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The paper presents the results of applying digital image processing methods to improve their
quality and intelligibility. The method is used to process images of Martian craters made by the famous
American satellites Mariner and Viking. Visual analysis of processed images allows highlighting new
previously unknown details. Pictures are taken from the Internet. The developed methods are suitable
for processing multichannel signals with a sensor array.

Keywords: Martian craters, multichannel signal, fractal, topology, sensor array, cepstrum, optical texture
image

Introduction

The problem of improving the quality of optical images of objects obtained in the presence of
distortions due to the influence of the medium of propagation and radiation remains relevant in the
field of astronomy, transport and aircraft control, and, naturally, in aerospace problems (in
particular, target detection and selection). We also note that in recent years, interest in such a little-
studied and mysterious planet as Mars has increased noticeably in the scientific community and in
the media. The possibilities of creating settlements on the surface of Mars for mining are analyzed.
Similar hypotheses and programs are also discussed in the relationship of the moon. In this regard,
the authors decided once again to return to the recent past, when Mars was actively explored. And
using their own methods of image processing, distorted by an unknown atmosphere, the authors
will try to restore in detail the most interesting parts of the planet.

1. Mathematical statement of the problem

When registering an optical image located at a considerable distance from the photo detector or
camera, the distorting impact of the propagation medium of the received radiation takes place
inevitably. Therefore, the general statement of the problem of processing or restoring an image
frame is reduced to solving the convolution equation with two unknowns, after partial or complete
elimination of the additive background [1-7]:

i(¥) = j o(FYh(E —F)dF , (1)

wherei(X)- registered image, o(7)- initial unknown image of an unknown object, A(X,7)-
unknown impulse response of optical system which forms the image.

Proceeding to spatial spectra we get an expression:

1(@)= O(®)H (&) (2)

It is clear that without the use of additional information, this problem is unsolvable. The
authors used finiteness and positivity of an unknown image o(7) as additional information. Also,
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the transfer function was approximated by a Gaussian with unknown dispersion. In this case, we
considered not a continuous case (2), but a discrete one - post-detector image processing. Moreover,
all factors (2) are two-dimensional polynomials of finite degree. Given the features of two-
dimensional discrete polynomials of finite degree and the apparatus of the Lebesgue measure, we
can prove that the convolution equation in the two-dimensional discrete case is almost always (in
the sense of the Lebesgue measure) uniquely solved [2, 5-7].

A practical solution to this problem even with accurate knowledge of the transfer function
H (@), where @ are the spatial frequencies, is also a difficult task and comes down to either Wiener

filtering with an unknown regularizing factor or Tikhonov regularizing filters containing, in
addition to the regularizing factor, several unknown stabilizing parameters [3]. Thus, there is a need
to use guaranteed and monotonously converging methods for solving the problem.

The answer to this question is given by the application of set theory and, in particular, the use
of projection operators on sets of functions with given properties. In solving this problem, one can
use a set of compact and a set of positive functions, since it is assumed that the images have finite
sizes and represent intensity distributions. Moreover, it is obvious that these sets are closed. In
general terms, the procedure for solving such ill-posed inverse problems comes down to choosing
an initial estimate (image), projecting it onto a set of compact functions (taking into account
boundedness in linear dimensions), projecting onto a set of positive functions (zeroing negative
values), and projecting onto a set of functions with given information about the Fourier spectrum.

According to a well-known theorem from functional analysis (the point theorem), if convex
sets correspond to all a priori constraints, then such a procedure converges monotonously to a single
true solution [4-7]. In practice, when creating algorithms for processing, due to inevitable rounding
errors, determining of image sizes, the presence of noise, etc., the restoration procedure converges
in a certain neighborhood, covering the selected point and lying at the intersection of convex sets.
From the point of view of image restoration when applying this approach and in the presence of
noise, as a result, a set of images will be obtained that is very similar to the true one, but differing
from it by small intensity fluctuations that are within the noise dispersion. The external contour of
the image almost does not differ from the true one, i.e. it is restored much more accurately than the
distribution of image intensity.

Returning to the original problem (2) from the point of view of the described theory, it is easy
to show that the set of positive and finite functions is convex [4-7]. At the same time, the set of
functions (2) with a given product of spectra is a hyperbola, i.e. non-convex and non-closed set. At
first glance, it seems that projection theory is not applicable in this case. However, the described
difficulty is quite surmountable if we recall the methods of cepstral processing of signals and
images, which come to the transition from the complex spectra themselves to their logarithms. The
Fourier spectra can be written as:

1(@)=|1(@) expliargl(@)}=[1(@)] explip, (@)}.
Let us take logarithms from both sides of (2) and equate separately the real and imaginary
parts:

Ln|l(@)| = Ln|O(&)|+ Ln|H (&) 3)

?, (@)= ?Po (@) + Pu (@) '

Thus, it can be seen from (3) that after taking the logarithm, a set with a given product has
turned into a set with a given sum. It is well known that a set with a given sum is a line, which is the
limiting case of a convex set. If we introduce designation K, (@) = Ln|I (6?))| +i@, (@), where K, (®)

is cepstrum of the image, then in the cepstra language, equation (2) is written as the sum:

K,(@) =K (@)+ K, (@) (4)
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Thus, the possibility of converting a non-convex set (2) to a convex set (4) becomes obvious.
Also, the convergence of the method for solving the convolution equation using cepstral spectra or
cepstral methods becomes apparent. It is worth noting that when modeling such a procedure, the
authors used modified cepstra associated with the specifics of the program (FFT); while the
modified cepstrum looks like:

KM (@) = Ln{l(@)|+ cfexpig, (@), ¢=0.00001,

the constant ¢ is caused by the uncertainty of the logarithm value for small values of the
argument.

It is easy to see that for modified cepstra the linearity of the set with a given sum is preserved,
i.e. convergence of the method is guaranteed. The authors approximated the unknown transfer
function H(@)by a Gaussian, as well as its impulse response, therefore this function is real and

positive and does not have a complex component, which leads to acceleration of convergence.

2. Results Discussion

Let us consider typical examples. In fig. 1 - fig. 4 there are the results of processing of the
Martian crater Olympus Mons. The images were taken by the Mariner spacecraft in 1976. The
estimated size of the crater is 25 km in height and 500 km across.

Fig.1. On the left there is the image of a fragment of the original image, on the right there is the
result of processing of this fragment

Fig.2. On the left there is the image of a fragment of the original image, on the right there is the result of
processing of this fragment
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Fig. 3. On the left there is the image of a fragment of the original image, on the right there is the result
of processing of this fragment

Fig. 4. On the left there is the image of a fragment of the original image, on the right there is the result
of processing of this fragment

In fig. 5 - fig. 7 there are the results of processing of fragments of the Martian canyon Valles
Marineris.

Fig.5. On the left there is the image of a fragment of the original image, on the right there is the result
of processing of this fragment
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Fig.6. On the left there is the image of a fragment of the original image, on the right there is the result
of processing of this fragment

Fig.7. On the left there is the image of a fragment of the original image, on the right there is the result
of processing of this fragment

Its estimated dimensions are as follows: height 10 km, length 6000 km, width 200 km. The
images obtained in 1976 by the Viking apparatus.

Conclusion

As conclusions, we note that the results of processing the surface of Mars presented in this
paper clearly demonstrate the effectiveness of the considered approach. The methods developed by
the authors are also suitable for processing of multichannel signals by a sensor matrix system and in
systems of space-time adaptive processing of multidimensional signals.
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The structural features and microhardness of sintered at high pressure and high temperature
with the addition of nano- and micron-sized powders of cubic BN (cBN) self-fluxing nickel alloy PG-
SR4 are studied. Based on the experiments, the modes of high pressure and high temperature
treatment are established. The optimal content of the nanostructured cBN additive is determined, at
which the material with the highest microhardness is formed. It is shown that the microhardness of the
material with the addition of micron-sized cBN is 1.5-2 times lower than that for the samples with the
same content of nanostructured cBN.

Keywords: PG-SR4 self-fluxing nickel alloy, mechanical activation, nanostructured and micron-sized
cBN powders, modifying.

