comprehensive studies, the authors propose a method of controlling the
starting mode of operation of an interconnected frequency-controlled four-motor electric conveyor drive
based on measuring load currents and isolating their active components, which, in comparison with the
existing analogues, makes it possible to achieve the necessary calculated extraction of the working branch of
the traction-bearing belt during the conveyor start, which, in the authors’ opinion will eliminate unreasonable
static and dynamic overloads in the traction body.

The field observations of the starting modes of the KM PP 2-10-60 apron feeder operation with a
Mitsubishi Electric E-700 frequency converter used to supply coal to the concentrator in the conditions of the
Molodezhnaya coal mine of the Kazakhmys Coal LLP, in accordance with the conclusions of production
specialists, confirmed the identity of the data obtained in laboratory conditions by computer modeling in the
FRCONFIGURATOR?2 environment. Accordingly, the estimated increasing of the economic efficiency from
the operation of a multi-driveapron conveyor, taking into account the smooth start of its traction-bearing
body, is determined by the following:

- increasing the service life of the conveyor by 1.2-1.3 times due to decreasing the dynamic and static
loads on the working body of the conveyor and increasing its fatigue life;

- reducing the costs for maintenance and overhaul of the working body of the conveyor by 27-28%.

As itwas noted, the developed method makes it possible to implement the necessary mode of starting
the conveyor without additional equipping it with a tensioner.
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The advancement of laser technology is causing the research field of optics to become more active, and with
the help of advancement of technology, more detailed information can be obtained. The primary goal of this work
is to calculate differential cross section by using a mathematical model in presence of coulomb potential and
elliptically polarized beam with single photon absorption. The developed model shows the differential cross
section increases with wavelength and decreases with electron energy with elliptically polarized beam. The
differential cross section become maximum at 1.56 radian polarized angle and minimum at -1.56 radian polarized
angle. The observation is based on 1.5eV laser photon energy, laser field intensity 10*Wcm™2, polarized angle
1.56 radian angle, and electron energy 0 to 600eV. Using the born first approximation and the Volkov wave
function, the developed equation is obtained. The numerically obtained differential cross section in this work is
approximately 10™*°m?to 10~2°m?, which is less than the differential cross section obtained by Flegel et al.
(2013), which is approximately 10~7m?2.

Keywords: elliptical polarization, differential cross-section, Born first approximation, Volkov wave function.

Introduction

These days, the study of electron-atom collisions in the presence of a laser beam has gotten a lot
of interest. This is due to various application in disciplines of science (such as plasma heating or driven
fusion) as well as in nuclear collision field. Observation of multiphoton events has become possible
due to the development of powerful and adjustable lasers with relatively low light field intensities.
When compared to the problems associated with field-free electron-atom scattering, the theoretical
analysis of electron-atom collisions in the presence of a laser field becomes extremely complex. The
study of collision in laser field introduces certain new parameters, such as laser frequency, intensity,
polarization, and influence collision interactions. In interaction laser field (Photons) act as a “third
body” in the universe. The existence of photons acts as a "third body" in the collision, "dressing™ the
atomic states [1]. For simplicity, to study the differential cross section in presence of laser field, the
energy of the target atom is neglected because it does not change states during phenomena of collision
but the potential is not neglected because potential replicate the electron-atom collision interaction.
The simple reaction with laser-assisted elastic electron-atom scattering is given by equation (1) as,

eqi+Ai—>eqf+lhw+Ai, @

where A is target atom remains in its ground state during the collision while the electron exchanges [ quanta
with photon field (I < 0 for absorption and [ > 0 for emission) to change momenta fromg; to q5 = q; + hw.
The scattering equation represented in equation (1) also known as a free-free transition. The Kroll-Watson
theorem [2] is one of the oldest and most reliable theoretical results in multiphoton physics. This theorem
also described scattering of an electron by a potential in the presence of a low frequency linearly polarized
laser field. The majority of theoretical studies of electron scattering by atoms in an intense radiation field are
based on perturbation theory [3]. Kroll and Wastonon's also contribute to perturbation theory using the soft
photon approximation and numbers of researchers have recently working on laser-assisted scattering more
detail [4, 5].
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Instead of number of difficult to observe laser-assisted electron impact atomic excitation in the presence
of a strong field some of researcher is active to develop a simple model to understand the laser-assisted
collision [7, 8]. The electron-target system in laser-assisted collisions, known as simultaneous electron-
photon excitation (SEPE), can absorb or emit one or more photons from the laser field, causing the atom to
be excited. In laser-assisted elastic and inelastic [9, 10] electron-atom collisions, the exchange of one or more
photons between the electron-atom system and the laser field has been observed in several experiments. In
the presence of a field, the collision can be treated in such a way that electron-field coupling is the dominant
process. Mason and Newell in 1982 reported experimental evidence of atoms being excited by both electrons
and photons at the same time. The majority of the experimental studies have been conducted with noble
gases [11], with Abdelkader et al. [12] conducting a recent one with Nd: YAG laser. He-target and low-field
laser field were tested in two states: (i) SEPE, electron energy below the excitation threshold of the
metastable 253 state collide with ground state 1S* and achieve excitation because laser supplies energy; and
(i) SEPE, electron energy above the excitation threshold of the metastable 2S2 state collide with ground state
11S and achieve excitation because laser supplies energy. (ii) SEPE has also been observed from higher
excited states [13]. Shinha et al. [4] investigated the free-free transition for an electron-hydrogen atom
system in the ground state in the presence of an external homogeneous, monochromatic, and linearly
polarized laser field at very low incident energies. The incident electron is thought to be non-perturbatively
dressed by the laser field by selecting Volkov solutions in both the initial and final channels. For single-
photon absorption or emission in the soft photon limit, the laser intensity is much lower than the atomic field
intensity, and the laser-assisted differential and total elastic cross-sections are calculated.

The hydrogen atom is one of the most basic atoms to work with and can be used to collect interesting
aspects of the problem. The free-free process can be studied theoretically on several levels. The goal of this
paper is to investigate the impact of various collision and laser parameters on the collision process in an
elliptically polarized laser-assisted elastic electron-hydrogen atom collision. The authors attempt to develop a
detailed calculation of differential cross section for laser-assisted electron-hydrogen collisions in this paper.
The Volkov wave [14] is used to treat the interaction between the field and the projectile as non-perturbation.
The authors focused on the elliptical polarization laser field for polarized potential. To begin, consider a
collision event in which an incoming electron with momentum k; interacts with a hydrogen atom that is
initially in the state | in the presence of a single-mode laser beam and moves to the excited state j through the
exchange of | photons between the electron and the laser field.

1 Theory and Method of calculation
1.1 Volkov- wave function

Consider an elastic collision at the ground state between a fast (non-relativistic) electron of mass (m)
and charge (-e) with hydrogen as the target atom. The collision takes place in the presence of a laser field,
which is assumed to be a monochromatic, single-mode, and homogeneous electromagnetic field. Therefore,
the vector potential of a field propagating along the Z-axis in the Coulomb gauge is obtained as,

A(t) = Ay {J? cos(wt) + ¥ sin(wt) tan (g)} 2
where A, = % E, is the electric field and w is frequency, n is measured the degrees of ellipticity of the
field. n determine the nature of laser field as, for linear polarization (n = 0), for circular polarization(n = g)

and for elliptical polarization (—% <n< %) The wave function of the projectile embedded in the field is
given by the non-relativistic VVolkov wave function

2V G 0) = ) exp (iK.7— 1 [° (& + -2 A.F)dr) 3)
On solving integration of equation (3),
=3 o je > o TV ~ T
x" (7, t) = (2m)zexp (lk.T — lETkt — leCAO(t) [(x k)'smwt — (y. k) tan (%) cosa)t]) (@)

Assuming, £.k = Rcosyy, (§.k) tan (g) = Rsiny,as R = %ﬁo(t) then equation (4) becomes

-3 N .
2/ G, t) = (2n)% exp (ik.7 — £ — Rsin(wt — v ) (5)
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Equation (5) is the required form of the Volkov wave function with R = ayDyk, Dy = [cosze +

ek,
mw?’

21
2

sin?6 tan

1/2 ky
] tany, = ?;tan (g) and ay =

1.2 Calculation of S-matrix element

The general S-matrix theory is used to study multi-photon ionization and also define T-matrix in terms
of S-matrix matrix elements, i.e. transition amplitude is the S-matrix matrix elements. Kroll and Watson in
1973 developed the S-matrix formulation for a low-frequency response. This formulation was developed in
the search for a non-perturbative approach hand suitable not only for free-free scattering but also for
ionization, recombination, and excitation. Unlike other methods, this method does not suffer from energy
loss or gain. As a result, in the case of multi-photon ionization, this method is more applicable for calculating
total transition rate and differential cross-section, because total transition rate divided by incident flux gives
the differential cross-section, which is proportional to the square of the transition matrix. The S-matrix
element is given by

S = ?1 < XﬁfVXEi > (6)

Equation (6) related transition amplitude from the momentum state Eitoﬁfas
: t
_1 "
Skek; = 7ff_w)(E»fV)(Eid3rdt (7)

Where Ei the initial is wave vector of the particle and Ef is the final wave vector of the scattered
particle. Substituting the value of for x;; and xiffrom (5) in (7) and on solving,

_1 1 ¢ eud g iR (Ek - Eki)t
Skek; = ?W'ﬂ_m eXP[_l(kf - ki).r]exp [fT]

—vi)]d3rdt (8)
Let us assume A = Ef — Ei be the momentum transfer then equation (8) become

—ig Y aa i i(Ex—Ex, )
Skfki — 7V(A)f el(A.aO)AO sm(cot—yk))e ke~ 2k Jrdt (9)

V(@) exp[i(ﬁf — Ei)avosin(u)

where, V(A) = (2;3 [e 2T y(¥)d3r and V(¥) is independent of time (t) and authors considering space

integration. So that V(A) can be taken outside the time integration. On using the generating function of the
Bessel Polynomial is [15],

pixsing _ Z ], (x) enit 1)
where, x = A. ayDy and ¢ = wt equation (11) becomes
Qi oAy sinwt Z (A Doatg) et (12)
l=—00

On substituting the value from equation (12) in equation (9) the S-matrix element becomes

_1 t ) _ t
Skfki — ?J‘ Tlifkiel(Ekf Eki+ lhw)hdt (13)

here T, = V(4) X;J;(A. Doao) e!Vkis the transition matrix from the momentum state k; to kg, and time-
independent. Therefore equation (13) becomes
; t
—1 i(Ex,—Ex. + o)+
Skfki = ?Tlifkij el( ke w)hdt (14)

1.3 Calculation of transition matrix and differential cross section

The relation for the differential cross section of an electron with the transfer of I photon is
do _ m® Kepng |2
da (2m)2h* k_l |kaki| (15)
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On substituting the value of Tf(fkiand V(A) from above in (15) we get a differential cross section for [ =
0 (no photon transfer during scattering) as,

& S Do) [T (16)
0~ emrt L Ji (A-Docto
Moreover, equation (16) can be represented as
free—free field—free

(3%) = (dG) Zh (A.Doatp) (17)

Using sum rule Y, J2(A.Doa,) = 1 equation (17) becomes,
do free—free do field—free
- (@) =) - a9
Thus, in this limit free-free differential cross section is equal to the diffrential cross section in the
absence of the laser field. As we have

2 P
[T = > 128 Dotg) V)2 (19)
l
For spherically symmetric potential, V(r) = V(r) therefore we have,
1 sm(Ar)
V) = -5 V(r)dr (20)
If we choose V(r) as coulomb potential,
1,2
V(@) = — 228 (21)
The Fourier transform of the coulomb potential of equatlon (21) is given by
V) =0 (22)
On substituting the value of equation (22) in equation (19),
2
— 2 eZ . e4
lV(A)l T l2m2az] T oamtat (23)

The higher-order terms can be neglected for small momentum transfer. To calculate Y;;J;(A.Dg. ) all
we have to do is to replace x by A.Dy.a, in the expression of Bessel function under [ = 1 that corresponds

to stimulated Bremsstrahlung (one photon emission) at low frequency [16],
J1(8. Dgotg) = =22 (24)

Also at low frequency

4
T | le (8.Doc) [T = 220% <4$4A4> 25)

On substituting the value of equatlon (25) in equation (19),
do  m?Dfag’e’ k¢ 1
dQ  64mbht Kk A2

1

(26)

in equation (26) and solving the case of

ki

Substituting for A2=k? [(1 - ZL—“’) -2 (1 - Zl—“’)z cosO+1

inverse Bremsstrahlung (I = —1),

1 1 -1

do = C((cos?0 +sin?0 t )%D“L LRV 129 o (14 B0V oso 41| 27
) cos sin?@ tan? 2) &, Ey, Ey, Ey, cos (27)
. m2ay2e* 1. . 2 . 2 m\2 1/2 . .
Here, Cis ——c2-=———inau, DOIS(COS 6 + sin?6(tan?) ) ,m is mass of the electron, k; is

initial momentum vector of the electron, Ey. is the initial kinetic energy of the incident electron, hw is photon
energy of the Iaser [ is no. of the photon transfer during the interaction, 6 is scattering angle, A is momentum

transfer, o, |s %, Eo is the amplitude of the electric field of the laser, E, is —n is elliptically polarized
angleand I is the |nten3|ty of the laser.
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3 Results and Discussion

The authors investigate the elastic scattering of an electron-atom interaction with photon absorption in
the presence of an elliptically polarized laser field in this paper. Equation (27), the new resultant equation, is
used to investigate the differential cross section. The differential cross section is determined by, the
wavelength of the assisting laser field, and the electron's kinetic energy. Figure 1 depicts the differential
cross section with the electron beams energy. The representation is based on visible energy photon=1.5eV,
high intensity laser field 10'*Wcm™2(frequency =10'*Hz) Sprangle and Hafizi [17], 6 = 0.209 radian, ) =
1.56 radian angle and energy of electron 0 to 600eV. The Sl unit for differential cross section is m?. Because
the intensity of a laser is directly proportional to its differential cross section, and the differential cross
section studied in this work is for visible photons at high intensities, As a result, for high intensity laser
radiation, we consider the existence of the laser that Saprangle and Hafizi used in their work.