Introduction

Self-fluxing nickel alloys of the Ni-Cr-B-Si system are widely used in the technology of wear-
resistant coatings for the restoration and hardening of tribological conjugation parts at elevated
contact loads and temperatures [1].The fluxing elements boron and silicon included in the alloy
contribute to lowering the melting temperature and deoxidizing the metal surface of the part with
the formation of strong diffusion bonds between the coating and substrate materials during melting
of the sprayed coating. For example, the coatings of powders of self-fluxing alloys deposited by a
gas-flame method with reflow have high physical and mechanical characteristics: strength up to
400-500 MPa, hardness within 25-64 HRC, low friction coefficient, high wear and corrosion
resistance [2, 3]. The most famous and widespread method of increasing the wear resistance of self-
fluxing alloys is the development of composite materials using reinforcing additives in the form of
carbides, borides, and transition metal nitrides [4]. Modifying by solid refractory compounds allows
to change the structure of self-fluxing alloys effectively, contributes to its dispergation and increase
the physical and mechanical properties, tribological and operational characteristics of materials
based on them [5].

1. Formulation of the problem

Along with the refractory nanopowders such as Al,Os, SiC, TiB,, TiC, WC, and others, single
and multicarbide and oxide mechano-composites are also quite efficiently used as modifying
additives for self-fluxing alloys [6, 7]. In this regard, it can be assumed that the use of cubic BN
(cBN), which has high physical and mechanical properties [8], will significantly increase hardness
and wear resistance and, accordingly, increase the life time of products based on self-fluxing alloys
instead of traditional additives of refractory compounds. In addition, BN will serve as a source of
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boron, contributing to the formation of hardening phases of chromium and nickel borides in the heat
treatment process.

It is known that the application of pressure during the synthesis of the materials based on cBN
prevents the reverse phase transformation of cBN into a graphite-like (hexagonal) modification of
BN (hBN) and provides the best combination of structural characteristics and strength parameters of
the alloy [9]. The purpose of the work is to study of the structure and microhardness of samples of
self-fluxing nickel alloy of the Ni-Cr-B-Si system obtained by high pressure and high temperature
(HPHT) treatment, with the addition of nano- and micron powders of cubic BN.

2. The research technique.

For the manufacture of experimental samples, the powder of self-fluxing alloy PG-SR4 (GOST
21448-75) is chosen. It contains 15-18% Cr; 3.0-4.5% Si; 2.8-3.8% B; 0.6-1.0% C; no more than
5% Fe; and the rest is Ni. Two types of ¢cBN are used as an additive: nanostructured powder with a
particle size of 100-200 nm and micron-sized powder with a grain size of the main fraction within
40—-60 um. A mixture based on the PG- SR4 alloy with the addition of nano- or micron-sized cBN
for HPHT treatment is obtained by mixing and mechanical activation (MA) in the attritor of the
initial powders, their compacting and preliminary sintering in a protective atmosphere, dispersing
the compacts to agglomerates and sieving the agglomerates into fractions. For HPHT treatment the
agglomerate fraction with the size of 100-315 um is used.

HPHT treatment of composite powders is carried out in an “anvil with a hole” high-pressure
apparatus at pressures of 1.5-2.0 GPa and temperatures of 1000-1350 °C during 20 s. First, the
“cold” compression of the mixture, placed in a special container made of lithographic stone, is
carried out, and then the mixture is heated under pressure by direct electric current.

The studies of cross-sections of samples are performed by optical microscopy using Micro-
200 metallographic microscope (Planar OJSC, Belarus). The microhardness of the samples is
measured with a PMT-3 microhardness tester by Vickers diamond indenter with a load of 50 g.
X-ray analysis is performed with Bruker D8 ADVANCE diffractometer in Cu-Ka radiation in an
automatic recording mode.

3. Results and discussion

Figure 1 shows the appearance of the initial micron-sized and nanostructured ¢cBN powders
used as a modifying additive to prepare PG-SR4 and cBN composite powders. Composition
powders in form of the agglomerates based on PG-SR4 with the addition of 2.5-10 vol. % micron-
sized or nanostructured cBN have preliminary been prepared as described above.

Figure 2 shows the surface structure of the compacts made of PG-SR4 powder with the
addition of nanostructured (Fig. 2 a) and micron-sized cBN (Fig. 2 b) after MA and sintering. The
analysis of the surface of the compacts after sintering (Fig. 2) shows that the samples based on PG-
SR 4 and nanostructured ¢cBN has low porosity and are characterized by uniform structure. As a
result of MA and sintering, nanostructured ¢cBN is evenly distributed between particles of self-
fluxing alloy and is fixed on their surface, leading to the formation of a composite powder with a
cladding structure (Fig. 2 a). The compacts made of the composite powder PG-SR4 and micron-
sized cBN after MA and sintering (Fig. 2b) consist of agglomerated particles of self-fluxing alloy
and cBN crystals and have a much more porous and inhomogeneous dendritic type structure. Then
the compacts are mechanically dispersed, and the resulting agglomerates of composite powders are
sieved into fractions. As a result of the HPHT-treatment of the agglomerated composite powders
with the additions of nano- and micron-sized cBN, the cylindrical samples with a diameter of 10
mm and a height of 8 mm are obtained. Then they are polished at the ends with diamond paste. In
the process of preparation of the cross-sections, it is defined that the material is highly brittle, and
this does not allow preparing high-quality cross-sections on them to conduct further research.
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a) b)
Fig.1. Initial cBN powders used as additives: micron-sized powder (a); nanostructured powder (b).

Digital Microscopy Imaging n

Fig.2.The surface of the compacts based on PG-SR4 powder after MA and sintering in a protective
atmosphere: PG- SR4 and nanostructured ¢cBN (a);PG-SR4 and micron-sized cBN (b)

Therefore, in order to reduce the brittleness of the material, the powder of the initial PG-SR4
alloy of the same fraction has been additionally introduced into the mixture before the HPHT
treatment. Figures 3a and 3b show the photographs of the surface of the samples based on self-
fluxing alloy with the addition of nanostructured cBN after HPHT treatment. It has been established
that the main structural components of the sintered material are the matrix self-fluxing alloy based
on a solid solution of Cr in Ni, the chromium boride phase Cr2B, as well as BN particles, that are
evenly distributed in the material. In the material obtained at temperatures up to 1200 °C, the
aggregates of cBN particles are uniformly distributed in the matrix and can be clearly seen on the
background of the matrix alloy in the form of point inclusions of submicron sizes and individual
polyhedral particles of 5-10 pum in size (Fig. 3a) formed as a result of recrystallization of
nanostructured cBN [9]. In the samples of the material obtained at temperatures above 1200 °C,
boron nitride is present in the form of light particles with a size of 515 um of lamellar form that is
characteristic of the graphite-like phase of BN. Moreover, with increasing the temperature of the
HPHT treatment, the growth of individual alloy particles above 300 um can be marked (Fig. 3b).
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Microhardness measurements of the samples show that for the material containing
nanostructured ¢cBN in the range of 2.5-3.5 vol. %, microhardness values are 11.8-13.7 GPa, and
this is 18-32% higher than that for the samples containing no additives. An increase in
concentration of nanostructured cBN promotes embrittlement of the material, and an increase in
temperature leads to a decrease in microhardness due to the developing reverse phase
transformation of cBN into a graphite-like modification of BN.

'.--,...;;:; 1 - :
e 100 um
a)
Fig.3. The surface structure of the samples based on self-fluxing alloy PG-SR4 and nanostructured cBN
after the HPHT treatment: The temperature of the HPHT treatment is 1100 °C (a); 1350 °C(b)

Figure 4 shows the surface of the samples based on self-fluxing alloy with the addition of
micron-sized cBN after the HPHT treatment. The analysis of the material structure shows that cBN
crystals are mainly between the alloy particles (Fig. 4a). At the same time, together with the initial
cBN, the material contains small fragment-type cBN crystals formed as a result of crushing of
larger particles under pressure (Fig. 4b). In addition to particles of the indicated types, cBN crystals
with a size of 5-8 um of a pyramidal habit are also observed. They could be formed as a result of
dissolution and crystallization of ¢cBN from the melt under pressure (Fig. 4b). Moreover, as in the
case of the use of nanostructured cBN additives, a graphite-like BN is formed in the material
containing micron-sized ¢cBN with an increase in temperature (Fig. 4c¢).

< 4‘ L . o y £0 un ., i

a) b) ©)

Fig.4.The surface structure of the samples based on self-fluxing alloy PG-SR4 and micron-sized cBN after

the HPHT treatment: large cBN crystals along the boundaries of the alloy particles (a); small ¢cBN crystals

formed as a result of crushing and recrystallization of primary cBN crystals (b); formation of graphite-like
BN(c)

The maximum microhardness of PG-SR4 samples with the addition of micron-sized powder
cBN is in the range of 6.4—7.1 GPa, and this is 1.5-2 times lower than that for the material with the
same content of nanostructured cBN sintered at the same parameters of the HPHT treatment.
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Conclusion

The results show the promise of using of ¢cBN nanostructured powder as a modifying additive
for chromium-nickel self-fluxing alloys. It is shown that nanostructured cBN is distributed in a
matrix based on self-fluxing alloy in the form of inclusions of submicron sizes and individual
polyhedral particles up to 10 pm in size, while cBN micron-sized powder crystals are located
between self-flux alloy particles.