4x 107"

3% 107
5 5
° 2x 1071
Tz

1% 10777

0 L . L R R .
200 300 400 500 600
Energy of Electron (eV)

Fig.1. Variation of do/dQ with K.E. of the incident electron at n = 1. 56 radian and 8 = 2. 09 radian

At 25eV, the differential cross section is high, and the differential cross section is not observed below
25eV. This is due to the fact that the interaction of low-energy electrons with atoms does not require atom
(probability of interaction-free and bounded electron is zero). The differential cross section decreases as the
energy of the electron increases because the interaction between the incidence electron and the atom
increases (probability of interaction of free and bounded electron is high). When the incidence electron's
energy is greater than 500eV, the differential cross section is minimum and constant (probability of
interaction-free and bounded electron very low). Figure 2 shows the variation of a differential cross section
with an elliptical polarization angle of 8 = 2.09 radian and energy of 10eV. The differential cross section
assistant by the elliptically polarized angle is minimum at -1.56 radian and maximum at +1.5 radian. The
differential cross section between -1.5 radian and +1.56 radian angle is nearly constant and decreases sharply
at -1.56 radian and +1.56 radian. This sharp increase and decrease are due to the elliptical polarized potential
and the non-uniform interaction between free and bounded electrons (probability of interaction is either high

or low).
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Fig.2. Variation of Z—;with polarizing angle (n). Fig.3. Variation on—g with assisting laser photon

wavelength
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As shown in Figure 3, the differential cross section increases with the wavelength of the laser photon at
n = +1.56 radian, electron energy 10eV. Because the energy of the laser photon assisting the electron
decreases as the wavelength increases, the differential cross section increases. The reduction in photon
energy benefits electrons by reducing the interaction of free electrons with bound electrons. Because the free
electron was diverted away from the reference target, the differential cross section increased. The larger the
differential cross section value, the less accurate the information about the target. The ellipticity of the laser
field affects the angular distribution of scattered electrons in the simplest geometry. This is due to the fact
that it destroys the axial symmetry of the angular distribution that exists for n = 0 to the direction of the
polarization vector.

Conclusion

The developed equation (27) depicts the differential cross section for an elliptically polarized potential
with single-photon absorption. The differential cross section is determined by the polarization angle, electron
energy, laser intensity, and photon energy. The observed differential cross section is large at 25eV (electron
energy), but not below 25eV. The differential cross section is minimum and constant at high energies greater
than 500eV. The differential cross section increases as the wavelength of the laser photon assisting the
electron increases. Furthermore, the ellipticity of the laser field influences the angular distribution of
scattered electrons by destroying axial symmetry. The nature differential cross section is based on existence
numerical data from Sprangle and Hafizi 2014 research work.
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The purpose of this study is to develop an original theory of a relativistic ideal gas and to prove the validity
of the postulate of the special theory of relativity for the characteristic (i.e., arithmetic mean, root-mean-square)
velocities of particles of a relativistic ideal gas even in the massless limit. In this work, the following original
methods are used for the first time in the theory of a relativistic ideal gas: the method of nonlinear transformation
to prove of the distribution function to find the distribution function of the velocities of particles of a relativistic
ideal gas; the equation of state of a relativistic ideal gas was first obtained by averaging the relativistic -
invariant components of the energy - momentum tensor of a system of noninteracting particles, i.e. ideal gas by
the distribution function of the velocities of their particles. The uniqueness and definiteness of the distribution
function of the velocities of the particles of a relativistic ideal gas are proved on the basis of the well-known
relativistic invariance of the distribution function. For the first time, expressions were obtained for the arithmetic
mean and mean square velocities of particles of a relativistic ideal gas. For the first time, a fundamental
conclusion is made about the validity of the postulates of the special theory of relativity for the characteristic
velocities of particles of a relativistic ideal gas. An equation of state for a relativistic ideal gas is obtained, which
relates its pressure, average energy density and temperature.

Keywords: distribution function, relativistic ideal gas, arithmetic mean and mean square velocity, equation of state,
massless limit.

Introduction

In the last twenty years, especially on the eve of the celebration of the centenary of the creation of the
special theory of relativity by the great A. Einstein, interest in the problems of relativistic statistical physics
has sharply increased (see, eg, [1,2] and the literature cited in these works). Naturally, this is due to the need
to solve a number of problems in plasma physics [3], relativistic kinetic theory [4,5], super - nonequilibrium
relativistic thermodynamics in subatomic physics [6]. It should be noted that such questions arose
immediately after the construction of the special theory of relativity. Planck and other classics of physics
noted that the Maxwellian distribution of velocities contradicts the fundamental postulate of relativity -
according to which the speed of particles is limited by the speed of light in emptiness - the limiting speed in
nature [7]. The history of generalization of the Maxwellian velocity distribution for the relativistic case lasts
more than a hundred years [2,5,7-11]. As the analysis of the literature on this topic shows, the first work in
this direction was published by F. Juttner [12]. Despite the fact that the Juttner velocity distribution was the
correct relativistic generalization of the Maxwellian velocity distribution (which we will prove below), there
is still a serious debate about its correctness and the search for various "modifications™ of the Juttner velocity
distribution continues. Even in the work of recent years [2, 7], continue to obtain, in the language of their
authors, curiously surprising results in this regard. Therefore, we have to admit (although this seems
unlikely) that the problem formulated at the beginning of the twentieth century remains unsolved. Those no
work has proved the validity of the fundamental postulate of the special theory of relativity for the velocities
of particles of a relativistic ideal gas. It is clear that for this it is necessary to find the distribution function of
the particle velocity of a relativistic ideal gas and, on its basis, to determine the expressions for the
characteristic velocities of the particles of a relativistic ideal gas. And then, by passing to the limit, prove that
even in the massless limit, these speeds do not exceed the limiting speed in nature.

Another important issue of relativistic statistical physics, as is known, is the derivation of the equation
of state for a relativistic ideal gas [7-11] - which establishes a relationship between the pressure, average
energy density and temperature of a relativistic ideal gas. In the existing literature, the equation of state for a
relativistic ideal gas is obtained thermodynamically [1,4,5,7-12], namely, on the basis of a relativistic
generalization of the expression for the free energy or the Gibbs partition function (through which all
thermodynamic quantities describing the states of an ideal gas [13, 14]). In our work, we present a new
derivation of the equation of state for a relativistic ideal gas by an original method, namely, on the basis of
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averaging the temporal and spatial components of the energy tensor - momentum of a system of
noninteracting relativistic (structureless) particles over the velocity distribution function of particles of a
relativistic ideal gas. In the context of the problem under consideration, this method seems to us more
expedient - a direct method and corresponds to the spirit of Maxwell's own works [15]. Consequently, the
proposed theory is a relativistic generalization of the Maxwellian theory of an ideal gas and goes over to the
latter in the nonrelativistic limit.

In accordance with the above, the article is organized as follows. In the first section, the distribution
function of the particle velocity of a relativistic ideal gas is found using the method of transformation. In the
second section, formulas for the mean and root-mean-square velocity of particles of a relativistic ideal gas
are obtained. The form of the distribution function of the particle velocity of a relativistic ideal gas in the
ultra - relativistic limit is also found here in the case of massless particles (massless particl's). The third
section is devoted to a new derivation of the equation of state for a relativistic ideal gas - by averaging
macroscopic quantities over the distribution function of the particle velocity of a relativistic ideal gas. In the
conclusion, the main conclusions of the proposed theory are presented, as well as their possible applications
in high energy physics and relativistic cosmology.

1. The distribution function of the particle velocity of a relativistic ideal gas

We will begin the presentation of the proposed theory of a relativistic ideal gas by finding the
distribution function of the particle velocity of this gas, since it plays a key role in any statistical system [13-
15] and, in particular, in the theory of an ideal gas of relativistic particles [1-12]. Figuratively speaking, the
distribution function is the cornerstone of kinetic theory.

Note that the desired velocity distribution function can be found in various ways: as a stationary
equilibrium solution of the relativistic kinetic Boltzmann equation [2,4,5]; based on the principle of
maximum entropy [8-11]. Without discussing here the methods used (they are discussed in more detail in the
above literature) and without diminishing the value of these works, we propose the simplest way to
determine the velocity distribution function - using the method of transforming the distribution function (see,
for example, [18]).

According to this method, on the basis of the known distribution function of the moment of the particles
of a relativistic ideal gasf (P) = f (P, Py, P,), we must determine the distribution function of the velocity of
particles of a relativistic ideal gase (V) = go(vx, vy, vz).Here: P, Py, P;andoy, vy, v; are the components of
moments and velocities of particles along the corresponding axes X, y, z. Then, based on the method of

transformation, we easily obtain the following relation. Using the transition from the moment of particles to
their velocities, we obtain:

| 1(R.P, P HR.ARAP, = [y, v,.v, |Dldv,dv,dv,. 1)
Here D is the transformation determinant defined by the following expression
oP, oP, OP,
o, ov, ov,
oP, oP, OP
D= y y y . (2)
o, ov, oV,
oP, 0P, OP,
o, ov, ov,
Note that the determinant of the transformation D = gg"’—?’:z%will be unique and the same for any type
xvy'vz

of DFf(ﬁ)(the form of which we specify below).

Here: P, Py, P, is defined according to the special theory of relativity by the following expressions:

|3=pxi”+pyj+pz|2=L, V=V,i+v,]+V,k. (©)
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Now, taking into account the expression D;, D, and Ds (9), we obtain that D, —D, + D, :72.

The determinant of the transformation D from pulses P,, Py, P, to velocities Vi»Vy,V, is finally determined
by the following expression [2, 24, 25]:

D=m®"°=m1 vi) 2
= ]/—m Ty . (4)
C

Note that the found determinant of the transformation D from momenta to velocity remains valid for an
arbitrary distribution function of momenta of particles of a relativistic ideal gas. In particular, for quantum
relativistic ideal gases, the particles of which obey, as is well known to the statistics of Fermi-Dirac and
Bose-Einstein [19].

Before proceeding to the definition of the distribution function of the velocities of the particles of a
relativistic ideal gas, | would like to bring the following transformation of the elementary volume from the
space of momenta to the space of velocities (which follows from (1):

dP,dP,dP, = Ddv,dv,dv, (5)
Hence, in particular, it follows that

P2dP = Dv?dv (6)
which is easy to verify, given that

po.m 4P m W

Y dv V2 % .
o2

Now let us determine the distribution function of the velocity of particles of a relativistic ideal gas using
the Boltzmann distribution for the momenta of particles of a relativistic ideal gas [18]:

2 2.2
t(p)=f(P,.P,.P,)=Bexp ——VEO:T'OC . (8)

where Eo = mc2is the rest energy of a gas particle, KT is thermal energy, B is a constant, which is determined,
as always, by the normalization condition for the distribution function, will be found below.

Further, taking into account that the momentum of a relativistic particle P is related to its velocity 7 ina
nonlinear manner, according to expression (3)

1
2\
E =E + p°c? :mcz[l—\é—zj : (9)

based on the DF of the moments (8)f (13) (14), we find the distribution function of the velocity vector of the
particles of the relativistic ideal gas

2\ 2
go(vx,vy,vz)zBexp —b(l—\cl—zj , bzni:CT (10)

Therefore, the probability that the speed lies in the interval (V, Vv +dv) or that, the same - the

components of the velocity in the interval (V,,V, +dV,) (Vy,vy + dvy) and (V,,v, +dv,) is
determined according to (10) as follows

dw = go(vx,vy WV, )dvxdvydvZ : (12)

Finally, in the conclusion of the section, we find the distribution function of the modulus of particle

velocities based on the formula for transforming the distribution function from f(p) to f(v) (1) and

formula (6), taking into account expressions (3) and (10):
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(12)

Thus, the distribution function of the velocity modulus of particles of a relativistic ideal gas is
determined by the following expression

vi) 2 v 2
F(v)=4m*?|1-—| exp|-b1-—| |-B. (13)
c c

Further, introducing the normalized particle velocity u — V. we can find on the basis of (13) the
c

reduced distribution function of the modulus of the normalized particle velocity F(u)
c 1
j' F(v)dv = B - 4z(mc )3I F(u)du- (14)
0 0

Here

F(u):uz(l—uz)fg exp{—b(l—uz)i] (15)

Now we find the constant B using the normalization condition for the distribution function of the
velocity moduli of particles of a relativistic ideal gas F(V)

[ 1

[F(v)dv =B-4z(mec)’ [ F(u)du =1 (16)
0 0

Therefore, the constant B according to (14) - (16) is determined by the expression

B 1 . b
4r(me)’ ky(b)
Thus, the reduced distribution function of the moduli of the normalized velocities of particles of a
relativistic ideal gas can be written in the following compact form:
1

bF(u)_ b 2\ { 2 }
D)= = u-ll—u“)2exp| —bll—-u°) 2 |. 17
O RO A ) (17)

The distribution function of the velocity modulus of particles of an ideal gas found by us can be used to
calculate the cross section for collisions of particles in a relativistic ideal gas [20] and the cross section for
reactions of ultrarelativistic particles in subatomic physics [6]. It may be of interest in studies of the
relativistic ionization of atoms by high-energy gas particles, as well as in the field of relativistic laser
spectroscopy.

At the end of the section, we present a proof of the invariance of the particle velocity distribution
functions of a relativistic ideal gas. The proof given here of the derivation of the velocity distribution
function of particles of a relativistic ideal gas MB is final. This follows from the fact that the relativistic
Boltzman distribution function for moments is relativistic invariant. Indeed, taking into account that the four-
dimensional momentum of gas particles is

c v

v2’ v2
Jl‘c—z Jl‘c—z

and the four-dimensional velocity of the rest coordinate system (V =0) is
Vi=(c0)

P! = mv' = m(

)

we get that
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_ [ P

mc?

Plv =

1__

c2
Since the scalar product of any four-dimensional vectors is invariant, any equilibrium distribution
possesses this property.
Obviously, the total probability

7l

ff(PlJPZ'P?))dPldPZdP?) = 1

does not depend on the transformation of the distribution function, which was used to find the
relativistic velocity distribution function.
Let us assume that the momentum distribution function of particles of a relativistic ideal gas (8) is
invariant if the relation is invariant
g I

Ty T

Here i, = i = p,v* — according to the above, it is an invariant-as a scalar product of the vectors p,
and v* and, as is known, does not change under Lorentz transformations.

Hence, we get that the condition To=T must be fulfilled, i.e. the temperature of the RIC is the same in
all Inertial System Frame (ISF). Thus, the main drawback of the existing non-invariant RIG theories is
eliminated, according to which, during Lorentz transformations, both the DF and the macroscopic
characteristics of the RIG change — which contradicts the invariance of the laws of nature in all ISF.

Summarizing the above, we will come to the fundamental conclusion that during the transition from one
ISF to another, the statistical properties of the RIG do not change: neither the velocity distribution function
nor the equation of state of the RIG do not change under Lorentz transformations, i.e. they are invariant in all
ISF. Naturally, this also holds true for quantum rigs.