In the process of HPHT treatment of the PG-SR4 alloy with the addition of cBN, the latter
undergoes a number of structural and phase transformations: recrystallization of ¢cBN, crushing of
large c¢BN crystals, formation of secondary cBN crystals as a result of dissolution and
recrystallization of the initial cBN, and the formation of a graphite-like BN.

Microhardness of the material with the addition of 2.5-3.5 vol. % of nanostructured cBN is
11.8-13.7 GPa, and this is 18-32% higher than that for the samples containing no additives of cBN.
The samples with the addition of the micron-sized cBN powder are characterized by microhardness
values in the range of 6.4—7.1 GPa, and this is 1.5-2 times lower than that for the material with the
same content of nanostructured cBN.
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THE RESEARCH OF PHOTO-ELECTROPHYSICAL PROPERTIES OF
COBALT PHTHALOCYANINE FILM
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The paper presents results of a study of photo-electrophysical characteristics in a solid film and
nanowires of cobalt phthalocyanine (CoPc). A solid CoPc film on a substrate with a conductive surface
ITO (indium tin oxide) was obtained by thermal evaporation in vacuum. CoPc nanowires were obtained
by the temperature gradient physical vapor deposition (TG-PVD). Measurements of current-voltage
characteristics were carried out using a potentiostat-galvanostat P20X in the linear sweep mode. The
study of transport kinetics and carrier recombination was carried out on the impedance meter P45X. A
xenon lamp with radiation intensity equal to 100 mW/cm’ was used as a solar light simulator.

Keywords: cobalt phthalocyanine, solid film, nanowires, IVC, impedance spectroscopy

Introduction

Organic molecular semiconductors in the last decade have been an area of intensive research
aimed at the development of various elements of organic electronics, such as field effect transistors,
light emitting diodes, solar cells and memory cells. This is due to the low cost of these materials,
the possibility of applying their films to flexible substrates, obtaining films of large areas, etc.
Recently, among the variety of organic semiconductors, phthalocyanine complexes, which represent
an extensive class of macro-heterocyclic compounds, have become very attractive. Films based on
metallo-phthalocyanines have a higher conductivity than other organic compounds. Their electrical
and optical properties can vary widely and depend on a number of factors. The high mobility of
charge carriers and the efficiency of light energy conversion make it possible to consider metallo-
phthalocyanines as promising materials for photoelectric converters [1-2].

The paper presents the results of a study of the current-voltage characteristics (IVC) of a
photosensitive cell based on cobalt phthalocyanine (CoPc). The kinetics of transport and
recombination of charge carriers in a solid CoPc film were studied using the impedance
spectroscopy method.

1. Experimental technique

The preparation of substrates for photosensitive cells on the basis of ITO was carried out
according to the method [3]. A solid film of cobalt phthalocyanine (Sigma Aldrich, 99%) ~ 75 nm
thick was deposited on the surface of a substrate coated with ITO by thermal evaporation in a
vacuum using a Carl Zeiss Jena HBA 120/2 installation. The deposition was carried out in a
vacuum of 10 °Torr at a rate of 0.5 nm/s. Growth of nanowires on the ITO surface was carried out
by the temperature gradient physical vapor deposition (TG-PVD) [4].

Measurements of the current-voltage characteristics of an organic photosensitive cell were
carried out using a potentiostat-galvanostat P20X in the linear sweep mode on the installation
described in detail in [5]. The kinetics of transport and carrier recombination were studied on a
P45X impedance meter (Elins). In both cases, the cell surface was illuminated using a 100 mW/cm’
xenon lamp. Photovoltaic cell samples were prepared for photoelectrical measurements. They
consisted of several layers: 1-glass substrate; 2-transparent conductive layer ITO (anode); 3-
photoactive layer; 4-aluminum electrode (cathode). The choice of aluminum and ITO as contact
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layers is due to the fact that this produces the best ohmic contacts with the films and the best value
of the electron output.

2. Results and discussions

The surface morphology of nanowires and the film thickness were measured using a JSPM—
5400 atomic force microscope. Fig. 1 shows the surface morphology of the obtained samples. The
average thickness of the solid film obtained by thermal evaporation was ~ 74 nm. The average
height of the grown nanowires consisting of stacks of cobalt phthalocyanine molecules was ~
137nm.

500 nrrfS00 nim

Fig.1.AFM image of the surface of a solid film (a) and CoPc nanowires (b)

The absorption spectra of the studied samples were recorded on a CM2203 spectrophotometer
(Solar). Fig. 2 (curve 1) shows the absorption spectra of cobalt phthalocyanine films obtained by
thermal evaporation.

In the absorption spectra there are two very intense bands in the region of 350 nm (the Soret
band or B-band), which corresponds to the mixed n — n* and n — & transitions azu—>2€gand bzu—>2€g,
and the absorption band in the region 550-750 nm (Q-band), which corresponds to the m —
m*transition alu—>zeg [11]. The absorption spectrum of CoPc film obtained by thermal evaporation
(fig.2) in the Soret region has a maximum at /=320 nm and in the Q-band there are two bands with
maxima at /=616 nm and A=678 nm. The characteristic splitting of the absorption of nanostructures
in the Q-band into two peaks is associated with the Davydov splitting [6].

In the spectrum of CoPc nanowires (Fig. 2, curve 2) the absorption band is broadened in the
Soret region. The absorption band in the Q-band is also broadened, in addition, there is a
bathochromic shift of the maxima in this spectral region in comparison with the film obtained by
the method of thermal evaporation.

Table 1. Spectral characteristics of cobalt phthalocyanine

B-band Q-band
Sample Adsorption D FWHM, Adsorption D FWHM,
peak, nm nm peak, nm nm
Evaporated A=315 0.51 80 A=616, 1=678 0.44 150
Nanowires A=324 0.85 125 A=612, =700 0.48 225
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The current-voltage characteristic of a CoPc-based photosensitive cell was determined by
illuminating the sample from the ITO side with a xenon lamp in the wavelength range of 350-
800 nm and a power of 100 mW/cm?. Fig. 3 shows the IV characteristics of the samples obtained. It
can be seen from Fig. 3 that the IVCs are non-linear. The values of open-circuit voltage U,., short-
circuit current Jy., maximum voltage and maximum current density Uy, and J,.y, and fill factor FF
were determined according to the method [7].

1.00 4-
0754 %
0.50 < 2
0.254
0 T 1
0.00 400 600 300 0.00 0.25 0.50
A (nm) um)
Fig.2.Absorption spectrum of CoPc: Fig.3.Comparison of current-voltage
1 — CoPc film obtained by thermal evaporation; characteristics: 1 — IVC of CoPc film obtained by
2 — CoPc nanowires. thermal evaporation; 2 — IVC of CoPc¢ nanowires.

Thus, it can be concluded that the photosensitive cell based on cobalt phthalocyanine has
lower values of voltage and current density compared to the photocell based on copper
phthalocyanine, investigated by the authors in the paper [8]. Table 2 shows the parameters of the
photoelectric characteristics of cobalt phthalocyanine nanostructures.

Table 2. Photoelectric characteristics of cobalt phthalocyanine nanostructures

Sample Uoe(V) Jse (uA/cmZ) Unax (V) Jimax (uA/cmz) FF
Evaporated 0.31 1.07 0.13 0.43 0.17
Nanowires 0.44 3.63 0.19 1.58 0.19

The efficiency of generation of charge carriers in a CoPc solid film obtained by thermal
evaporation is low compared to nanowires. This fact is due to weak broadening of the absorption
band, in contrast to nanowires. This is evidenced by the low value of the short-circuit current of the
current-voltage characteristic of the cell (Figure 3, curve 1). In nanowires, CoPc molecules line up
in a lamellar structure. As a result, the interaction of molecules in the unit cell increases. In this
case, the broadening of the absorption bands in the Q and B ranges is more pronounced in
comparison with the film obtained by thermal evaporation. Thus, this leads to an increase in the
number of charge carriers in the cell (Fig. 3, curve 2).

Investigation of the mechanisms of transport and recombination of charge carriers of a cobalt
phthalocyanine solid film was carried out by impedance spectroscopy. To interpret the impedance
spectra, we used the equivalent circuitry of the photovoltaic cell (Fig. 4), where R1 (R,) is the
equivalent resistance of the multilayer film (Rito + Ra; + resistance of the photoactive layer), R2
(Rrec) 1s the resistance characterizing the recombination of localized electrons with holes.CPEI is an
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element with a constant phase, which is an equivalent component of an electric circuit, modulating
the behavior of the active layer, but being an imperfect capacitor.

Al m Ral
_H1 H 2 Rrec :
| CoPc = CPEI ¢| Reope
CPE1 i

ITO ﬁ] Riro

b)

Fig.4. An equivalent electrical circuit (a) and a schematic representation (b) of the
photosensitive cell.

a)

The impedance spectra in the Nyquist coordinates based on CoPc films are presented in Fig. 5.
The spectra were fitted using the EIS-analyzer software package. The main electric transport
properties of solar cells were calculated (Table 3), where k. is the effective recombination rate of
charge carriers, and 7. is the effective electron lifetime. The analysis of impedance measurements
was carried out according to the diffusion-recombination model [9].
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Fig. 5. Impedance spectra of CoPc solid film (a) and CoPc nanowires (b)

An analysis of the impedance spectra shows that the addition of CoPc nanowires improves the
conductivity of the film, which is determined by the value of R,,. Table 3 shows that, in nanowires,

the effective mean free path of charge carriers (D) is higher than the film obtained by thermal
evaporation.

Table 3. Electric transport properties of CoPc cells

Sample Desz,_ 1 ke_flf, Teff, Ry, Rw, Con, ! L.(cm)
(cm’s™) (s") | (ms) | (Ohm) | (Ohm) | (Ohmcms ™)
CoPc Evaporated | 4.08x10° | 22.3 | 44.8 | 1.7x10° | 5093.4 28.1 7.4x10°
CoPc Nanowires | 1.38x10™ | 277.8 | 3.6 | 12321 | 46.53 46.9 13.7x10°®
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Using the EIS — analyzer software package, R,.. and R, are calculated; k. value is determined
by the maximum of the hodograph arc according to the formula wu.. = ke The value of the

e . . . 1
effective lifetime of charge carriers 7, in the films is calculated by the formula 7, = —.

eoff

The observed effect is associated with an increase in the structuring of molecules in the film,
because CoPc nanowires form a lamellar structure. A lower R,, value in cells with CoPc nanowires
also suggests that nanowires contribute to better carrier transfer to the electrode. Also, the effective
carrier lifetime in nanowires (z.) is shorter. The parameter 7.; determined by the method of
impedance spectroscopy takes into account the time spent by charge carriers in traps. A lower value
of 7. indicates a lower density of localized states in nanowires.

Conclusion

Researches have shown that in the cell based on CoPc nanowires, broadening of the B and Q
bands and a shift of the maxima in the spectra are observed. The structuring of CoPc molecules with
the formation of nanowires affects the value of the short-circuit current of the cell. Using the
method of impedance spectroscopy, it was found that transport properties are improved in
nanowires.
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The domain structure of a thin single crystal plate of the iron garnet Th;FesO;, has been
investigated using the magneto-optical method in the temperature range near the magnetic
compensation point of this ferrimagnet T, = 248.6 K. It has been shown that, when the temperature of
the sample approaches the magnetic compensation point, the domain width significantly increases, but
remains finite at T = T,. The magnetic H-T phase diagram determines the boundary between the multi
domain and domain free (uniformly magnetized) states of the sample. Here the magnetic H-T phase
diagram has been constructed using the data on visual observations of the transformation of the domain
Structure with variations in the temperature and external magnetic field.

Keywords: Ferrimagnetic, domain structure, magnetic compensation, phase diagram, domain boundary,

Introduction

Rare-earth ferrites-garnet (REFG), which include heavy RE ions, have a so-called magnetic
compensation point - temperature T, (below the Curie temperature), at which their spontaneous
magnetic moment Mg vanishes. From a practical point of view, REGF with sufficiently high T, are
of interest as materials for the elemental base of magnetic microelectronics devices using the
thermo-magnetic method of recording / erasing information [1, 2].

In this regard, direct visual observations of the domain structure (DS) of a thin single crystal
TbsFesO, terbium garnet ferrite garnet in the temperature range [3, 4], including its magnetic
compensation temperature (T, = 248,6 K [5]), were carried out, the results of which are presented
below.

1. Examples and experimental technique

In our experiments, we used a Tb3FesO), single crystal sample in the form of a plane-parallel
plate with transverse dimensions ~ 2 x 3 mm” and a thickness of ~ 100 um, oriented so that the
[111] axis makes an angle of ~ 10° with the normal to its plane, and one of the axes has a smaller
inclination to the plane of the sample compared with the other two (the error of the crystallographic
orientation of the sample is ~ + 2°) [6].

It is known [7,8] that in REFG in a certain interval of the external magnetic field, the vectors
Mg, and My turn from antiparallel to parallel, i.e. a skewed magnetic phase occurs in which the
angle between Mg, and Mg is different from 180°. The critical field of the beginning of the turn of
the sublattice magnetic moments

HK OC(MFe_MR)HO’

where Hj is the exchange field acting between the iron and RE sublattices, whence it follows
that near the magnetic compensation point H, — 0, i.e. at T — T, the scattering fields created by
neighboring domains may be sufficient to start the reversal of the vectors Mg, and Mg. Therefore, in
the general case, with normal incidence of light on the plane of the sample, the spontaneous Faraday
effect in REFG can be represented as:
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0, = (aMFe cosé, +bM, cosé?z)l,(l)

where a and b - are magneto-optical coefficients depending on the frequency of light; 6, 6, are
the angles formed by the vectors Mg, and M with a normal to the plane of the sample (in the
collinear magnetic phase of the crystal 8, = 6,); [ - is the thickness of the sample.

In TbsFes04, at 7<T.Mgr >ME ., therefore, the vector My is oriented in the direction of the
external magnetic field. At 7>T., the situation is the opposite — the vector Mg, is directed toward
H. Thus, at the magnetic compensation point, the vectors Mg, and My are rotated by 1800, which, in
accordance with (1), leads to a change in the sign of the Faraday rotation angle, which can be
determined by a sharp change in the color of the observed domains. Moreover, as can be seen from
(1), even at (Mg + Mg) = 0 (at T = T,), the Faraday Effect does not vanish, which allows us to
observe the DS of the sample when the temperature passes through the point of magnetic
compensation.

2. Experimental results and discussion

As observations have shown, in accordance with expectations in the entire studied temperature
range of 85-295 K at H = 0, the DS of the sample formed domains in the form of light (visually
red) and dark bands of approximately equal width with clearly defined boundaries [9]. In this case,
an external magnetic field parallel to the middle direction of the domain walls strongly affected the
domain width, transferring the sample at a certain 7-dependent value of H to a homogeneous
(single-domain) state, while the field oriented in the plane of the sample is perpendicular to the
domain wall (DW), practically did not change the width of the domains up to the maximum
intensity H = 60 Oe used in the experiment. Such a behavior of the domain structure obviously
means that the vectors M in neighboring domains are antiparallel to each other and oriented along
domain boundaries (i.e., 180" - DS is realized in the sample).

As an example in Fig.1 shows a number of photographs taken during the heating of the sample
from T = 85 K (heating rate ~ 0.2 K/s), illustrating the general nature of the change in its DS
depending on temperature. A series of photographs a + ¢ was obtained immediately after cooling
the sample to 7 = 85 K; each photograph of the series shown in fig. 2 - after demagnetization of the
sample at a given 7 in an alternating magnetic field (changing with a frequency of 50 Hz), the
amplitude of which decreased from the maximum value H = 60 Oe to zero.
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Fig. 1.Images of the domain structure of the sample obtained at different temperatures during heating:
205 (a), 237 (b), 248 (¢), 251 (d), 256 (f) and 295 K (j).
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Fig. 2. Images of the “equilibrium” domain structure of the sample obtained at different temperatures during
heating: 205 (a), 236 (b), 248 (¢), 251 (d), 260 (f) and 295 K (j). At each temperature, the sample was
demagnetized in an alternating magnetic field with amplitude decreasing to zero.
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It was assumed that the demagnetization procedure allows one to obtain a domain
configuration close to equilibrium at a given temperature. As a rule, after this procedure, for each
value of 7, 2-3 domain configurations were observed, slightly differing by the position of the
domain walls, however, the average width of the domains arising from case to case remained almost
constant. The temperature dependence of the average domain width of the "equilibrium" DS sample
is shown in Fig. 3. Note that, when approaching the point of magnetic compensation, a deterioration
in the magneto-optical contrast and a change in the color shades of images of neighboring domains

were observed.
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Fig. 3. Temperature dependence of the average domain width of the "equilibrium" domain structure of

the sample.