2. Characteristic velocities of particles of a relativistic ideal gas

Based on the distribution function of the velocity module of particles of a relativistic ideal gas found in
the previous section, it is possible to find any macroscopic characteristic of this gas depending on the
velocity based on the formula for calculating the mean

<G = [BU)FWav (18)

The quantity included in this expression, as is known, gives the probability of finding the particle
velocity modulus in the velocity interval [v,v + dv]

dW = F(v)dv. (19)
Then, using the explicit form of the relativistic velocity distribution F(v) (19) and the definition of the
function ®(u) (17), we obtain the following expression to find the above mentioned probability

2

2\ 2
dW =B 4z m3v2(1—\é—2] exp| — b[l—\é—zj dv=o(u)du. (20)

Here @ (u) is the reduced distribution function of the modulus of the normalized particle velocities
determined according to (17), by the formula

®d(u) = Z—V; = k%uz(l — uz)_;exp [—b(l - uz)_%]. (21)

However, according to the Maxwell distribution, which is obtained from the relativistic distribution (13)

in the limit k7 << mc?and V<<C, i.e. in the nonrelativistic approximation, the probability that the
modulus of the particle’s velocity belongs in the velocity range [v, v + dv] is determined by the expression

[15]

dW =F, (v)Jdv=—=-u exp( )du o, (22)

?ﬂ
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Here u is the particle velocity normalized to the most probable velocity v, = /% ieu=—.

vmp
Comparing the relativistic distribution function @®(u) with the Maxwellian distribution function @, (u),
we come to the conclusion that, unlike the latter, the first distribution cannot be represented in a single
universal form for all gases. The reason for this difference, as can be seen from the comparison of the two
distributions, is the presence of the parameter b in the relativistic distribution, which is equal to the ratio of
the rest energy of gas particles to the thermal energy KT. In particular, as we will prove below, it is this
circumstance that leads to the fact that for a relativistic ideal gas the law of uniform distribution of the
average Kinetic energy over the degrees of freedom does not hold. Attention was drawn to this, for example,
in Pauli's book [21].
The unusualness of the relativistic distribution function (or what, the same thing, the relativistic
distribution) ®(u) makes us be more attentive to this attractive person (it is clear that such people are

extremely rare, if not completely!). Of course, we are primarily interested in, as in the case of the
Maxwellian distribution, the characteristic velocities of the relativistic distribution, namely: the most
probable, mean and root-mean-square velocities of particles of a relativistic ideal gas.

The most probable particle velocity corresponds to the maximum of the relativistic velocity distribution
function F(v) or the relativistic distribution function ®(u). It is determined by the extremum condition

dZ(V): 0, which is equivalent to condition O"(Ij’(”):o. Calculating this derivative and making a number of
\" u

simplifications, we obtain the following equation

{2+1512(5—\/1E7H®(u)=0. (23)

Further, taking into account that for the values of the parameter b other than zero: ®(u) = 0Oat U = Oand

U=1, we come to the conclusion that these values of the velocities correspond to the zeros of the
relativistic distribution.

In addition to these roots, equation (23) also has intermediate roots, as follows from it, determined by
the solution of the following equation

bu® =(2+3u®)V1-u?®. (24)
We further restrict ourselves to analyzing its solutions only for very large and very small values of the
parameter b,
As follows from equation (24), for any finite values of b, its roots belong to the interval of normalized
velocities 0<u <1,
For U <<1, which corresponds to nonrelativistic particles, from (24) we obtain that if b >>1 or
kT << mc?, it has the following approximate solution

U 2 2kT
Ump = =" = J; = me (25)

Therefore, as expected, in this nonrelativistic limit we obtain a result following from the Maxwellian
distribution of F,, (v) or @, (u) - Which is valid in this case.
Now we find a solution to equation (24) close to the limiting one, i.e. u=1-¢(0 <& <<1). Then it
follows from this equation that
2
uxl- b— (26)
50
This solution corresponds to very small values of the parameter b <<1, which means an ultrarelativistic
limit. Further, taking into account the asymptotic behavior of the modified second-order Bessel function

K, (b) ~ % according to (21), we come to the conclusion that the maximum of DF ®(u) is described by
b

the following expression

We will not give general solutions to this equation because of its cumbersomeness.



94 I1SSN 1811-1165 (Print), 2413-2179 (Online) Eurasian Physical Technical Joumnal, 2021, Vol.18, No4 (38)

~ 2. (27)

~
Makc b 2

Therefore, in contrast to the Maxwell distribution @, (u) (22), which has a maximum at u,,, = 1 at
any value of b, the relativistic distribution ®(u) (21) has a maximum value depending on the parameter b.

In particular, at b << 1, according to (27), the maximum of this distribution grows, i.e. the relative number of

particles grows with velocities close to the limiting U ~1. However, as is known, the maximum of the
Maxwellian distribution F,,(v) decreases with increasing temperature, i.e. tends to zero at very high
temperatures. This is the main difference between the relativistic distribution F(v)and the
Maxwelliandistribution F, (v)!

We now turn to determining the average velocity of particles of a relativistic ideal gas. According to the
formula for calculating the means (18), we obtain that

C 1
<v>:_va(v)dv:cIu<I>(u)du =c<u>. (28)
0 0

Using expression (28), we obtain the following formula for the average velocity of particles of a

relativistic ideal gas [2, 24, 25]:
-b
<U>= Ze—(lg—zbj . (29)

ky(b)

In a similar way, we determine the mean square of the velocity again using the formula for calculating
the means (18), according to which

(] 1
<v? >=IV2F(V)dV=CZIU2q)(U)dU=02 <u’®>. (30)
0 0

Using (21) and (30), we obtain the following formula for the mean square of the normalized velocity of
particles of a relativistic ideal gas [2, 24, 25]
k(0)=Kio)

k, (b)
The found expressions for the mean modulus and the mean square of the modulus of the normalized
particle velocity (38), (39) allow us to determine another most important characteristic of the relativistic
distribution (27) - the root-mean-square fluctuation of the velocity of gas particles:

Dv=<V®>-<v>’=c’[<u’>-<u>?]=c’Du, (32)
which describes the characteristic spread of the velocities of particles of a relativistic ideal gas.
Now let us analyze the behavior of the found characteristic velocities for a very large value of the
parameter b, i.e. b >>1. In this case, as already noted, the thermal energykT is much less than the rest
energy of the particles mc?. Further, taking into account the asymptotics of k,(b) and ki, (b) [22]:

<u?>=1- (31)

3 15 1
by~ [Ter(1, 3 1B 1 ) 33
1(0) > 5 [+8b 2 8oy j 33
. 5 129 1
Kib)~.| Ze?1-24+222. =4 |, 34
L0~y %p [ 8 128 Db’ j (34)

in the considered limit, we obtain

[k, (b) — ki, (b) o ~ \/%eb (1_ %) . (35)

Now recalling the asymptotics of the modified second-order Bessel function k, (b)

K, (b) ~ \/%e-b(1+g+...), (36)

on the basis of expressions (30), (35), (36) we obtain the following formula for the mean square of the
velocity of ideal gas particles
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PNCI Cz.g(l_ilj"_? (37)

This is a result following from the Maxwellian distribution for the mean square of the particle velocity
in the nonrelativistic limit.
In the same limit, in accordance with expressions (28), (29), and (36), we obtain

2 1 8 «T
<V>=xC-2|— —=~r~r [— —. 38
\/; Jb 7z m (38)

This is the formula for the average velocity of the Maxwellian distribution. Thus, within the framework
of the applicability of the Maxwellian distribution, the root-mean-square fluctuation of the velocities of
particles of an ideal gas according to (32), (37), and (38) is determined by the following expression

DV=CzDuzCZ(3—§j1z(3—§jk—T. (39)
T T/ m
Finally, consider the case of ultrarelativistic (or massless) particles, which corresponds to very small

values of the parameter b, i.e. b <<1 (or b — 0). Then, taking into account the asymptotics of the
functions k, (b), k, (b) and ki (b) in this limit [22]

1 2 . T
kl(b)zg, kz(b)zb—z, kh(b)z? (40)

we obtain from (29) and (31) the following results
<u>=1-b?, <u2>zl—%b2. (41)

The latest results mean that as m — 0, these characteristic speeds tend to the speed of light c.
Consequently, in the ultrarelativistic limit, the root-mean-square fluctuation of the velocities of particles
of an ideal gas is determined by the following formula

2 2
Dv = ¢?Du ~¢? b2 zécz(mj : (42)
2 2 kT

Thus, in this section, on the basis of the relativistic distribution of velocities (19), it is proved that the
characteristic velocities of gas particles: the most probable, mean and root-mean-square velocities do not
exceed the speed of light. In particular, taking into account the unattainability of absolute zero temperature,
proved by Nernst, we come to the conclusion that only massless particles at any temperature have speeds
equal to the speed of light. In addition, it is possible to show the boundedness of the root-mean-square
fluctuations of particle velocities for any value of the parameter b. Concluding the section, we note that these
gualitative considerations in obtaining solution (24) can be easily obtained by finding the values of b

corresponding to the most probable velocities u,,, = vap which are determined as follows:

b=(3+%}ﬂ.

u
From here, for U <<land u~1—& (0<e&<<1), we obtain approximate solutions (25) and (26) of
equation (24).
Based on the above analyzes, we come to the conclusion that in the massless limit all characteristic

particle velocities tend to the speed of light. In other words, the distribution function of the velocity modulus
of particles of an ultra relativistic ideal gas becomes delta-shaped F,(9) =6(9-c), and their directions are

completely random and equally probable, i.e. distributed isotropically. Indeed, the relativistic distribution
function of the normalized velocity @ (u) at b << 1 takes the following form

@(u) zb—;-UZ(l—uz)_Z exp{— b(l—uz)_ﬂ.

Further, settingu® =1—&? (¢ — 0),, weobtain

b* b
D(U) ~ —exp(——).
(u) 75 n( g)
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Hence it is clear that if b= \/5_ then at &£ — O the function @ (u) tends exponentially to zero. If

3
b=e¢?, then at b—0® (u) becomes infinite. Therefore, in this case, the reduced distribution function will
be delta-shaped, i.e.

@Uu)=561-u) (fig.1).

Thus, based on the analysis of the expressions for the characteristic velocities of the particles of a
relativistic ideal gas, we come to the fundamental conclusion that the most probable average androot-mean-
square velocity does not exceed the speed of light - the limiting velocity in nature. This proves the validity of
the postulates of the special theory of relativity in relativistic statistical physics.
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Fig.1. The distribution function of the moduli of the normalized velocities of the particles of a relativistic ideal gas
(b=15;1;0.2)

As an example, we find the root-mean-square velocity of the particles of a relativistic ideal gas at the
value of the parameter, when the thermal energy is equal to one third of the rest energy of the gas particle.
Using formula (31) and taking into account the values of the special functions appearing in it, we obtain

9, =< % >=~0515 c.

However, according to Maxwell's formula for the mean square velocity (37) '9,«,» =¢. This result has no
physical meaning, since, according to the special theory of relativity, no particle with a nonzero mass can
have a speed equal to the speed of light. The latter conclusion also follows from the relativistic distribution
function of the particle velocity modulus found by us: if m#0, then at 3 — C the function F(9) — 0.

3. Equation of state for arelativistic ideal gas

As is known, the properties of any ideal gas are determined by its equation of state, which connects
three thermodynamic quantities: pressure, average energy density and temperature [13, 23]. Therefore, our
goal in this section is to determine the equation of state for a relativistic ideal gas. Before proceeding with
the direct solution of this problem, we give a short proof of expressions for the average energy density and
pressure of a relativistic ideal gas. To do this, we use the following well-known expression for the energy-
momentum tensor of a system of noninteracting particles [23]:

i k 2
T‘kznmc<d—x.di>,ds=c 1-2dt. (43)
dt dS c

where n is the number of particles per unit volume, and the angle brackets denote averaging over the velocity
distribution function of gas particles.
Further, taking into account the definitions of the four-dimensional radius vector of the particle x'

N =(X°,X1,X2,X3)=(Ctvxl V,2)=(ct,r?), (44)
we find the following expressions necessary to find 7° B
i
d_X:(C’V_)):(C’Vx’Vy'VZ)' (45)

dt
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dx* 1 v

=(

ds V2 ! V2
\/1_0‘? C\/l_cz

where V™ is the usual three-dimensional particle velocity. Therefore, using expressions (43) - (46), one can

) (46)

determine any component of the energy-momentum tensor 7° " ofa system of noninteracting particles, for
example,

> T =pm<——e s, (47)
1-— 1-
where a =X, Y, Z.

Hence it follows that the time component of the energy-momentum tensor 7’ % s equal to the average
energy density ,0 of the relativistic ideal gas, determined by the expression

1
p=nmc’ < ——>. (48)
V2
1->
c
Now, using the spatial components of the energy-momentum tensor, we obtain that
2
Vv
T*+TY +T? =nme® < ———>. (47%)

2
v

¢’ 1-—
c

However, for any isotropic distribution of particle velocities (otherwise it cannot be due to the equality
of all directions in space)

T =T" =T* =P, (49)
Thus, from (47*) and (49) we obtain the following expression for the pressure of a relativistic ideal gas:
2 2
p_nme v (50)
3 ) v2
c,/1- P

We emphasize that we did not cite here the expressions for the mixed components of the energy-

ik . .
momentum tensor 7 when i and k are not equal, simply because they are all equal to zero.
Now using the identity
1 u? v

=y1-u®+ , U=-—, 51

Vi-u?® Vi-u? c Y
and taking into account expressions (48) and (50), we obtain the following important equality, which
establishes a relationship between the pressure P and the average energy density © of a relativistic ideal gas

2
,o—3P:nmcz<1/1—\é—2 >, (52)

Thus, as follows from the expressions for the average energy density 0 (48) and pressure P (50), as
well as the equation of state (52) connecting them, they are all determined by statistical averaging based on
the relativistic distribution of the velocities of their particles F(v) (13). This is the originality of the method
used by us for the first time for finding the indicated macroscopic quantities of a relativistic ideal gas.

Let's start solving this problem by determining the average energy density of a relativistic ideal gas
based on expressions (48) and (13):
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p= nmczj L

0

1

V1-u?

1
F(v)dv = nmc? j ®(u)du. (53)
v? 0
e
Now, applying the substitution u = thx(0 < x < o) and taking into account expression D(u) (21), we
obtain

p=nmc? b U sh2xe "™dx + j sh“xebC“deJ (54)
kZ (b) 0 0
The integrals included in (54) are respectively equal [22]
k, (b) k, (b)
Il:lT’ |2=32b—2, (55)

where k, (b) and k, (b) are the modified Bessel functions of the first and second order.
Thus, for the average energy density , of a relativistic ideal gas, we obtain the following beautiful
expression

_nme? Kb) 3 me”
£ =nmc {kz(b)+b}' b—KT- (56)

Next, we calculate the right-hand side of equality (52)

2 0
nmc? < 1/1—\/—2 >= nmc? kL(b)J'shzxe’“hxdx- (57)
c 2 0

Now, taking into account the first integral in expression (55), from this we obtain

2
nmc? < 1/1—\/—2 >= nmc? kl(b). (58)
c k,(b)

Substituting the found mean in the right-hand side of equality (52), we find the following expression for
the pressure of the Maxwell-Boltzmann relativistic ideal gas
P=nkT. (59)
Of course, this result can also be obtained by direct averaging of the expression for pressure (50).
However, now, unlike the nonrelativistic ideal gas theory, the pressure of a relativistic ideal gas will not be
directly proportional to the average kinetic energy of gas particles (£} ), since, according to (56)
(5 =meq k@), 3_4]
k,(b) b
is a nonlinear function of the thermal energy kT and the rest energy of the gas particle mc2.Inparticular
E
< k> =b- kl(b)+§_l
kT k,(b) b

Using this formula, by measuring <Ek> and T, you can determine the rest energy of gas particles mc? in

a non-trivial way. Thus, the equation of state of a relativistic ideal gas connecting its pressure, average
energy density and temperature is determined by the following expression

2
p—3P =nmc? kl(b), b="C (60)
k,(b) KT

We emphasize that the above results can be obtained by other statistical methods, which were
mentioned at the beginning of the first section.