The single domain state of the sample could be observed under the action of an external field
H, which has a noticeable projection onto the direction of the domain walls. So, in a field oriented
along the direction of domain walls at an angle of ~ 10° to the plane of the sample (along the
assumed direction of the distinguished light axis), the single-domain state of the sample was
observed near T, at H> 4 Oe. In Fig. 4 shows photographs demonstrating the behavior of the DS of
a sample with a change in temperature at the above orientation of the magnetizing field at H =5
Oe, from which it can be seen that the single domain state of the sample occurs in a certain
temperature range to the right and left of 7.. As observations showed, with an increase in H, these
temperature ranges of the "single domain" gradually expanded, until at H = 7 Oe they merged into
one general one. In the “single domain” region, the image of the sample has a uniform color over
the entire area; when the temperature passes through the compensation point, the color of the image
of the sample (in accordance with (1)) changes abruptly.

| |8l0Is)®
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Fig. 4. Images of the domain structure of the sample obtained at different temperatures during heating in a
magnetic field H = 4,50e: 200 (a), 240 (b), 248 (¢), 270 (d), 260 (f), and 295 K (j). At each temperature, the
sample was demagnetized in an alternating magnetic field with amplitude decreasing to zero. Vector H is
parallel to O.L.N.
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In fig. 5 shows the experimentally obtained magnetic H - T diagram that defines the boundary
between multi-domain and single-domain (uniformly magnetized) states of a sample. Each point of
the diagram was determined by the results of visual observations of the disappearance of domain
walls in the image of the sample with a change in H and T (in the experiment, the sample was first
cooled to 7= 85 K, then the magnetic field of the specified strength was turned on and the process
of changing the DS during heating of the sample was observed, while at each fixed temperature, the
sample was subjected to a demagnetization procedure).

H Qe

K

204 250 300

Fig. 5.Temperature dependence of the magnetic field at which the sample goes into a single domain
state. The direction of the vector H is parallel to O.L.N. - crystallographic direction (111) . Inset: phase H —
T diagram describing the magnetic state of the rare-earth phase group at HIl [111] [7], AA and BB are the
lines of phase stability loss (¢ = 0) and (¢ = m), SS and FF are the boundaries regions of stability of states (0
<p<n/2,E=m/2,7n/6,11n/6), DD and GG are the boundaries of the region of stability of states (/2
<p<m,&E=m/6,5n/6,3n/2), where ¢ and & are respectively the polar and azimuthal angles of the vector
ME. in the Cartesian coordinate system {[110], [112], [111]} (the [111] axis is the polar axis).

The H — T diagram of the sample obtained in this way is in good agreement (on a qualitative
level) with the magnetic phase diagram describing the magnetic state of the REFG in H || (111)

calculated in [8] (see inset of Fig. 5). From the fragment shown in the inset Fig. 5 of the phase
diagram of the REFG, it can be seen that at 7 — T, the angular phases of the crystal appear earlier
than the magnetic moments of the iron and rare-earth sublattices are equal in magnitude. The
stability loss lines of various magnetic phases of a crystal determine the boundaries of the existence
of domains with the corresponding directions of magnetic moments (DS arises due to
demagnetizing fields). This suggests that the experimentally observed decrease in the contrast of the
image of the domains and a change in their color in the immediate vicinity of the sample
temperature to 7.is associated with the transition of the crystal from the collinear magnetic phase to
the angular one. In this case, the skew of the vectors Mg, and My will lead to a decrease in their
projection on the direction of the light propagating in the crystal, and as a result to a decrease in the
magnitude of the Faraday effect (see (1)).

From fig. 1 and fig. 2, it follows that although the width of the domains at 77— T increases
significantly, nevertheless, in contrast to the results of a theoretical analysis of the DS of a plane-
parallel ferrimagnet plate obtained in [10, 11], the domains in the sample do not disappear in the
entire temperature range studied, i.e. e. at H = 0, the sample does not transform into a uniformly
magnetized state. In addition, it follows from the theory developed in [9, 10] that, at T — T, the
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maximum domain width reaches a value comparable to the plate thickness, whereas from Fig. 1 and
fig. 2 shows that in our case the maximum domain width is more than 10 times the thickness of the
sample.

Conclusion

Thus, the performed studies have shown that, in a plane-parallel plate of the Tb;FesO;, garnet
ferrite garnet, at H = 0, when the temperature passes through the point of magnetic compensation,
the DW does not disappear. The explanation of this fact was based on the magnetic phase diagram
of the REFG obtained in [8]. However, there are other possible reasons for the existence of domains
in the sample near T, — for example, defects in the crystal lattice or the presence of a noticeable
entropy contribution to the thermodynamic potential of a crystal, which makes its multi-domain
state energetically more favorable than a single-domain state (as is the case in collinear
antiferromagnets) [12]. An unambiguous choice of the reason leading to the existence of an REFG
DS at T — T, is possible, in our opinion, if we trace the dynamics of the spatial orientation of the
sublattice magnetic moments of the crystal. In particular, additional information can be obtained
from a detailed analysis of the color change of domains when the temperature changes, made using
a computer-based method for processing optical images.
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In article on the basis of the method of computing x-ray tomography the technique of assessing
changes in the state structure of polymeric composite material under the dead load. The results of the
analysis of structure changes for carbon fiber samples at the setting stage of loading are presented.
Offered exploratory procedure allows to fracture propagation under the force action and to analyze the
material changes depending on the presence and load levels. In addition, quantitative parameters are
introduced to compare the tendency of the material to accumulate damage in various technological
processes. The results of the test research show that the proposed method allows for high accuracy to
analyze the behavior of the material under load and identify typical trends for the type of material and

laying.
Keywords: composite material, X-ray computer tomography, nondestructive testing, aviation structure.

Introduction

At this moment in time production engineering of elements and item of equipment of
composite material (CM) are developing ahead of schedule in almost all industrialized countries.
Feature of CM is that they are not monolithic material, such as metals. KM is a structure which
created in the process of manufacturing a product [1-3]. There is a problem of an objective
assessment of quality of KM, possibility of application of various physical methods for control of
their quality. Computational and analytical methods of research do not always allow obtain a
complete picture of all the effects arising during servicing in polymer composite materials (PCM)
[4, 5]. Conformance assessment of materials, blank part, and final production can be carried out
using a variety of laboratory and industrial equipment. One of the methods of flaw detection and
analysis of size dimensions of the product is the method of computational X-ray tomography [5].

Manufacturing computational X-ray tomography (CXT) is a highly effective method of
nondestructive radiation control, combining the capabilities of X-ray radiation and digital
technology, which allows obtain flat sections and three-dimensional images of controlled products.
On-hand status of such equipment at the “Production planning and quality control” department of
the Moscow aviation Institute (national research University) allows to carry out some work on the
conformity assessment of military products [6, 7].

The proposed work is at the junction of several areas — the development of methods of
application of high-energy tomography in the mechanics of structurally inhomogeneous materials
and technological design [8-16]. Within these areas are suggested to develop perspective methods
of research of new materials, correct methods of designing products from polymeric composite
materials and to develop methods for computational and analytical evaluation of the product
behavior during operation based on process defects.

The paper [7] describes the method of using CXT in solving problems of research the state of
the structure of the PCM under load. The main data obtained in this work are related to the
assessment of crack development in the material and measurements based on computer modeling of
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its contribution to the reduction of the sample strength. At the same time, the research method
proposed in this paper allows not only to assess the crack development under force action, but also
to analyze the material changes depending on the presence and level of loading. Quantitative
parameters are introduced to compare the tendency of the material to accumulate damage in various
technological processes.

1. Experimental procedure

For a measurement of change in the power action stand, allowing to apply to the samples
uniaxial force action directly on the desktop of the X-ray tomography, had been engineered and
made. At the figure 1 we can see diagram of the research using this stand. The initial fixed
parameters are the characteristics of the sample and its mechanical properties, which are used to
select the loading steps (drawing up the plan of the experiment).

Specimen characteristics

» reinforcing components Experimental determination
* binder » of mechanical characteristics
e process conditions (control samples)

+ geometric dimensions

b\ »

Selection load steps
(map loading)

-

Research of the material structure
under load by computational x-ray tomography

* Scan of the initial state.

» Loading of the sample with set load steps in the test device.
+ Scans in selected cross sections after each loading.

+ X-ray parameters definition.

» Scan after removal of the load.

-

Analysis X-ray characteristics and comparison
scans under and after removal load

-

Determination of material behavior during loading
and after unloading

Fig.1. Study design

Test operation is determining the basic state of the material-the tomographic parameters that
are considered to be the starting point for a this sample (selected technology, installation and types
of binder and filler). And then step-by-step loading is performed for the selected load levels. At
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every step the state of the material is fixed and tomographic parameters are determined, which are
compared with the base state, which allows to evaluate the changes occurring in the material.
Growth of density anomalies associated with both loosening of the material and its local
compaction. The maximum value of the linear attenuation coefficient (LAC) is monitored to track
the compaction of individual sections.

At every step of increasing the load, the following actions are performed:

— Each test sample is installed in a stand for force interaction on the sample. Initial strain
measurement and preliminary scanning of all selected sections are carried out;

— A load is applied to the sample, the value of which corresponds to the first step of loading,
deformations in the sample are measured and scanning is carried out;

— The sample is unloaded (complete removal of extension force) and immediately carried out
deformation measurement and scanning;

— After a lapse of time after removal of load carried out repeating deformation measurement;

— Unloading and further loading of the sample is carried out in accordance with the plan of the
experiment;

— Then the sample is loaded to the level of the second step and the test procedure is repeated.

— Number of steps of increasing the load are repeating while sample do not be destroyed (or
reaching the limit to fit the force) or before deformations appear in the sample, indicating a
complete loss of load-bearing capacity (expected for samples with oblique-angle reinforcement
scheme) [10].

As tomographic parameters the criteria of correlation between the state of the structure of the
sample material and the reconstructed scanning results are accepted:

1. The average value attenuation coefficient be a descriptor of structural density in the i-th
scanned section after the j-th loading (j=0 - before loading) and is directly proportional to the
increase in the number of secondary damage per unit area of the section;

2. Maximum and minimum value of LAC, which characterize growth process of individual
defects and local compaction in the material structure;

3. Root-mean-square deviation (RMS) of the value of LAC in the scanned section
characterizes the amplitude of the absolute deviation of the LCO from the most probable value, the
increase in the absolute value of the LCO confirms the increase in the number of secondary
damages per unit area.

2. Results of the experiment and their discussion

As test pattern applied specimen series UP-3 (with typical laying 0 / +45/90) of carbon tape
UOL-300-1 (TU 1916-167-05763346-96 production LLC "Argon") and the binder EPS-1-108 (TU
2225-047-17411121-2012 production LLC "Superplast"), obtained by impregnation and molding
under a double vacuum bag. Research was being conducted in the 40 sections of the operating space
with step for 5 millimeters for debugging parameters of scanning and analysis of the frequency of
occurrence of values. In appropriate cases thickener or defect of anyone type can be input into
researching space of specimen.

The research of the sample was carried out at four levels of tensile load — 5 %, 20 %, 30 %, 40
% from the destructive load, as well as its further full unloading. As a result, the graphs of the
deviation of the controlled parameters from the initial state of the sample were obtained, presented
in figure 2. Analysis of the change in the cross-sectional area of the sample was not carried out
because of its minor fluctuations — sectional area was not more than 0.5 %, which may be caused by
the heterogeneity of the sample surface. Based on the results for the selected installation and types
of materials, the following conclusions are made:

- When applying up to 30 % of the breaking load the sample structure changes with a small
step and does not undergo significant changes. There is an ordering of the structure of the material,
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as evidenced by a decrease in the deviation of the maximum values of the LAC and slight
fluctuations in the deviation of the minimum value, which shows a variable growth of the primary
defect. Growth deviations RMS in this case is associated with the most fluctuations in minimum
values of LAC compared to the maximum, which indicates the early growth of the primary defect
that causes the seal adjacent layers (decreases deviation of the average value of LAC);
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Fig. 2. Deviation of controlled parameters from the initial state depending on the applied load.

- When applying up to 40 % of the breaking load is reached, a significant change in the state of
the structure of the material is observed. The increase in the deviation of the RMS value from the
initial value when 40 % of the destructive load is reached is 2 times higher than the same indicator
at 30 % of the destructive load. This is caused by a significant increase in the primary defect (the
minimum value of LAC increases by 3 times compared to 30 % of the breaking load), which leads
to compaction of the surrounding material. This conclusion is confirmed by the behavior of the
average value of Loco, which is 40 % of the destructive load almost corresponds to the initial state
of the sample, while the growth of RMS. After unloading of the sample, residual variation are
observed, which are characterized by a local compaction of the sample structure, significant in
comparison with the loaded state. The General behavior of the material structure after unloading is
characterized by an increase in density variations in the sample (the deviation of the RMS from the
initial state is 10 %) and a slight compaction of the material structure (the average value of the LAC
increased by 1 %), which may mean a decrease in the number of primary defects in the sample.
According to the results of the test research on this sample, the following conclusions can be made:

— for this placing and material characteristic considerable increase mainstream defect after
reaching a certain load (in this case it was 30% of the destructive load);

— when the load is applied, the growth of the local primary defect occurs, while smaller
defects are closed, and the structure of the material becomes less loose;

— after unloading the sample, there is a general compaction of the material structure, but at the
same time there is a disclosure of the mainstream defect [12], which in the case of flaw detection
after removing the load has a much smaller geometric dimensions compared to the loaded state.
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Conclusion

The suggested procedure shows that the proposed technique helps high accuracy carry out an
analysis of the material response when load is applied, and identify trends specific to the type of
material and styling in question. Comparison of the initial, loaded, and unloaded state of the sample
indicates the need for such a study for different types of materials in order to identify the
characteristic trends in the main cracks.

The increase mainstream defect and less the influence of local defects on the structure of the
material was obtained for this placing and material characteristic. At the same time local defects on
the structure of the material must be research same the mainstream defect. The volume of porosity
and moisture saturation may be changed in real structure by comparison with elementary samples
was researched in the certification tests. The local changes of structure material was had on the low
load, that mean that real volume of porosity (therefore and moisture saturation) can be higher and
mechanical characteristics low than design value. The possibility of numerical evaluation of the
processes of changing the structure of the composite material allows us to clarify the existing results
and methods of finite element calculation. The methods of damage summation processes in CM can
be improve with the experimental data sufficiency.
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A composite structure impact damage propagation evaluation procedure using linear detector-
equipped X-ray computed tomography scanner has been put forward. An impact damaged carbon-fiber
samples research has been carried out to evaluate testing capabilities of internal delamination through
X-ray computed tomography using linear detector. A special emphasis of the research has been laid on
advanced composites. It is linked to the use of the composites for high-load structural elements and
necessity of adjusting manufacturing procedures. The procedure helps simplify linear detector
tomography analysis of delamination and verify mobile inspection methods data. Besides, the
procedure may be used for developing composite structure repair methods. The article includes an
example of tomographic image of impact-damaged samples linear attenuation coefficient distribution.

Keywords: X-ray tomography, polymer composite materials, aircraft structure, nondestructive methods.

Introduction

X-ray computed tomography is now the most promising non-destructive method involving
borescope inspection of the most critical structural elements dedicated to aerospace industry. Rich
tomographic data obtained through the method taking into account spatial position of cross-sections
being monitored includes not only bright images but also hundreds of thousands material properties
measures with precise spatial reference of each tomographic image element.

Aircraft engineering requires a vast employment of non-destructive methods for every life-
cycle stage. It is related to high stresses in structural elements which result in minimal weight of a
structure. The highest requirements for finished product non-destructive level are applied to
structures created through purpose-oriented manufacturing procedures which influence a material
structure. Such procedures include casting, welding, composite product production and so on [1-4].

Among the most precise methods of structure condition evaluation is X-ray computed
tomography procedure which helps to a high precision (up to 50 microns) reveal internal
discontinuities.

The main parameters of X-ray computed tomography evaluation are based on linear
attenuation coefficient analysis, the value of which is dependent on a material density. The
coefficient has been applied as the basis for developing a number of parameters to evaluate
structure condition [5].

1. Experimental procedure

A traditional application of X-ray tomography is searching for internal defects which appear at
various stages of a product life cycle. This method is mostly used in manufacturing for casting,
welding, composite production and additive technologies. As far as operation is concerned the
method is applied for polymeric composites since they feature developing internal damages.

In the context of works performed at MAI (National Research University) Production Planning
and Quality Control department the following primary applications of X-ray computed tomography
method dedicated to aircraft engineering have been highlighted:
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1) Design stage:

— Developing new behavior models of polymeric composites at static and fatigue loading;

— Evaluating influence of processing factors on polymeric composite structure in regular areas
and areas of concern of structures being designed;

— Studying a process of accumulation and propagation of damages with layer-by-layer
analysis.

2) Developing manufacturing procedures:

— Adjusting parameter of purpose-oriented manufacturing procedures;

— Defining defect standards acceptable for operation and repair;

— Verifying and detailing (developing methods) capabilities of other non-destructive methods
for a certain structure.