Let us now investigate the asymptotic behavior of the pressure and average energy density of a
relativistic ideal gas at the limiting values of the parameter b. If the thermal energy KT is negligible
compared to the rest energy of the gas particles mc?, then the parameter b >>1. Further, taking into
account the asymptotics of the functions k, (b) and k, (b) (36), we have
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kl(b)Nl_i_ 45
k,(b) = 2b 64b>"
Then it follows from (56) that in this limit the mean energy density is determined by the following
formula

(61)

pznmc2+gnkT. (62)

However, M. Consequently, only for a nonrelativistic ideal gas, the law on the uniform distribution of
the average Kkinetic energy over the degrees of freedom is valid, i.e.

<E, >= gKT. (63)

In the opposite limit b << 1 (which means not only 7 — oo, but also m — 01), The modified Bessel
functions of the first and second order have the asymptotics indicated in expression (40).

Then from (56) we obtain the following formula for the average energy density of an ultrarelativistic
ideal gas (or a relativistic gas of massless particles)

> 2
pz3nlei1+l[mC j } (64)
6\ 7T
In this limit, from (60) follows the so-called limiting equation of state
Yo
P~, 65
3 (65)

which corresponds to the highest possible pressure at a given average energy density 0O .

Based on the above analyzes of the equation of state (60) relating pressure, average energy density and
temperature of a relativistic ideal gas, we can write the following approximate equations of state:

P~0, Pzg, (66)

usually used in the equations of motion of matter (matter and radiation) in cosmological theories [23]. Here,
the first equation of state corresponds to a nonrelativistic gas with an ultralow temperature (77— 0), the

second - to an ultrarelativistic gas with a very high temperature (77 — 0) or equilibrium radiation. These
approximate equations of state used are virtually independent of temperature. Therefore, based on the
analysis of the equation of motion of matter, where the equations of state are used, which does not take into
account the dependence of pressure and average energy density on temperature, it is impossible, in principle,
to determine the change in the temperature of the Universe during its evolution. An additional argument in
favor of this conclusion is the fact that the very establishment of the equilibrium Boltzmann distribution and
the resulting relativistic distribution of the velocities of gas particles is possible only in statistical
equilibrium, with a constant temperature in time. In conclusion, we emphasize that the pressure and average
energy density of a relativistic ideal gas take only non-negative values according to their physical meaning.
This conclusion remains valid for quantum relativistic ideal gases, since the expressions for the pressure (50)
and average energy density (48) of a relativistic ideal gas, as well as the equation of state (52) connecting
them, remain valid in the case of quantum statistics. Only averaging follows, it is carried out over the
distribution function of the momenta of quantum relativistic ideal gases [24-26]. Thus, no substance can
have negative pressure and negative average energy density. This excludes the possibility of the existence of
the supposed "dark" matter with such hypothetical properties.

Conclusion

Let us summarize the consequences of the proposed theory of a relativistic ideal gas, compare them
with previously known results, and also discuss issues of their further development. The presentation will be
carried out in accordance with the sequence of the issues considered in the article.

1. The distribution function of the particle velocity of a relativistic ideal gas, obtained by us by
transforming the distribution function, which is described by expression (13), agrees with the result of
Juttner's work [12], obtained by him on the basis of a relativistic generalization of the Gibbs statistic. The
“modified” Juttner distribution of velocities obtained in [7] is incorrect, since, according to the authors
themselves, it contains a factor - the reciprocal of the energy of a relativistic particle. This leads to the
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erroneous conclusion that in the ultra - relativistic limit the "Modified" Juttner distribution of velocities tends
to zero. This contradicts the result (27) and does not correspond to reality (see also a number of curious
results given in [7]).

2. The formulas describing the mean and root-mean-square velocity of particles of a relativistic ideal
gas were not obtained by either Juttner or his "modifiers". Consequently, for the first time in our work, it was
proved on their basis that the characteristic velocities of particles of a relativistic ideal gas are limited - the
limiting velocity in nature. This confirms the validity of the fundamental postulate of the special theory of
relativity in relativistic statistical physics.

3. The equation of state of a relativistic ideal gas, relating the pressure, average energy density and
temperature of a relativistic ideal gas described by expressions (56), (59) and (60), agrees with the results
obtained by Juttner [12], as well as other researchers [4, 5, 8-11,16,17]. But unlike these works, in which
thermodynamic methods were used to obtain the equation of state (based on free energy, the principle of
maximum entropy, etc.), here it was obtained by a new method, namely, by averaging macroscopic
guantities for a system of relativistic non-interacting particles, i.e., e. for a relativistic ideal gas from the
distribution function of the velocity of their particles. As far as we know, no one has previously used such a
method for obtaining the equation of state for a relativistic ideal gas. It is of great interest to generalize the
theory of a relativistic ideal gas developed above for reference frames moving with constant acceleration
[16], as well as for relativistic plasma of colliding beams [3].

4. Analysis of limit case

2
A. Substantially Nonrelativistic Ideal Gas b = ";(—; > 1.
In this limit, it should be taken into account that
~me? 4 P2 — |® b4 18
E ~mc* + 2m,kz(b) = \/;e A+
Then we get

p2
2mkT

1 2 1
frm e

4T\ TT (mkT)2

).
B. Ultra-relativistic limit.
2
b= ";—CT &« 1 (or b—0). Then, taking into account the asymptotics of the function in this limit ko(b), we

obtain k,(b) = %. In addition it should be taken into account that
E = pc.
Therefore, we have
1 c\3 pc
f) ~ g (ﬁ) “exp (7
Hence it follows that ifT — 0, f(p) — §(p).

C. Of the effective cross section of colliding particles

—< J(uﬁ—u—z’)z R >

Omax
_ Ui

Here u; , = = ul,2 — normalized velocities colliding particles of RIG.

Further, the case is considered when, for example, u,=0. Then, the previous formula is greatly
simplified.

=<u>
_ Omax : :
Consequently, for parameter values significantly less than one, i.e. for the UR particles, for example, at

b=10* (which was possible in experiments on particle collisions at CERN, as well as in experiments in
Controlled Nuclear Fussion in France), we obtain according to the formula for the average velocity

Maxwellian distribution (u) = 2\/%- 102

This result obviously has no physical meaning, since it means that the speed of particles exceeds the
speed of light 100 times. But at the same time, according to the formula for the average RIG speed, in this
limit we get

(uy=1-»b>=1-10"*
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Consequently, according to the latest results, the effective cross-section of colliding particles of a
relativistic ideal gas cannot exceed the effective cross-section of a stationary particle. l.e., starting from a
certain threshold energy, the effective cross-section practically does not depend on the average kinetic
energy of colliding particles, which is confirmed by experiments conducted at CERN. As an application of
the theory of a relativistic ideal gas, one can point out its possible application for calculating the cross section
for collisions of ultra - relativistic heavy ions in a high energy collider [27], as well as for the relativistic
kinetic description of the production of fermions and bosons in cosmology.

Completing the work, we cannot but pay attention to, perhaps - not very pleasant and annoying, strange
circumstance that has developed in the history of the theory of a relativistic ideal gas: for more than a century
after Juttner's work [12], they were engaged in an essentially meaningless business - they tried "Modify" ...
the correct Juttner velocity distribution! Here, as they say, there is nothing to be done - this is the nature of
things. But the truth, although it is bitter, is always fair ...
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SUMMARIES TYCIHIKTEMEJIEP AHHOTAIIUA

HTuwynun A.B., Ilomanoe A.A., Iluwiynuna A.B.

BACTAIIKbl KYPAMBI HAHOBOJIEKTEP/IH BAJIKY TOPTIBIH AHBIKTAMTBHIH KOCBIMIIIA
ITAPAMETP PETIH/IE (Six— Gei-x X XKYWUECI MbICAJIBIH]JIA)

3amaHayu jKapThUTail OTKI3TIII SIEKTPOHUKAHBIH HETI3Ti MaTepHalIapbIHBH Oipi 6ombin TabsuiaThin Si-Ge XyiieciHin
KOPBITIIATIAPhI 9P TYPJIi TEXHOJIOTHSIIBIK KOJmaHbicTapra ue. bepinred skympicta Si-Ge HaHOGOMIIIEKTEPiH/ET] (a3aibiK
Terne-TeH/IiK TePMOJAMHAMUKAJIBIK TOCUI asChIHAa MojenbaAeHal. Ecenreynep kepceTkeHaer, ap TYpJi TUaMeTpili KoHe
KypamJibl HaHOOOJIIIEKTepre «HAHO-TUKBHUAYC» JKOHE «HAHO-COJHMIYC» TeMIepaTypajapbiHbIH P TYPJIl JKUBIHTHIFbIHA
colikec Keleli, oJlap ©3 Ke3eKTe MaKpPOCKOIMSUIBIK OJIIeM/Ii KYPBUIBIMAAP YILIiH THICTI MOHJAEP/CH epeKIIeNeHe ], all
«HAHO-JIMKBUAYC» KOHE «HAHO-COJHMIYC» apachIHAAFbl TEMIIEPATYPAJbIK apaiblK OeJIIeKTiH eJIIeMiHIH a3arobIMeH
kemui. Makpoemnmem/i KypblIbIMIapAaH ailbIpMambUIBIFEl 9p TYPJl Si KypaMmblHa ne HaHoOeJmekTeperi Oepinren
TeMIIepaTypajaarbl Katap eMip CYpeTiH CYHbBIK >KoHE KaTThl (hasajapAblH Kypambl aWTapibIKTail epeKIleseHel,
COHBIMEH Oipre Katap emip cypeTiH (azajmapAblH Kypambl MEH KeJIEeMMIK YJeCiHiH HaHOOOJIIEeKTiH IuaMeTpiHe
TOYETAUTIKTep CHIIATHI OOINMICKTEPIiH TeMIepaTypackl MeH Si ylleCTepMeH aHBIKTananbl. JKylieHiH epKiH SHepTHsIChIH
TOMCHJCYIHIH op Typii MeXaHu3MJepi HETi3iHOe allbIHFaH HOTIDKEIEPAiH TepMOAWHAMHKAIBIK TYCIHIIpMeci
YCHIHBUIFaH.

Hluwynun A.B., Ilomanoe A.A., Illuwiynuna A.B.

HAYAJIBHBIII COCTAB KAK JIOIOJHMTEJIbHBIA IIAPAMETP, OIPEJEJIAIONMIM ITOBEJIEHUE
IIJTABJIEHUA HAHOYACTUL] (HA TIPUMEPE CUCTEMEI Siy — Ge1-y)

SIBTISISICH OIHUM U3 OCHOBHBIX MAaTEpPHAIOB COBPEMEHHOM MOTYIPOBOAHUKOBOW IJICKTPOHUKH, CIUIaBhl cHCTeMbl Si-Ge
HMEIOT HMIMPOKHHA CHEKTP pa3HOOOPa3HBIX TEXHOJIOTHUECKHX NPHIOXKeHUH. B HacTosmiel padoTe dazoBbie paBHOBECHS
B HaHouactuiax Si-Geé cMoIenupoBaHbl B paMKaX TEPMOAHHAMUYECKOTO MMOIX0ja. Pacyersl MOKa3bIBAIOT, YTO
HAHOYACTHUIIAM Pa3JIMYHOTO JHaMEeTpa U COCTaBa COOTBETCTBYIOT Pa3IMYHbIC HAOOPHI TEMIEPATyp «HAHO-THKBUIYCA» U
«HAHO-COJHIYCay, OTIIMYAIONINECS OT COOTBETCTBYIOIIUX 3HAUYEHUH I CTPYKTYpP MAaKpOCKOIHMYECKOTO pa3Mepa, B TO
BpeMsl KakK TEMIEpaTypHBI MHTEpBal MEXAYy «HAHO-IMKBHIYCOM» U «HAHO-COJIHIYCOM» COKpamaercs ¢
YMEHBIIEHUEM pa3Mepa 4acTULBL. B oTauuue OoT Makpopa3MeEpHBIX CTPYKTYpP, COCTaBbI COCYIIECTBYIOIIMX KHIKUX H
TBEpABIX (a3 MpH 33TaHHOW TeMIlepaType B HAHOYACTHIIAX C Pa3IMYHBIM COJCPIKAHUEM Si CYIIECTBEHHO Pa3iIHyaroTCs,
a XapakTep 3aBHCHMOCTEH COCTaBOB M OOBEMHOH JOJHM COCYHIECTBYIOIIMX (a3 OT AnaMeTpa HaHOYACTHIIBI
ompeieNsieTCs TeMIepaTypoit u goieit Si B wactuie. [IpencraBieHa TepMOHNHAMUYECKAST HHTEPIIPETAIINS TTOTYICHHBIX
pe3yIbTaTOB HAa OCHOBE PA3IMYHBIX MEXAHW3MOB IOHIKEHHUS CBOOOTHON 3HEPTHH CUCTEMBI.

Durgadsimi S.U., Kattimani V.R., Maruti N.S., Kulkarni A.B., Mathad S.N.

BIPTE TYHABIPY ©ICIMEH CUHTE3AEJII'EH HUKEJIb ®EPPUTIH CUHTE3/IEY XXOHE K¥PbIJILIM/IbIK
TAJJAY

3epTTeneTin HuKenb (eppuTi Gipre TYHABIPY OfiCiMEH CHHTe3jenreH. Pentrenorpamma 8,347 A Top TypaKTHICEIMEH
LINMMHENbIIH KyOTBIK KYPBUIBIMBIHBIH Maiia OoNybIH Honesineni. PeHTreHAiK THIFBI3IBIFBI, KPHCTAIAAPABIH OpTalia
eneMi, GalJlaHbIC Y3BIHABIFBL, AUCIOKALMS THIFBI3IBIFE KOHE MUKPOACHOPMALHS CHAKTBI KYPBUIBIMABIK KaCHETTEp
3eprrenred. CkaHeplieyi IeKTPOHBIK MUKPOCKOITEIH KOMETIMEH albIHFAaH CypeTTep TYMipIIKTI KYpbUIBIMAAPIbIH
TYHIPIIIKTLIITIH KOPCETKEeH. 3epTTENiHETIH HUKENb Gepputinig Dypre TypieHIipyMeH HHOPAKBI3BUT CIIEKTPOCKOITHS
CIIEKTpi CoWKeciHIe TeTpadapiik (A) skoHe okrtadapiik (B) eHrisy mosumusiapblHaH TYBIHOAWTBIH €Ki MaHBI3ZBI
KYTBUTY )KOJIAKTapbIMEH LITHUHENbIIH KyOTHIK KYPBUIBIMBIHBIH TY31IyiH KOPCETTI.