3) Structural elements manufacturing stage:

— Selective or overall evaluation of quality of composite products and their elements;

— Verification of non-destructive methods dedicated to composite products in industrial
manufacturing.

4) Operational stage:

— Evaluating change of polymeric composite structure in high-load units and elements during
operation;

— Verification of non-destructive methods for polymeric composite products being operated.

The emphasis in the context of the research methods development is laid on polymeric
composite structures which have a number of dedicated damage propagation testing procedures [6,
7]. It is linked to the use of the composites for high-load structural elements and necessity of
adjusting manufacturing procedures.

One of the most dangerous types of polymeric composite operational damages is an impact
damage which results in heavy internal delamination. Aircraft structures have requirements as to
internal delamination area depending on its detection time through visual or instrumental methods.
Each structure may have individual requirements depending on applied testing methods and
compulsory inspection periods [8-13].

Ultrasonic and thermal (vacuum) methods are most spread for evaluating internal delamination
area. To obtain more detailed data received through these methods it is purposeful to verify them
during adjusting inspection methods. The analysis of internal delamination testing capabilities using
linear detector X-ray computed tomography involved a research dedicated to 30 and 50 Nm
impact-damaged carbon-fiber samples (Figure 1).

Fig. 1. Samples inspected. General view.
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2. Results of the experiment and their discussion

The testing method includes the following stages:

— Layer-by-layer scanning of faulty samples;

— Breakdown of plane sections into areas, which involve an area-averaged analysis of linear
attenuation coefficient and its mean square deviation;

— Generation of plane charts of coefficients distribution and analysis of internal defects area.

The necessity of such approach is caused by computed tomography limitations which include
inclination of linear attenuation coefficient diagram at two area interface. Thus, it makes composite
structure delamination analysis more complicated. You can see an example of impact-damaged
samples tomographic image in Figures 2.
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Fig. 2. Tomographic image and linear attenuation coefficient distribution diagram of impact-damaged
samples

Plane distribution charts for impact damage points are shown in figures 3 and 4. The dimension
of inspected area is 100x100 mm.
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Fig. 3. Mean square deviation distribution chart in impact damage area.
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Fig. 4. Linear attenuation coefficient distribution in impact damage area.

Conclusion

As you can see from the charts there is an apparent difference between the impact damage
distribution areas for various impact levels. Besides, one can observe that delamination area and
distribution may be evaluated through linear attenuation coefficient data, meanwhile mean square
deviation chart may be used to evaluate delamination expansion. The averaged characteristics is
allowed comparison of different types of materials and thicknesses of structures under the impact of
different energies.

The construction of flat maps of the propagation of defects under impact is peculiarity of the
proposed method. This map are useful for the finite elements method analysis of CM with averaged
mechanical characteristics. It are allowed residual strength of the material and compared results of
real tests with FEM results. This method make allowance all defects in structure unlike ultrasonic
methods (ultrasonic methods have shading of next to each other defects).

The suggested procedure helps simplify delamination analysis using linear detector
tomography scanner and verify mobile inspection methods data. In addition to this the procedure
may be applied for developing composite structure repair methods.

REFERENCES

1 Kluiev V.V., Sosin F.R., Kovalev A.V., Weinberg E.L et al. Nerazrushaiuschii control I diagnostika,
2-nd edition. Moscow, Mashinostroenie, 2003, 656 p. [in Russian]

2 Weinberg E.I., Weinberg [.LA. Computed Tomography Scanners for Non-Destructive Testing and
Quantity-related Diagnostics of Aerospace Products. Dvigatel. 2008, No. 2, pp. 19 — 23. [in Russian]

3 Goncharenko V.I., Oleshko V.S. Calculations of Tool Hardness in the Aviation Industry. Russian



Materials science. 35

Engineering Research. 2017, Vol.37, No.6, pp. 554-556. DOI: 10.3103/S1068798X17060119.

4 Goncharenko V.I., Oleshko V.S. Determining the surface energy of tools in the aviation industry.
Engineering Research. 2017, Vol.37, No.7, pp. 628—630. DOI: 10.3103/S1068798X17070127.

5 Boitsov B.V., Vasiliev S.L., Gromashev A.G., Yurgenson S.A. Metody nerazrushaiuschego
kontrolya, primeniaemie dlya konstruktsiy iz perspektivnikh kompozitsionnikh materialov. MAI, Electronic
Journal. 27.12.2011. Release No 49. Available at: http://www.mai.ru/science/trudy/. [in Russian]

6 Vasiliev S.L., Artemiev A.V., Yurgenson S.A. Analiz metodom vichislitelnoi rentgenovskoi
tomografii vozdeistviaa staticheskoi nagruzki na strukturu polimernogo kompozitsionnogo materiala.
Proceedings of 10" International Conference on Non-Equilibrium Processes in Nozzles and Streams (NPNJ
2014), May 25-31, 2014, Alushta. M.: MAI, 2014. pp. 543-545. [in Russian]

7 Vasiliev S.L., Artemiev A.V. Bakulin V.N., Yurgenson S.A. Kontrol obraztov metodom
vichislitelnoi rentgenovskoi tomografii pod nagruzkoi. Russian Journal of Nondestructive Testing, 2016,
No.5. pp. 63-73.

8 Advisory Circular Ne 20-107B Composite aircraft structure, USA, FAA, 2009. Available at:
www.faa.gov/documentLibrary/media/Advisory Circular/AC20-107B.pdf.

9 Mikulik Z., Kelly D.W., Prusty B.G., Thomson R.S. Prediction of flange debonding in composite
stiffened panels using an analytical crack tip element-based methodology. Composite Structures. 2008,
Vol.85, No. 3, pp. 233 — 244. DOI:10.1016/j.compstruct. 2007.10.027.

10 Nishino T., Hirokane D., Nakamae K. X-ray diffraction studies of the environmental deterioration of
a transversely loaded carbon-fiber-reinforced composite. Composites Science and Technology. 2001, Vol.61,
No.16, pp. 2455 — 2459. DOI:10.1016/S0266-3538(01)00174-9.

11 DeKalbermatten T., Jiggi R., FLiieler P., Kausch H.H., Davies P. Microfocus radiography studies
during model interlaminar fracture tests on composites. Journal of Materials Science Letters. 1992, Vol.11,
No.9, pp. 543 — 546.

12 Yurov V.M., Oleshko V.S. The impact of the environment on the contact potential difference of
metal machine parts. Eurasian Physical Technical Journal. 2019, Vol.16, No.1 (31), pp. 99 — 108.

13 Oleshko V.S. Optimal Number of Duralumin Samples in Determining the Surface Energy. Russian
Engineering Research, 2019, Vol. 39, No. 3, pp. 272-275. https://doi.org/10.3103/ S1068798X19030183.

Article accepted for publication 22.11.2019



36 ISSN 1811-1165 (Print) 2413-2179 (Online) Eurasian Physical Technical Joumal, 2019, Vol.16, No.2 (32)
DOI 10.31489/2019N02/36-42
UDC: 538.971: 621.039.64

PLASMA INSTALLATION FOR RESEARCH OF PLASMA-SURFACE
INTERACTION

Rakhadilov B.K.", Skakov M.", Tulenbergenov T.", Zhurerova L.?", Kurbanbekov Sh.>

'Institute of Atomic Energy of Kazakh National Nuclear Center, Kurchatov, Kazakhstan
2S. Amanzholov East Kazakhstan state university, Ust-Kamenogorsk, Kazakhstan, leila_uka@mail.ru
3Khoja Akhmet Yassawi International Kazakh-Turkish University, Turkestan, Kazakhstan

This work describes some of the features of the developed plasma setup for studying surface-
plasma interactions. Results of the study of the interaction of tungsten and beryllium with plasma are
presented. This facility is intended for testing materials and equipment of the Kazakhstan Materials
Science Tokomak and for conducting a study of plasma-surface interactions. The main elements of a
plasma installation are an electron beam gun, a plasma-beam discharge chamber, a vacuum
interaction chamber, a cooled target device, an electromagnetic system consisting of electromagnetic
coils, a lock device for quick changing and moving diagnostic tools or irradiated samples without
depressurization of the installation. Experiments to study changes in the structure of tungsten and
beryllium during plasma exposure have shown that after irradiation, the surface is subjected to erosion
and pores form on the surface.

Keywords: plasma, plasma installation, tungsten, beryllium, irradiation.