Durgadsimi S.U., Kattimani V.R., Maruti N.S., Kulkarni A.B., Mathad S.N.

CUHTE3 U CTPYKTYPHBI AHAJIM3 ®EPPUTA HMKEJIS, CUHTE3MPOBAHHOI'O METOJIOM CO-
OCAXJIEH1A

Hccrnenyemslit GeppuT HUKENS CHHTE3HMPOBAH METOIOM COOCAXKAEHHsS. PeHTreHorpaMma MOATBEp)KOaeT oOpa3oBaHUE
KyOHUeCKOH CTPYKTYpBI IINHHENH ¢ MOCTOAHHON pentetky 8,347 A. Bbltu H3yueHbl Takue CTPYKTYpHBIE CBOHCTBA, Kak
PEHTIeHOBCKasl INIOTHOCTh, CPEAHUI pasMep KpUCTAIUIOB, JUIMHA CBS3H, IDIOTHOCTh JANUCIOKAINHA U MUKPOe()OpMAaLIIH.
N300pakeHns, MOJTyYEHHBIE C IOMOIIBIO CKAaHUPYIOLIETO 3JIEKTPOHHOIO MHKPOCKOIA, IOKAa3bIBAIOT 3€PHHUCTOCTD
IpaHyJIMPOBAaHHBIX CTPYKTyp. CHekTp HH(PaKpacHOH CIIEKTPOCKONWH C mpeobOpazoBanueM @Dypbe HcCIeayeMoro
(deppuTa HUKEJs MMOKa3bIBaeT 00pa3oBaHHME KyOMYECKOW CTPYKTYpPHI IIIHMHEIN C JBYMsI 3HAYUTEJIbHBIMHU II0JIOCAMH
MOTJIOIEHHSI, COOTBETCTBYIOIIMMHU BBICOKOUACTOTHOHN mojoce vl M HU3KOYACTOTHOM MOJOCE V2, BOSHHUKAIOWIEH U3
TeTpadaprueckux (A) u okTasapudeckux (B) mo3urmii BHEAPEHNUS COOTBETCTBEHHO.
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HInumac /1., Omaposa A., Koznosckuii A.JI., 300posey M.B.

CDSE:NI  J)K¥KA  KABBIPHIAKTAP/IbIH ~ KACHUETTEPIHE  KOJIJAHBAJIbI = IIOTEHLIMAJIJIAP
AMBIPMAIIBIIBIFBI ©3TEPYJIEPIHIH ©CEPIH 3EPTTEY

byn sxympIc KaObIpmIakTapAblH (a3alblk KYpaMBIHBIH ©3repyiHe OaiIaHBICTBI KYPBUIBIMIBIK JKOHE ONTHKAJIBIK
KacueTTepiHn e3repTy MyMkiHAirimeH CdSe HeriziHmeri kyKa KaOBIpIIaKTapIbsl HUKEIBMEH IOMHPICYIi KOJITaHy
THIMAUITIHIH ocepiH 3eprreyre apHairaH. KaObIpmakrapipl aily ofici peTiHme DSIEKTPOJIUTTEPIiH CYJIBI
epITIHAIEpIHEH METalUI HOHIAPBIH YICKTPXUMUSIBIK TOTHIKCHI3IaHABIPY 9MiCi TaHOamFaH. Op TYpJl cHIarTamaiapra
ue KaOBbIpIIaKTapbl ajly YIOiH op TYpJli MOTeHIMANap aiblpMachl maiinanaHeuiael. Kacuerrep MeH onapIblH e3repy
JMHAMUKAChIH CUIATTAy YIIiH aTOMABI-KYIITIK MHKPOCKOIHSCHI, SHEPTHsl AMCIEPCUSUIBIK Talay >KOHE PEHTICHMIIK
mudpakius  omictepi TaHmanael. KaObIpmiakTapAblH OCpIKTIK MEXaHUKANBIK KACHETTepl HHICHTHUPICY OiCiMEH
3eprrenreH. JKypriziaren Toxipubenep GapbicChiHIA aly MIapTTapblHAa OailIaHBICTHI CHHTE3AEITeH KaOBIPIIAKTap.IbIH
KYPBUIBIMIBIK, ONTHKAJBIK JKOHE OEpIKTIK CHIaTTaMallapblHBIH ©3repy ToyelaimikTepi ansiHabl. Pomamua B
OpraHMKaJbIK OOSFBINIBIHBIH BIABIPAY JKBULAAMABIFBI MEH THIMAUITIH aHbIKTayFa ()OTOKATAIMTUKAIIBIK CHIHAKTAap
(oToKaTanm3aTOp peTiHAe KOJMMAaHBIC YIIiH Kypambiaaa NiSe ¢a3acel 6acbkiM 00aTHIH KaOBIPIIAKTap €H IMEePCIIEKTUBTI
eKeHIH KOpCeTTi.

HInumac /., Omaposa A., Koznoeckuii A.JI., 300posey M.B.

HUCCIEJOBAHUE BJIMAHUSA W3MEHEHUA PA3HOCTU TIPUKIIAJIBIBAEMBIX TIOTEHIIMAJIOB HA
CBOVICTBA TOHKHMX ITJIEHOK CDSE:NI

Jannast paboTa NoCBsilleHa UccieqoBaHHI0 (P QEeKTHBHOCTH NpUMeHEHHs (P (eKTa AONUPOBAHUS HUKENEM TOHKHX
wieHOK Ha ocHoBe CdASe ¢ BO3MOXHOCTBIO BapHAlWK CTPYKTYPHBIX M ONTHYECKHX CBOWCTB, OOYCIIOBICHHON
n3MeHeHneM (a3zoBOro cocraBa IUIGHOK. B kauecTBe MeTona NONy4YeHMS IUIGHOK ObUT  BBIOpaH METON
ANIEKTPOXMMHUYECKOTO BOCCTAHOBJICHHS HMOHOB METAJIOB M3 BOJHBIX DPacTBOPOB JIIEKTPONUTOB. BapbupoBanue
pPa3HOCTH MPUKJIAJBIBAEMBIX MOTCHIMAJIOB OBUIO HCIOJNB30BAaHO JUIA TIOJNYYCHUS IUIGHOK C  Pa3IMYHBIMHU
XapakTepucTukamu. Jlsi XapakTepu3aluu CBOMCTB M JIMHAMHKHM MX M3MEHEHUH ObUIM BBIOpaHBI METOABI aTOMHO-
CHUIIOBOM MUKPOCKOIUH, YHEPTOJUCICPCHOHHOIO aHAIN3a i PEHTIEHOBCKOM audpakimu. [[poYHOCTHbIE MEXaHUYECKUE
CBOWCTBa TMJECHOK OBUIM HCCIEIOBaHBI C TPHMEHEHHEM METOJa HWHICHTHPOBaHHsA. B Xoae MPOBEICHHBIX
SKCIIEPUMEHTOB TOJYYCHbI 3aBHCUMOCTH H3MEHEHHS CTPYKTYPHBIX, ONTHYECKHX, MPOYHOCTHBIX XapaKTEPUCTHK
CHUHTE3UPOBAHHBIX TICHOK B 3aBUCUMOCTH OT YCJIOBHUi monydeHus. DOTOKaTaIuTHIECKUE UCIIBITAHUS Ha OMpeeIeHUe
CKOpPOCTH U 3(PPEKTUBHOCTH PA3I0KEHHS OPraHUYecKoro kpacuressi Pomamuba B mokasanu, 4To MJICHKH B COCTaBe
KOTOphIX Tpeobnamaer ¢dasza NiSe o6nagaroT HauOONbIIEH IEPCIEKTMBHOCTHIO MPUMEHEHHS B  KadyeCcTBE
(hoTOKaTATU3aTOPOB.

HOpoe B.M., Maxanoe K.M.

MEXAHUKAJIBIK KOCTIAJIAY SJICIMEH AJIBIHFAH JXOFAPbBI DHTPOIIUAJIBIK JKABBIHABIJIAP/IbIH,
KATTBUIbIFbI

Makanana TOoT GacmaiTeiH OOJIAaTTAPIBIH KONIIUIITiHIH KaTTBUIBIFBI KOFAphl SHTPONMSUIBIK >KaOBIHABUIApFa KaparaHia
2-3 ece KeM EKEHJIr1 KOpCeTIIreH, OYIT 63 Ke3eKTe OJIAp.IBI 9P TYPIi OHEPKACINTIK KYPBUIBIMIAPIBIH O6ITiKTepi peTiHae
naijanady MepCIeKTUBACHIH KepceTeli. AKaychl3 Herizi 0ap MeTa/ul IIBIHBUIAPIBIH MHKPOKATTBUIBIFBI JKOFaphl
SHTPOIUSUIEI KaOBIHABLIAPIAH epeKmeneHoeini. Makarana »aObIHIBIHBIH OY3BLTYBI OCTTIK SHEPTHUSAFa MPOMOPIIHOHAI
xoHe ['MOOC »HeprusceHA Kepi MPOMOPIIHOHAT eKEHIH JNICNICHTIH TeHAey anbiHFaH. ToT OacmaiTeiH OonaTTap YIIiH
OCTTIK 2HEprus >KOFaphl SHTPONHUSUIIBI >KaOBHIBLIaApMEH Oipaeil. JKorapsl SHTPONHSIIBI KaOBIHABUTAPABIH [ 1OOC
9HEPIHUsACH TOT OacmalThIH OosaTTapFa KaparaHia 2 ece >KoFapsbl, Oy Toxipubene OaifkanraHail >korapbl SHTPOIHSIBI
KaOBIHIBUIAP IBIH KOFAPhl KATTHUIBIFBIH KOPCETE 1.

HOpoe B.M., Maxanoe K.M.

TBEPOCTh BBICOKOSHTPOIIMMHBIX ITOKPBITUM, TOJYUYEHHBIX METOJOM MEXAHWYECKOI'O
JIETUPOBAHUA

B crathe mokazaHO - TBEpJOCTH OOJBIIMHCTBA HEP)KaBEIOUIMX CTajeld B 2-3 pa3a MEHbIIE BBICOKOIHTPOIUHHBIX
MOKPBITUHM, YTO IOKAa3blBa€T MEPCHEKTHBY MX MPHMEHEHHs B KadecTBE JeTallell pa3iIM4HbIX HPOMBIIIICHHBIX
KOHCTPYKIMI. MUKPOTBEPJOCTh METAJUIMYECKUX CTEKOJI, KOTOPhIe MMEIOT 0e31e()eKTHYI0 OCHOBY, HE OTJIMYAIOTCS OT
BBICOKOHTPOMNMIHBIX TOKPBITHIL. B cTaThe mosyyeHo ypaBHEHHE, KOTOPOE MOKA3bIBAET, YTO Pa3pyLICHUE MOKPBITUS
IIPOTIOPIIMOHANBEHO MTOBEPXHOCTHOM 3HEPTHU M 00paTHO MPOIOPIMOHANEHO Hepriun ['m60ca. ¥V HeprkaBelomux cranei
MMOBEPXHOCTHASI ~ JHEPrWs MPUMEPHO  OJMHAKOBA  BBICOKOSHTPOIIMHHBIM  TOKPHITHAM. OHeprus [ mb6ca
BBICOKOHTPOIMUHBIX TOKPBITHA B 2 pa3za Oojbplle, YyeM y HEep)KaBEIOUINX CTajel, YTO M NPHUBOJUT K BBICOKOM
TBEPIOCTH BBICOKOAHTPOIUIHBIX TOKPBITHI, 9TO U HAOIIOJaeTCs IKCTIEPIMEHTAIBHO.
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Kacumoe A.T., Ecenoaesa I'.A., ZKonmazamoemos C.P., Xabuoonoa O.

KOIIKABATTBI OPTOTPOIIThI K¥PbUJILIMJAAPABI TYPJIEHI'EH BIP HAKTBIJIAHFAH ULJTY TEOPUSICHI
HET'I3IHJE 3EPTTEY

Makanaza OpTOTPONTH KOIKabaTThl KOMITO3HMTTIK MaTepHalJaH jKacalraH KYpbUIBIMIAp, aTal aWTKaHIa, KaOaTThl
OPTOTPONTHI ITACTHHANAP KapacThIpblIanbl. [lnacTuHamapabslH KepHeyi-neGopMannsuIbIK KYHiH CaHIBIK MOJIEIbACY
MeH Tayjay KaOaTThl IUIAaCTHHAJAPABIH HAKTBUIAHFAH TEOPUSACHIHBIH Oip HYCKAChl HETI3iHAE JXy3ere achIPBUIIBL.
CHMMETpHSIIBIK KOHE aCHMMETPISIBIK KYPhUIBIMIBI OpTalla KaJbIHIBIKTHI JKOHE KYKa KONKaOaTThl IIaCTHHATIAPIbIH
uiny ecenrepi 3eprrenreH. bykin 3eprreyiep miacTHHaIAp KYPhUIATEIH KOMIIO3UTTIK MaTePHAIBIH OPTOTPOIHIIBUIBIK
KOHE Kol KaOaTTBUIBIK KAaCHETTepiH eckepyiMeH xyprizinreH. CoHFBI aifplpMa OmiCiHIH HETi3iHIAE OPTOTPOITHI
KabarTapblHa e KabaTThl IUIaCTUHAJAPABIH KepHEYIi-AehOopMalsIbK KYHiH CaHABIK €CeNnTey IiH JKaJllbl alropruTMi
a3ipienai. by anroputm KoMnbloTepIIiK OaFiapiIaManap makeT KOMETiMeH JKY3ere achblpbuIFaH.

Kacumoe A.T., Ecenoaesa I'.A., ZKonmazamoemos C.P., Xabuoonoa O.

UCCJIEJOBAHUE  CJIOUCTBIX OPTOTPOIIHBIX KOHCTPYKILMA HA OCHOBE OJHOU
MOJUPULIMPOBAHHOM YTOYHEHHOM TEOPUU U3T'UBA

B crartee paccMaTpuBAlOTCS KOHCTPYKIMH M3 OPTOTPOIMHOIO MHOTOCIOWHOTO KOMIIO3MI[MOHHOTO Marepuala, B
YAaCTHOCTH, CJIOMCTBIC OpPTOTPOMHbBIC IJIACTHHBL.  UHCIEHHOE MOJCIUPOBAHHE W  AHAIW3  HAMPSHKCHHO-
JeOpPMHUPOBAHHOTO COCTOSIHHS IJIACTHH MPOBEICHBI Ha OCHOBE OJHOTO BAapHAHTa YTOYHEHHOW TEOPUH CIOUCTBIX
iactuH. MccnenoBansl 3aauu n3ruba iacTuH CPeHEH TOMIIUHBI U TOHKMX MHOTOCIONWHBIX TUIACTHH CHMMETPHIHOM
U HECHUMMETPUYHON CTPYKTYpbl. Bce wuccieqoBaHHs TMPOBEICHBI C YY€TOM CBOMCTBA OPTOTPOIHOCTH U
MHOTOCJIOHHOCTH KOMIIO3UI[MOHHOTO MaTepualia, W3 KOTOPOTO CO3/aHbl IUIaCTUHBL. Ha OCHOBe MeTo/la KOHEYHBIX
pasHocTe# pa3paboTaH OOIIKI aTOPUTM YHCICHHOTO pacueTa HAMpPSKCHHO-1e()OPMUPOBAHHOTO COCTOSHHS CIOUCTHIX
IINTIACTHUH C OpTOTpOHHI)IMI/I CJII0SIMHU. IIaHHI)Iﬁ aHFOpI/ITM peaJ'II/I3OBaH Ha KOMHL}OTepHLIM IIaKECTOM nporpaMM.

Pazowcueun H.A., Pyoan H.IO., Pyouuxk U.E.

KEJIHIH, XAJIIbl MHEPUUSCBIHBIH TOMEHAEVYI KE3IHJAE JXKEJI 3JIEKTP CTAHIUSJIAPBIHBIH
SHEPI'MS XXYUECIHIH TYPAKTBUIbIFBIHA OCEPIH BAFAJIAY

Onemzie el IHEePreTUKACHIHBIH JaMYBIMEH OJJIEKTP JHEPTHSUIBIK JKYHelepAe >Kell SHEepPTUsulbl KOHABIPFBUIAPIbIH
OipJiecKeH JKYMBICHI ©3€KTI Macejiere aifHamyna. AybicHajibl ailHaly >KbUIIaMIBIFbIHA W€ 3aMaHayH JKel DHEPrHsIIbI
KOHJIBIPFBUIAP JKEJIre KepHEYAIH KYMITIK TYPJICHAIPTIITEpl apKbUIbI KOCBUIAABI, OYJI ©3 KE3eKTE OJIAPIBIH JJCKTP
SHEPreTUKAchl JKYHeNepine aifTapiabIKTali HHTETpalysaiIaysl Ke3iHae MyHIal KyHenepaiH TYpaKThUIbIFbIHA, alaTTapFa
Kapchl aBTOMAaTHWKa KYPBUIFBUIAPBIHBIH JKYMBICBIHA Tepic acep ereni. Mocene kel 3HEprusulbl KOHIBIPFBUIAPBIHBIH
TeHEPaTOPJIAPbIHBIH JJIEKTP SHEPTHSUIBIK JKYHECIMEH «aHpBIFbI» oCepiHEH TYBIHAANABI, ce0edi JKell SHEeprHsuIbI
KOHJIBIPFBIHBIH MEXaHUKAIIBIK MOMEHTIHIH YHEpTHs )KYHECiHIH KaaFaH OeJiriMeH OaiTaHbBICHI KOFaJabl, OHBIH XKHLUIIK
cUmaTTamanapbl e3repil, KyHeHIH Kallbl HHEpIUSJIBIFBl TOMEHICHAl, HOTIXKeCiHIe Oysl KyOBUIBICTAp KAJIBINITHI
PeXUMAEPIETi KUK TeH KepPHEYIiH aybITKyJaphlHA, COHIOAl-aK amarrap TyBIHIAaraH Ke3Jle JKUUIIK TeH KepHEYIiH
KeIlIKiHIHe oKeslyi MyMKiH. COHbIMEH KaTap, JKaJIbl HHEPIMSHBIH TOMEH/IEYl aCHHXPOH/IbI KYPICTIH CHIPFY JKUUIITIHIH
apTyblHa OalJIaHBICTBI ACHHXPOH/BIK PEKUM/II KO aBTOMATHKACBIHBIH KYPBUIFBUIAPBIHBIH KYMBIC iCTeMeyiHe bIKIal
eTyl MyMKiH. Makasaja >kajinbl HHEpLUUSHBIH TOMeHey ceOeOiHeH OJIapbIH JKYMBICHIHBIH aybICIIaNbl MPOLECTEPIiH
Ty IKbULIAaMJIBIFbIHA ocepiH Oarajiay YIIIH JKel OSHEPrHsIbl KOHIBIPFBUIAP/BI SHEPrHsi IKyHeciHe eHri3yaiH
9KCIIEPUMEHTTIK 3€pTTeyJiepi )KYPTi3iireH.

Pazorcueun H.A., Pyoan H.IO., Pyouux U.E.

OLIEHKA BJIMSHUS BETPODJIEKTPOCTAHLIMA HA YCTOMYMBOCTh DSHEPITOCUCTEMBI I1PU
CHMYXEHUH OBILEN MHEPLIUN CETH.

C pa3BuTHEM BETPOIHEPTETUKH B MUPE CTAHOBATCS aKTYaJIbHBIMH BOIIPOCHI COBMECTHOI PabOTHI BETPOIHEPTETHUECKIX
YCTaHOBOK B JJIEKTPO3HEPreTHYECKUX cucTeMax. COBpPEMEHHBIE BETPOIHEPreTHYECKHE YCTAHOBKH C IMEPEMEHHOMN
CKOPOCTBIO BpallleHHs] IPUCOETUHSIOTCS K CETH Yepe3 CUIIOBBIE ITPe00pa3oBaTed HANPSHKEHNUS, YTO MPU 3HAYUTEIBLHOM
X UHTErpalru B 3JICKTPOOHEPTETUYCCKUE CUCTEMBI HCTATUBHO CKa3bIBACTCA Ha yCTOfI‘IPIBOCTH TaKUX CHCTEM, pa60Te
YCTPOWCTB  NPOTHBOABAPHMHOW  aBTOMaTHKH. [IpoGimema BeI3BaHAa 3(deKkToM  «pa3BsA3KW»  TI'eHEPaTOpOB
BETPOIHEPreTUUYECKUX YCTAHOBOK C  3JIEKTPO3HEPIeTUYECKOM  CHUCTEMOW, IIOCKOJbKY YTPAuMBAETCsl  CBS3b
MEXaHMYECKOI'O0 MOMEHTa BETPOIHEPIETUUYECKOM YCTAHOBKM C OCTaJbHOM JHEPrOCUCTEMOM, H3MEHSIIOTCS U €¢
YaCTOTHBIC XAPAKTECPUCTUKHU, CHUKACTCA 06111351 WHEPIUOHHOCTEL CUCTEMBI U KaK CJICACTBUC JAHHBIC SIBJICHUA MOTYT
NIPUBOJMTH K KOJIEOAHUSIM YacTOTHl U HANPSDKCHUS! B HOPMAJIbHBIX PEXXHMMaX, a TaKKe JIABUHE YacTOTHl U HAINPSDKEHUS
IIpU BO3HMKHOBEHHMM aBapuil. Kpome Toro, cHmwkeHue oOIIeld MHEpIMHM MOXKET CIIOCOOCTBOBATH HecpabaThIBAHHIO
YCTPONCTB aBTOMATUKU JTUKBUAALUN ACHHXPOHHOTO PEXXHMMA, BBUAY YBEIMUCHHS YACTOTHI CKOJIbXKEHUSI ACHHXPOHHOTO
xoJa. B craThe mpoBeneHBl HKCHEPUMEHTANbHBIE HUCCIENOBAaHMS BHEAPEHUS BETPOIHEPIETUUECKUX YCTAHOBOK B
SHEProcUcTeMy JJIsl OLEHKH BIIMSIHUS MX pabOThl HAa CKOPOCTb NMPOTEKAaHHS IEPEXOAHBIX IPOIECCOB, BBUILY CHIKEHHS
o01eit nHepuum.
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Llasounoea M./, lllapunoe P.7K., Mewepaxosa T.IO.

BY TYPBMHACBHI KOHAEHCATOPLIHBIH BY AFbIHBIHBIH 9KEKTOPBIH XETUIAIPY

Anmarsl anextp TOL[-2 crannumsiceiHga xbutblTy TypOuHanapeinaa II10-3-200 ymr catbuisl Oy aFbIHIBI 3KEKTOPHI
OpPHATBUFaH, OHBIH XXYMbIC OybIHBIH HIBIFBIHBI 850 T/car. By >KyMBIC KOJIZAHBICTAFbl YII CaThUIBI Oy aFbIHIBI
KEKTOPBIH €Ki CaThUIbl Oy aFbIHABI KEKTOPHIMEH AyBICTBIPYBI YCHIHBUIBIN, HETi3AENTEH. AYBICTBIPY HOTHIKECIH/E
ANIEKTpP SHEPTHSCHH OHAIPY YIIiH 63 KaKeTTUTIKTepi YIIiH KbUTyIsIH (OyIbIH) YHeMeyiHe Ko xerkizinmi. TypOuna
KoHxeHcaTopeIHAarsl KbIckIM 100 kIla-man afirapmeikrait TemeH 6onrad ke3ge DI10-3-200 opHbBIHA KaHA €Ki CaTBUIBI
OI10-2-80 37xeKTOPBIH OpHATY OPBIHABI €KeHi aHBIKTANABL. KoNmaHbICTaFbl ecenTey 9icTepiH KOJJaHa OTHIPHII, JKaHa
KEKTOPBIH TEOMETPHSAIBIK CHIIAaTTaMaIapbl anblHAbL. JKaHa €Ki caThlIbl 3’KEKTOPABIH KYMBIC OYBIHBIH IIBIFBIHBI 579
1/car. COHBIMEH KaTap, €Ki Ke3eHJi MNaijajaHy KOHCTPYKIMSHBI KapanaibIMAbUIayFa »XQHE OHBI CEHIMIIPEK eTyre
MYMKIHAIK OepJi, COHBIMEH KaTap KEKTOPJbIH |-IIi CaThICBIHBIH CAJKBIHAATKBIIIBIHAA KBICBIMIBI apTThIPYFa
MYMKiHZIK Oepeni. by Heri3ri KOHAEHCATTBIH XKOFapbl TEMIEpaTypackiHa ne OOJIATBIH JKbUIy TypOMHAJaphl YIIH eTe
MaHBbI3/1bl, COHBIMEH Oipre OyJ1 KapamaibiM YII CaThlIbl 3)KEKTOP/IbIH JKYMBICBIHA TE€pic acep eTeli.

Hlasounoea M./I., lllapunoe P.7K., Mewepaxosa T.IO.

COBEPIIEHCTBOBAHME [TAPOCTPYMHOI'O 2)KEKTOPA KOHJEHCATOPA ITAPOBBIX TYPBMH

Ha AnmatunHckolt anektpoctaHuun TOIl-2 Ha TermnopHUKalMOHHBIX TypOMHAaX YCTAaHOBJIEH TPEXCTyNEeHUYaTHII
napocTpyinbiii kekTop DI10-3-200, ¢ pacxomom pabouero mapa 850 T/4. B nmanHO# pabGoTe mpemyiokeHa U
000CHOBaHA 3aMeHa JICHCTBYIOIIErO TPEXCTYNEHYaToro MapoCTPYWHOro 9XKEKTopa Ha JABYXCTYIEHYAThIi
MIApOCTPYHHBIM 3KEeKTOp. B pesynbraTe 3aMeHBI MOTyYWIM SKOHOMHIO TEIDIOTHI (T1apa) COOCTBEHHBIX HYXKJ Ha
MIPOM3BOJICTBO 3JIEKTPUUECKON SHEPTHH. Y CTAHOBJIEHO, YTO IIPU JIABJICHUH B KOHAEHCATOPE TYPOHMHBI CYIIECTBEHHO
ke 100 x[la memecooOpasHa ycTaHOBKa HOBOTO IBYXCTymeH4YaTtoro askekropa JOI10-2-80 Bmecto 3I10-3-200.
Hcnonp3ysl CyIIeCTBYIOIINE METOAMKH PACUeTa, IMOJIYYEHBI T'€OMETPUYECKHE XapaKTEPHCTHKH HOBOTO KEKTOPA.
Pacxon pabodero mapa HOBOTO ABYXCTYIIEHUATOTO KEKTOpa cocTaBisieT 579 1/4. Kpome TOro, mpuMeHeHHe IBYX
CTyTIEHEW TO3BOJISIET YIPOCTHTh KOHCTPYKIMIO U CIENaTh ee Oosiee Ha/Ie)KHOH, TaKKe TTO3BOJISET MOBBICUTD JIABIICHUE B
oxyamurene 1 CTymeHH KEKTOpa. DTO BaKHO MMEHHO ISl TEIIO(GHUKAIMOHHBIX TYpOHMH, Y KOTOPBIX MOXET OBITh
BBICOKAsl TeMIIepaTypa OCHOBHOI'O KOH/IEHCATa, YTO HEOJIAaroNnpHsTHO CKa3bIBaeTCsl Ha PabOTOCIIOCOOHOCTH OOBIYHOTO
TPEXCTYIEHYATOT0 MKEKTOPA.

Tanawesa H.K., Tineyoepzenosa A.7K., Ilaiimepoenosa K.M., Munvkoe JIJI., Y36epzenosa C.7K.

KEJIIIH TOMEH XbUIJAMIBIFBI KE3IHAE XXEJI TYPBUHACBIHBIH, YIHB¥PHIIITHI KAJTAKIIACBIHBIH,
ADPOJUHAMUKAIJIBIK KYIITEPIH 3EPTTEY

Makana SkeNnAiH TOMEH OJKbUIJAMJBIFBI VIIiH JKell TypOMHACBHIHBIH YLIOYPBIITHl JKENKEHII KalaKIIachIHBIH
adPOIMHAMUKAJIBIK CHUIIATTAMaNapblH 3epTTeyre, COHMAH-aK ChIHM MIa0ybll OYPHINBIH aHBIKTAayFa apHairaH. by
MakcaTTa dp TYpJIi mapameTpiiepre ue YIIOYPBIIITH )KEeITKSH/II KallaKIIa Kacajbl d3ipieHai. ToxipuOeik yiri MeTat
KapKacThl ©3eKIICNepJICH JKacallFaH, YIIOYPHIIITH KEIKEHAI KallaKIIaHBIH MaTepHajbl )KEeHLT KoHe Oepik (KiOek),
OHBIH Oip YIIBI KapKacTHIH KOFApPFHI KarblHA Oepik JKIMMEeH OEKITINreH; COHBIMEH Oipre ilmki amamerpi 8§ MM Tipek
©3eKIeNep/IeH XKOHE MOJIINIHUKTEpIeH Kypbutazpl. JKenkeHl KajakimianblH Oacka KalakilanapJaH epeKIlesieHel,
ce0eli JKeNKeH Iep KbUDKBIMAJIBI XKINTIH KOMeriMeH malybul OypbIlIbIH ©3repTy MyMKiHairi 6ap. 11aOybuiibiH chiHA
OYPBIIIBIH aHBIKTAY YIIIH JKEJKEH/I KaJaKIIaHbIH a’pOJAMHAMUKAIIBIK KymTepi madysuiasis op Typi 0% 15% 30°; 459,
60 75% 90° OypeimTapbinaa 3eprTrenreH. MosiMeTTepai TanjayiaH maGybULILIH ChiHU Oypblmbl 15° exeniri
AHBIKTAJIBI, OH/JA KOTEPY KYLIiHIH MOHI MakcuMaiasl O0omansl. [11a0ybUIABIH ChIHM OYPBIIMIBIHAA KOTEPY KYIIi MEH
MaHJAaWIbIK KeAepri KYLIHiH MoHI 4-TeH 12 M/c-Ka JieiiH e3repeTiH aya aFbIHBIHBIH JKbLIJAMIbIFBIHA TOYEJIiiri
QHBIKTAJIbL.

Tanawesa H.K., Theyoepzenosa A.7K., Illaitmepoenosa K.M., Munwvkoe JI.JI., Y3oepzenosa C.7K.
UCCJIENOBAHUE ABPOJMHAMUYECKUX CHJI TPEYIOJIbHOM JIOIIACTA BETPOTYPBMHBI IIPU
HU3KNX CKOPOCTAX BETPA

JlanHasi cTaThsl MOCBSIIEHA U3YYEHHIO adpPOJMHAMUUECKUX XapAKTEPUCTHUK, a TaKKe HAXOXKJCHUIO KPUTHYECKOTO yriia
aTakW TPEYToJbHON MapyCHOH JIOmacTH BETPOTYpOMHBI AN MajbIX CKopocTed Berpa. [lms 3Toif menmm Obina
paspaboTaHa TpeyroibHas MapycHas JIONAacTh pa3jiuHbIX mnapameTpoB. OMBITHBIA o00pasel BBIIOJIHEH U3
METaTMYECKUX KAPKACHBIX CTEPXKHEH, MaTepuas TPeyrojbHOW MapyCHOM JIONACTH COCTOMT M3 JIETKOTO W MPOYHOTO
Marepuana (IIesK), OJUH KOHEI KOTOPOTro 3aKpelyieH K BepIIMHE KapKaca MPOYHONH HUTHIO; OMOPHBIX CTEp)KHEH U
MO/IIIMITHUKA C BHYTPEHHUM JnaMeTpoM 8§ MM. [lapycHas JOnacTh OTJIMYAETCSl OT JPYTHX JIONAcTel TeM, YTo mapyca
BBINIOJTHEHBI C BO3MOXHOCTHIO M3MEHEHUS YIJIa aTaKh ¢ HOMOIIBIO IOABMXHOW HUTH. [lJIs onpeneneHust KpUTHYEeCKOTro
yIJla aTaku, a3pOJIMHAMUYECKHME CUJIBI IAPYCHOM JIONIACTH OBLIM UCCIIEI0BaHbI IO/ pasHbiMu yriaamu ataku 0% 159 30°;
450, 60°; 75% 90°. 13 ananu3a JaHHBIX OBLIO YCTaHOBJICHO, YTO KPHTHYECKHMM YIJIOM aTaky sApjsercs 15° mpu kotopom
3HAUYEHHE MOABEMHOW CHJIBI MakcHMalbHA. [IpM KpUTHYECKOM yIiie aTake yCTaHOBJICHBI 3aBUCHMOCTH IIOJBEMHOMN
CHJIBI U CHJIBI JIOOOBOTO CONIPOTHBIIEHUSI OT CKOPOCTH BO3/YIIHOT'O MOTOKA, 3HAYEHUE KOTOPOH BapbupoBaiachk oT 4 10
12 m/c.
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Huscezopooos A.U., 'aspunun A.H., Mouzec b.b., Hcmaunoe I M.

TEXHUKAJIBIK BYHUBIM/IAP/IbI ChIHAVFA APHAJIFAH TTEPUO/THBI EMEC KbICbIM
UMITYJIbCTAPBIHBIH TUIPOKOTEPIIIII TEHEPATOPHI

JKymeicTa mipinre TO3IMIUTIK IEH Iipijire TYPaKTBUIBIKTHI MEXaHUKAJBIK ChIHAY CajlaChIHIIA, COHMAii-aK CHIPTKBI )KOHE
1K1 KBICBIMMEH CBIHAY Ke3iH/e 9p TYPJIi CHIHAK CTEHATEPiHIH KOHCTPYKUIMSIIAPBIHBIH KYPaMBIHIA CHI3BIKTHI €MEC KYIII
ameMeHTTepi (cepmimai KaOBIKIIamapel) Oap THAPOKeTeprim TtepOemic TeHepaTOpJapblH MaimalaHy MYMKIHIr1
kepceTireH. TeXHUKaIbIK OHIMICPIl ChIHAY YIIiH THAPOKOIEMTi TIEPHOATHl €MEC HMITYIIBCTIK KBICHIM TeHepaTOPHI-OyIT
CBIHAK MAIlIMHANIAPBl CANACHIHIAFBl JKaHA MATCHTTENISH TeXHHUKAIBIK InemriM. JKymbicTa >KYMBIC CYHBIKTHIFBIHBIH
AMIUTUTYAAChI Ke3JICHCOK ©3repeTiH UMITYJILCTAPMEH TEPUOITHIK eMec (QYHKIUSA TYPIHIC ChIHAK CTCHIIHIH aTKapyIIbl
MEXaHU3MIHE KO3FAIIBICBIH KAMTaMaChl3 €TETIH OLTIKTEpIiH OYPBIITHIK )KbUIIaM/IBIKTAPBIHBIH apa-KaTbIHACKHI aJIbIHAIbI,
OyJ1 KBICBIM HMITYyJIBCTAPBIHBIH Y3MIKCi3 JKOHE KalTamaHOAWTBIH TI30CTiH JKacaipl JKOHE HAKTHI >KaFIaiaarbl
OOBCKTIIEPIIH KYMBICBIHA COHWKEC KeJedi. AMIUIMTYJANBIK TalChIpMaHBIH KE3/ICHCOK CHIMAaThl OacKapbUIATHIH
TapaTKBIIITAp aPKBUIBI AJIEKTP reHepaTopiIapbiHaH OaCKaphLUIATHIH Ja0bUTAapMEH KaMTamachi3 etiieni. Ceprimai KaObIK
TYpiHAE KyaT 3JCMCHTIHC M€ THAPOKOJIEMl TCHEPATOPIBIH JaMybl COHKEC KHHEMATHKANBIK KOHC JHHAMUKAIBIK
TOyeNAiTiKTepi Oap MTEpHOATHI eMeC KBICHIM HMITyJTbCTAPBIHBIH T'€HEPATOPBIHBIH THIPOMEXAHUKAIBIK CYJI0achl
yChIHBUTFAaH. BynaH 0acka, MEXaHUKAIBIK Ke3JCHCOK MAipiire, COHAali-ak OChIHAAN JKarmaiiapia KYMbIC ICTEHTiH
OOBEKTIIEPIiH CHIPTKBI JKOHE IMTKI KBICBIMBIMEH TEXHUKAIBIK OOBEKTLIepre ChIHAK XKYPTi3y YIIiH KaHa THAPOKOIEMII
TeHEepaTOPAbI KOJIaHa OTBIPBII, YIII THAPOMEXaHUKANBIK JKYiie o3ipiaeHai. OpbIHAaNFaH dKYMBICTBIH HOTHXKEC] op Typi
TEXHHUKAJBIK 00BEKTiNIepre Ke3/eCOK MepHOITH eMeC KYII dCePiHEeH ChIHAK MPOLIECTEPIH XKYy3ere achpy XKylenepi MeH
OMiCTEePIiHIH CIIEKTPiH KEHEHTY OOJIBI TaOBLIA B

Huocezopooos A.U., I'aspunun A.H., Mouzec b.b., Hcmaunoe I''M.

I'MJIPOOBBEMHBIN TEHEPATOP HEINEPUOJUYECKUX MMITYJILCOB JABJIEHUS JUUIS UCITBITAHUI
TEXHUYECKUX W3JIEJINI

B pabore moka3aHa BO3MOXHOCTH HCIIOJIb30BaHHsS THIPOOOBEMHBIX T'€HEPATOPOB KOJICOAHUI C HEIMHCHHBIMU
CUIIOBBIMHU 3JIeMeHTamu (YIpyruMu 000JOYKAaMH) B COCTaBE KOHCTPYKLHUH Pa3UYHBIX HCHBITATCIBHBIX CTCHIOB B
chepe MEXaHUYECKUX HCIBITAHUNA HA BHOPOIIPOYHOCTh M BUOPOYCTOMUYMBOCTD, & TAKXKE MPH HCIBITAHUSIX BHEIIHUM H
BHYTPEHHUM [aBlICHHEM. | HIPOOOBEMHBIH T€HEPATOP HEMEPUOJUUYSCKUX HMITYJIbCOB [ABICHUS JUIS HUCIBITAHUN
TEXHHUYECKHUX HM3JIENUIl — 3TO HOBOE 3alaTEHTOBAHHOE TEXHUYECKOE PEIICHHE B 00JACTH HCIBITATENHHBIX MalluH. B
paboTe MOJMy4eHbl COOTHOICHUS YIIOBBIX CKOPOCTEH BaliOB, O0ECHEYHMBAIOIINE [BIKCHHE pabouyel KUAKOCTH B
HCTIOMHUTENIbHBIA MEXaHHU3M HCIBITATEIFHOTO CTCHIA B BHUJE HE MEPHOIUYECKON (DYHKIUHM C M3MEHSIOMMMUCS 110
aMIUTUTYIC CJIyYailHBIM 00pa3oM HMITYJIbCAMH, YTO CO31aeT HENPEPHIBHYIO U HEMOBTOPSIONIYIOCS YePEy HMITYJILCOB
JIaBJICHUSI U COOTBETCTBYET pabOTe MCIBITYEMBIX OOBEKTOB B peajibHbIX ycioBusix. CiydaliHbIii xapakTep 3aJaHust
AMIUINTY ] O6eCHe‘II/IBaeTCH YOpaBIA€MbIMU OT DJJCKTPUYCCKUX TCHEPATOPOB CUTHAJIAMH 4YEPE3 YIHIPABIACMBIC
rujpopacnpenenutena. Pazpaborka ruApooObEMHOrO reHepaTopa ¢ CHIIOBBIM JJIEMEHTOM B BHJIE YIPYrod 000JIOUYKH
MPEJACTaBJICHa  THUAPOMEXAHUYECKOM  CXEeMOW  TeHepaTopa  HEMEePHOAWYECKHX  HMIIYJIbCOB  JaBICHHS  C
COOTBETCTBYIOIIIMUMHU KHUHEMATUYCCKUMU W JWMHAMHUYCCKUM 3aBUCHUMOCTSAMU. KpOMe 9TOTO, pa3pa60TaHLI Tpu
THJPOMEXAaHUYECKHUE CHUCTEMBI C NMPUMEHEHHEM HOBOTO THIPOOOBEMHOrO TeHeparopa Ui MPOBEJICHUSI HCIBITAHUM
TEXHHYECKUX O0BEKTOB KaK Ha MEXaHMYECKYIO CIy4ailHyr0 BUOPAIMIO, TAK U HA UCIBITAHUS BHEIIHUM W BHYTPEHHUM
JIaBJICHUEM TeX OOBEKTOB, KOTOpPbIe PabOTAIOT B TAKHUX YCIOBHSAX. Pe3ylbTaTOM BBIMOJHEHHONH PabOThI SIBISIETCS
pacuiupeHue CreKTpa CUCTEM U METOJIOB PEAIU3AIMK UCIIBITATEIbHBIX MPOILECCOB MPH CIYyYalHBIX HEMEPHOANUECKIX
CHUIIOBBIX BO3/ICHCTBUSIX HA Pa3IMYHbIC TEXHUUECKHE OOBEKTHI.

Kenucoexoes A.K., /lanuapoe H.A., Axmemoerxosa A.M., Opa3baes K. H.

KATIIAPJIbI KOHBEMEPIIH KOIT KO3FAJITKBILITHI 3JIEKTP XXETEI'TH ICKE KOCY PEXXUMIH BACKAPY
Tay-keH KociMOpbIHIAPbIHIA KaTHapIibl KOHBeiep naitnanany TaxipuOeci oiap bl KypacThIpbUly €peKLIeTiKTepiHe
OailIaHBICTHI OJIAPIBI 9P TYPIIi cananap/ia >KYKTepAiH KeH CIIeKTPiH TachIMaliay YIIiH COTTi KOJIaHyFa OOJaThIH IBIFbIH
KOpCETTi. YJKEH Y3BIHABIKTaFbl KOI KO3FAITKBIIITH Ti30€KTi KOHBEHep/i icke KOCy eTe KUBIH ecell, cebebi Oy
IpoIiecC TApTKBIII OPTaHHBIH IMIamMagaH ThIC OocaHCYbIMEH Oipre xypyli MywmkiH. KenentiH Oocancy Temimzaepi
OoJIFaH/IBIKTaH KaTIapJibl KOHBEHEpIi icKke KOCy IIapTTaphl acipece KOolaichl3 00BN TaObUIaabl, HOTHKECIHIE )KYMBIC
OpraHbIHBIH KAaTTBHUIBIFBI, SIFHM OHBIH KEpHEYl MEH XXYKTeMe (YHKIHMACH CaJIBICTHIpMAIIbl TYpJe a3 Oosanbl. OcbiFaH
OaiulaHbICTBI, KYpZAETi Tay-KeH >OHE TeOJIOTHMSIIBIK JKarjaiiapia >KYMBIC ICTEHTIH KON KO3FaITKBIITHI Ti30€KTi
KOHBeHep/iH OiIpKaJbINTHl iCKe KOCBUIYBIH KaMTaMachl3 €Ty MAaHbI3/Ibl TOKIPUOETIK ecer OOoJIbI TaObUIAAbl JKoHE
KaTnapibl KOHBEHepiH Heri3ri KYpbUIBICHIHBIH JKYMBICKa KaOlleTTi AMHAMUKANBIK KYHIH Oackapy jkoHEe KaMTaMmachl3
eTy YuiH MaHb3apl. KaTmapsbl KoHBeHepaAiH Kol KO3FaJITKBIITHI JJIEKTP JKETEriHiH iCKe KOCYy PEeXHMiHIE OHBIH
OIpKaJbINThl iCKE€ KOCBUTYBIH KaMTamachl3 €Ty JKOHE JMHAMUKAIBIK JKYKTeMENep[i as3ailTy MakcaTbhlHIa, TapTy
TOCEMiHIH KBI3MET €Ty Mep3iMiH apTThIPy KOHE TEXHHKAJBIK KbI3MET KOpPCeTy IIBIFBIHAAPBIH a3aiTy YIIiH OacKapy
omici a3ipaeH .
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Kenucoexoe A.K., /lanuapoe H.A., Axmemobexosea A.M., Opazoaes K. H.

VIIPABJIEHUE IT1YCKOBBIM PEXHWMOM PABOTbI MHOI'OABUI'ATEJIBHOI'O 3JIEKTPOITPMBOJIA
[UIACTUHYATOI'O KOHBEMEPA

[pakTriKa 3KCIUTyaTallMy [UIACTUHYATOTO KOHBeiiepa Ha TOPHOI00BIBAIONINX MPEANPHUATHAX MOKa3ana, 4To Oaaroaaps
CBOUM KOHCTPYKTHBHBIM OCOOCHHOCTSIM OHU MOTYT YCIIEIIHO MPUMEHSTHCS B PA3IMYHBIX OTPACIISAX MPOMBIILICHHOCTH
JUISl TPAHCIIOPTUPOBKH IIHPOKOTO CIIEKTpa TPy30B. 3aMyCcK MHOTOMPUBOIHOTO IIEIMHOTO KOHBeWepa OOJNBIION JTHHBI
SIBJISIETCSI TOBOJIbHO CIIOXKHOW 3ajiauei, Tak Kak 3TOT MPOLIECC MOXKET COMPOBOXKAATHCS YPE3MEPHBIM pacciabieHneM
TAroBoro oprana. OcoOEeHHO HEOIArONPHUATHBIMHU SIBIISIOTCS YCIOBHS AJISI 3aITyCKa IJIACTHHYATOr0 KOHBeWepa, MOJ0THO
KOTOPOT'O UMEET MPOBUCAOIIUE YIACTKHU, B PE3YJIBTATE YETO KECTKOCTh Paboyero opraHa, sBISOIasics GyHKIUEH ero
HATSDKCHUST W Harpy3Kd Ha HEro, OTHOCHUTCIHHO HEBENMKAa. B CBsI3W ¢ 3THM OOCCIECUYCHHE IIABHOTO ITycKa
MHOTOJIBUTATEIILHOTO IIEMTHOTO KOHBEHepa SBISCTCS BAXKHOW MPAKTHYECKOH 3a7aducii U, HCCOMHEHHO, IMEET 3HAUCHUC
JUIA  VIOpAaBJICHUS W MOJJCPKaHUS PabOTOCIMOCOOHOTO JUHAMUYECKOTO COCTOSIHAS OCHOBHOM KOHCTPYKIIUU
IUTACTUHYATOTO KOHBEHepa, IKCILTyaTHPYEMOTO B CIOXHBIX TOPHO-TEOJIOTHUECKUX YyCIOBUsAX. Paspaboran crmocob
YIPaBJICHUS ITyCKOBBIM DPEXKHUMOM pabOThl MHOTOJBUraTEIbHOrO AJIEKTPOIPHUBOMAA IUIACTUHYATOTO KOHBeiepa [uis
obecrieueHrsl ero IUIABHOTO IMyCKa M CHIDKCHUS [TUHAMHYECKHX HArpy30K, YBEIHYEHHS CPOKa CIyKObl TSATOBOTO
MOJIOTHA M CHMYKEHHS 3aTPaT Ha TEXHUYECKOE 00CITyKUBAHHUE.

Yadav K., Dhobi S.H., Maharajan S., Gupta S.P., Karki B., Nakarmi J.J.

KYJIOH TOTEHUWAJIBIHAAFBI JIA3SEPAIH KOMEITMEH CEPIIIMAI 3JIEKTPOHJAPABIH CVYTETT
ATOMIAPBIMEH SJUTUIITUKAJIBIK TTOJISIPJIAHFAH COKTBIFBICYBI

Jlazepinik TEXHOJOTHANAPIBIH AaMybl ONTHKA CAJacChIHAAFBI 3ePTTEYyJepAiH OeliceH Il OOJybIHA JKOHE TEXHOJIOTHSHBI
JIAMBITY apKbUIbI TOJIBIFBIPAK aKmapaT aly MyMKIHJIriHe oKen/i. byl )KyMBICTBIH HETi3r1 MakcaThl - KyJIOH ITOTEHIIHAIIBI
MeH 0ip (OTOHIBI JKYTHUTYBIMCH OSJUTUITHUKAJBIK TMOJIAPJIAHFAH COYJICHIH KATHICYBIMCH MAaTEMAaTHKAJBIK MOJENbII
KOJIJaHa OTBIPHIN, MU(PEpEHIMAIIbl KUMaHbl €CernTey. O3IpJeHreH Mojeib IuGepeHIHanabl KUMaHbIH TOJKBIH
Y3BIHJBIFBIHBIH apTybIMCH JKOHE JJUTHNTUKAJBIK TOJIIPJIAHFAH COYJICCIHE He SJICKTPOHIAPIBIH SHEPTUACHIHBIH
JKOFapbeUIaybIMEH KeMyiMeH kepceteni. Juddepennmanasik kuma 1,56 paguan monspu3alusilaHFaH OYPHIMIBI Ke3iHe
MaKCHUMaIIbI %oHe — 1,56 pannaH mosspu3aisuiaHFaH OYpHIIIEI Ke3iHae MHHAMaNIb! Oonansl. bakeutay 1,5 3B mazep
(OTOHBIHBIH 3HeprusckiHa, 1,5 eV BT-cM ~2 nasep epiciHin kepHeyiHe, 1,56 paiuaHHbIH NONApH3aALMS OYpHIILbIHA KOHE
0-ner 600 »B-ra meifiHri SJIEKTPOH PHEPTUACHIHA HETI3AENTEH. AJFAIIKBl JKYBIKTay MEH BOIKOBTHIH TOIKBIHIIBIK
(YHKOMACHIH KOJNJaHa OTHIPHIN, MaMBITBUIFAH TEHACY aNbHABL bysl KyMmbicTa anblHFaH OudQepeHranibl KuMa
mamamed 110719m? -gen 1072%m? —re neifin Kypaiinsl, 6yn ®nerens anran auddepeHnuanibs KumMaaa- a3 xone 2013
KbUIBI T.6. amamer 10717 M2 kypaiiapr.

Yadav K., Dhobi S.H., Maharajan S., Gupta S.P., Karki B., Nakarmi J.J.

SJUIMIITUYECKU TIOJIAPU30BAHHBIE CTOJIKHOBEHUA VYIIPYIUX 3JIEKTPOHOB C ATOMAMU
BOZOPO/JIA C IIOMOIIBIO JIABEPA B KYJIOHOBCKOM ITIOTEHIIUAJIE

Pa3BuTHe NazepHBIX TEXHOJOTHUH MPUBOANT K TOMY, YTO 00JaCTh UCCIIEIOBAHUHN B ONTUKE CTAHOBHUTCS 0OJiee aKTUBHOM,
U C MOMOUIBIO Pa3BUTHsI TEXHOJOTMH MOXHO IOJIy4uTh Oojiee 1ojapoOHyto uHpopmanuio. OCHOBHAs LieNb JaHHOM
paboTsl - paccuuTaTh AUGHEPEHINATBHOE CEYCHHWE C HCHOIB30BAHMEM MAaTeMaTHYECKOH MOJENH B NPHCYTCTBHU
KyJIOHOBCKOTO TOTEHIMajda W DJUIMNTHYECKH IOJSIPH30BAHHOTO IMy4YKa C OJHO(POTOHHBIM IOTJIOIIECHHEM.
Pa3paboTanHass MOZIeJIb MTOKA3BIBAET, UYTO JU(QEpeHHaTEHOE CeUeHHE YBEIMUNBACTCS C YBEINYEHUEM JUTMHBI BOJHBI
1 YMEHBIIAETCS C YBEINYEHHEM 3HEPTUH 3JIEKTPOHOB C JUIMNTHYECKH TOJIIPU30BaHHBIM ITyukoM. [luddepennnansaoe
CCUCHHE CTAHOBHUTCSI MAaKCUMAJILHBIM IIPH TOJIIPU30BaHHOM yriie 1.56 paguaHa 1 MUHUMaJIBHBIM IPH MTOJISIPU30BAHHOM
yrie -1.56 pangnana. HaGmonerre ocHOBaHO Ha DHEPTUu Ja3epHoro ¢poroHa 1.5 3B, HaNpsKEHHOCTH JIA3€PHOTO OIS
1.5eV Br-cm 2, yrue nonspusanuu 1.56 paauan u sHeprum 351ekTpoHos o 0 10 600 5B. C HCHOoJIb30BaHMEM TIEPBOTO
mpuOIMKeHNsT ¥ BONHOBOM (yHKIMM BoikoBa IMOJlydeHO pa3BUTOE ypaBHEHHWE. UYHCICHHO MOydeHHOE
nupdepeHuranbHoe cedeHre B 3Tol paborte cocrasiser npuMepHo or 1071°M? no 1072°M2, uro MeHblie, yem
nudpepeHIManbHOE ceuenue, notyuennoe dyerenem u ap. B 2013 roay, 4o coctasnser npumepso 10717 m2,
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Kymaee M.P.

PEJIITUBUCTIK - UHBAPUAHTTHI UJIEAJI I'A3 TEOPUSICHI

bepinren 3epTreymiH MakcaThl PENATUBHCTIK HISaNIbl I'a3[bIH TYIHYCKAa TEOPHSACHIH Kacay *KOHE Maccachl3 LIEKTe
PENATHUBHUCTIK HIOeanApl Ta3 OeINIeKTepiHiH epekme (SFHH, OopTama apu(MEeTHKANbIK, OpTalla KBaJPaTTHIK)
KBUITAMIBIKTAPBl YIIIH apHAHBl CaNBICTHIPMAJIBUIBIK TEOPUSACHIHBIH TOCTYIATHIHBIH OAUICTTUITIH AoJenaey OOJBI
TaObUTAaZBl. Byl JKyMBICTa pENSITHBHUCTIK HAeaN Tra3 TEOPWSACHIHAA ajFalll peT Kejeci oficTep KOIaHBUIAIbI:
PEIATHUBHUCTIK Ueal Ta3 OeNmIeKTepiHiH KbUIIaMABIKTAPEIH Tapaxy (GYHKIUSICHIH ally YIIiH CHI3BIKTH €eMeC TYPIICHAIPY
otici; PENATHBHUCTIK WIEall Ta3IbIH Kyl TEHICY] alFall peT e3apa dpeKeTTeCIICHTIH OoImeKTep KYHECiHIH SHEPTHICH -
UMITYJIbCTIK TEH30PBIHBIH DPEIATHBHCTIK - MHBAapUAHTTHl KOMIIOHEHTTEPIH, SIFHHU JKbIIAMIBIKTHL 06y (QYHKIHMSICHI
OoibIHIIA MIealabl Tra3Abl OpTalianay apKpUIbl alblHABL JKbUIIAMIBIKTHL Tapalxy (QyHKUMSUIApBIHBIH — Oenriii
PENSTUBUCTIK WHBAPUAHTTBUIBIFBl HETI3IHAE PEJSATUBUCTIK HACIABI Ta3 OeNIIeKTepiHIH JKbUIJAMIBIFBIH Tapaiy
(GYHKIMACHIHBIH Olpereiyliri MeH CeHIMAUIrIH [onenaeai . PenstuBucTik wpaeanm ra3 OelIEKTEpiHIH opTaa
apu(MeTHKaJIbIK oHEe OpTalla KBaJAPaTTHIK XBUIAAMABIFE YIIIH ©PHEKTEp aJlFall peT ajbIHIbI. AJIFall peT epekile
KBUIAAMABIKTAp YILIIH apHaibl CaJbICTBIPMANBUIBIK IOCTYJIAaTTapbIHBIH JONENIUIrT Typaibl 1preni KOPBITHIHIBI
Kacaigpl. PelxATHBHCTIK HAeanm Ta3OblH KBICEIMBIH, OpTAIla SHEPrHs THIFBI3IBIFBEl MEH TEMIIepaTypachlH
0alTaHBICTHIPATHIH KYHi TEHACY1 aJbIH/BL.

Kymaee M.P.

PEJIITUBUCTCKH - UHBAPMAHTHASI TEOPUS UJJEAJIBHOI'O T'A3A

Llenpio HACTOSAMIETO HCCIISIOBAHUS SBISIETCA Pa3pabOTKa OPUTMHANIBHOM TEOPUH PETATUBUCTCKOTO MEAIBHOrO ra3a u
JIOKa3aTeNbCTBO  CHPABEAJMBOCTH  IOCTyJlaTa  CIELUAJIBHOW TEOpPUHM OTHOCHTENBHOCTH IS XapaKTepHBIX
(To ecThb cpenHe apudMeTHIECKOe, CPEAHE KBAIPAaHUYHOE) CKOPOCTEH YacTUI] PEIATUBUCTCKOTO UICaTIbHOTO ra3a Jaxe
B Oe3maccoBoM Impenene. B 3Toif paGore BhepBble B TEOPHU PEIATUBHCTCKOIO MIEAIBHOIO Ta3a HUCIONB3YHOTCA
CJIeNYIOIE€ METOJIbl: METOJ HEIMHEHHOro IpeoOpa3oBaHMS IS IHONydeHHs (YHKIMH PacIpeiesIeHUs CKOpocTed
YaCTHUI] PEIATHBUCTCKOTO MAEATBHOTO I'a3a; ypaBHEHHE COCTOSHUS PENITUBUCTCKOTO MACANbHOTO ra3a ObUIO BIIEPBEHIC
MIOJTy9EHO IyTeM YCPEAHEHHSI PENSTHBUCTCKU - HHBAPHAHTHBIX KOMIIOHCHTOB T€H30pa 3HEPTHU - HMITYJIbCa CHCTEMBI
HE B3aMMOJEHCTBYIOIIMX YacTHIl, T.€. MICaJbHBINA ra3 mo (GyHKIHH pacmpeneneHusi ckopocteid. Ha ocHoBe xopormro
W3BECTHON DPENATUBUCTCKON HHBAPHAHTHOCTH (YHKIUHM PpaclpeleleHUss CKOPOCTEeH MOKa3aHbl E€JHUHCTBEHHOCTh W
OTIPENETICHHOCTD (DYHKIMM paclpeeieHUs] CKOPOCTEH YacTHIl PEIITHBUCTCKOTO HJEalbHOTO Tasa . Brepsble ObLTH
TIOJTy9EeHbI BBEIPAKCHUS JUIS CpelHE apu(METHIECKOTO M CPEeJHE KBAJPAaTHIHOTO CKOPOCTEH YacTHIl PEIITHBHCTCKOTO
UICAILHOTO Ta3a. BriepBble caenaH (yHAaMEHTaIbHBIM BBHIBOA O CHPABEIJIMBOCTH MOCTYJIATOB CIEIHAIBHONW TEOPUH
OTHOCHUTEJIBHOCTH JJISl XapaKTepHBIX CKopocTell. [loyueHo ypaBHEHHE COCTOSIHUS PEIITHBHCTCKOTO HJICAIbHOTO rasa,
KOTOPOE CBSA3BIBAET €r0 JABJICHUE, CPEIHIOI IIOTHOCTh SHEPTUU U TEMIIEPATYPY.
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