Introduction

Recently in our country work is underway in to create the Kazakhstan Material-science of
Tokomak (KMT) in the National Nuclear Center of the Republic of Kazakhstan, which will be used
for research to substantiate the design and safety of a thermonuclear energy reactor [1]. As is
known, the solution to the problem of creating reactors of controlled thermonuclear fusion is largely
determined by the choice of structural materials for the most critical reactor assemblies (the first
wall, its protection and the diverter). They experience a powerful impact of irradiation with
neutrons, alpha particles and protons, as well as thermal loads from the side of thermonuclear
plasma. The choice of structural materials is based on the results of studying the processes
occurring during the interaction of the plasma of a thermonuclear reactor (TNR) with structural
elements facing it [2]. However, the complexity and multifactorial nature of the interaction of the
KMT plasma with structural materials, as well as the high cost of full-scale tests on full-scale
installations, determine the need for its experimental modeling using small specialized simulation
installations. Among such facilities, linear simulators with electron-controlled plasma generation
[3—7] have several advantages as devices that allow combining the effect of plasma with electron
beams when tested with high heat flux. In this regard, a plasma unit was developed for testing
materials and equipment of the KMT and for conducting a study of plasma-surface interactions.

The purpose of this work is to study and describe in detail some of the features of the
developed plasma setup for studying surface-plasma interactions and experimental study of the
interaction of tungsten and beryllium with plasma.

1. Parameters of plasma installation

The developed plasma beam installation (PBM) is universal and allows testing materials under
the conditions of complex exposure to them of both the plasma flow and the powerful heat load
created by the electron beam. The use of a plasma setup makes it possible to quickly
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obtainpreliminary experimental data on the behavior of materials under conditions of their
interaction with plasma under high thermal load, which will make it possible to make corrections to
the methodology of experimental studies on KMT [8, 9].

The main elements of a plasma installation are an electron-beam gun (EBG), a plasma-beam
discharge chamber, a vacuum interaction chamber, a cooled target device, an electromagnetic
system consisting of electromagnetic coils, a lock device for quick change and movement of
diagnostic tools or irradiated samples without depressurization installation [10]. A general view of a
simulation stand with a plasma-beam installation is shown in Figure 1.

Fig.1. General view of the plasma installation.

A schematic representation of the installation is shown in Figure 2. The vacuum chamber
includes a discharge chamber and an interaction chamber. In this case, the discharge chamber is
made in the form of a narrow cylinder with a length of 0.9 m and a diameter of 0.2 m, and the
interaction chamber is made in the form of a cylinder with a length of 0.5 m and a diameter of 0.4
m, located perpendicular to the discharge chamber. The cooled target device is a hollow cylinder
with inlet and outlet tubes for cooling it with water. In this case, the plasma receiver is made so that
it is possible to install the irradiated sample. The electron gun consists of a heated thermionic
tungsten cylindrical cathode and a hollow anode. All gun assemblies are water-cooled, which
ensures its operability, both in high-voltage vacuum mode and in low-pressure arc mode. The
vacuum pumping system includes two fore vacuum and two turbo molecular pumps capable of
providing a pressure of residual gases in the chamber at a level of 5107 Pa.

The performance of the pumping means may vary widely, depending on the gas-dynamic
conditions of the experiments. The gas injection system consists of vacuum leaks, designed to
ensure the gas inlet into the vacuum chamber with a stream size in a strictly specified small range,
with the possibility of smooth adjustment. The leakage control is carried out by a personal
computer, which ensures a stable flow of the working gas. The gateway device with a rod allows for
translational-rotational movement for rapid change and movement of diagnostic tools or irradiated
samples without depressurization of the installation. The plasma diagnostics system includes a
quadruple mass spectrometry Langmuir probe. Warming up, control of parameters, diagnostic tools,
as well as a complex of electric power sources of the electron gun, consisting of a direct heat block
a voltage-regulated high-voltage unit for generating a primary beam of beam-plasma discharge,
high-voltage unit for the controlled thermal testing without the beam-plasma discharge.

The installation management system includes computer programs for remote control of
installation nodes. The recording of the current information and the display on the screen is
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generated by means of the information and measurement system (power supply system, vacuum
pumping, gas supply systems, gas, air, air and gas, air flow systems, vacuuming systems, gas flow
systems, gas and air conditioning systems, vacuuming systems, gas flow systems and other
applications.

1- electron gun; 2 - electromagnetic coils; 3 — cooled plasma receiver; 4 - mass spectrometer; 5 - Langmuir
probe; 6 - foreline pumps; 7 - turbo molecular pumps; 8 - gas pump system; 9 - sluice device for quick
change and movement of diagnostic tools or irradiated samples; 10- vacuum chamber.

Fig.2. Schematic representation of a plasma installation.

The plasma installation provides the following plasma flow parameters: plasma flow diameter
up to 30 mm; magnetic field strength generated on the axis of the installation of 0.1 T; magnetic
field strength in the electron gun area of 0.2 T; the current in the plasma is 1 A; The plasma density
in the beam is up to 10" cm™, the electron plasma temperature is up to 30 eV.

The installation provides the following plasma flow parameters: the plasma flow diameter in
front of the target is from 5 to 100 mm; the magnetic field strength generated on the EBG axis is 0.1
T; magnetic field strength in the electron gun area of 0.2 T; the current in the plasma is 1 A; The
plasma density in the beam is up to 10">cm™, the electron plasma temperature is up to 100 eV.

Plasma installation works as follows. The electronic pad is formed by an axially symmetric
electronic pad. The cathode of the gun is heated by electron bombardment from the heater thread.
The power of the gun is regulated by the cathode heating power. The electronic probe is fed with
the working gas supplied to the discharge zone, forming a plasma-beam discharge. Plasma shots are
assembled using an electromagnetic system, which creates a longitudinal magnetic field in the
discharge chamber. With a fall of the world the plasma discharge enters the sample of the test
material installed in the plasma receiver, which is located in the interaction chamber. Figure 3a-b
shows the process of irradiation with a tungsten plasma beam.

The plasma beam in the installation chamber is formed when the working gas is supplied to the
chamber when the electron beam is tuned. Hydrogen, deuterium, helium, etc. are used as the
working gas. To simulate the effect of plasma on materials in the plasma-beam discharge mode, it is
sufficient to use from 2% to 30% of the maximum power of the electron gun. To obtain maximum
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power on the target without the development of breaks in the transport channel, the accelerating
voltage should be increased and the beam current should be reduced.

f &

Fig.3. The process of irradiation with a tungsten plasma beam: a) - plasma beam ignition, b) - the arrow
indicates the sample under the influence of plasma.

Recording of current information and display it on the display screen is generated by the
information-measuring system. PBM is equipped with a system of remote control of PBM nodes
with an information screen. To determine the parameters of the plasma flux in the PBM, a
Langmuir probe is used. The method of probe diagnostics is based on measuring the current density
of charged particles when an electrical conductor is placed in plasma, depending on its potential
[11]. When testing materials for PBM, the control of the environment in the cavity of the interaction
chamber was carried out using a CIS-100 quadruple mass spectrometer manufactured by Stanford
Research Systems. Figure 1-2 shows the CIS-100 mass spectrometer externally. The analyzer of
residual gases with a closed ion source (mass spectrometer) CIS100 was attached directly to the
working chamber through valves. Unlike open gas source (RGA) residual gas analyzers, CIS
devices are simultaneously connected to a high-vacuum turbo molecular pump, which ensures that
the ionizer is at a pressure of 10° mm. hg art. [12].Performing the proposed installation [13] to
study the interaction of plasma with the material allows obtaining the following benefits:

- high performance by reducing the time to replace the irradiated samples, as well as by remote
control of the power supply system, vacuum pumping system, gas installation system;

- the presence in the design of the vacuum chamber of two turbo-molecular pumps, two flow
heaters and two differential pumping diaphragms located in the vacuum chamber, which makes it
possible to break the vacuum chamber into sections with different pressures, and also allows to
obtain a working gas with the lowest residual gas from water vapor.

2. Experimental procedure

In this work, we studied the interaction of plasma with tungsten and beryllium using the
developed plasma setup. Tungsten samples of 99.97% purity in the form of a cylinder 10 mm in
diameter and 5 mm high, as well as TGP-56 beryllium samples of 10x10x5 mm® in size, were cut
on an EDM machine. Before irradiation, the samples were ground and polished. The samples were
irradiated with a plasma beam in the helium, hydrogen and deuterium medium. During irradiation,
the pressure in the chamber was 2x107 Torr. Table 1 shows the modes of irradiation of samples of
tungsten and beryllium.

The research of the microstructure of the samples before and after irradiation was performed
using a JSM-6390 scanning electron microscope.
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Table 1. Modes of irradiation of samples.

Power of primary | Workingga | Bias potential fon . Irradiationtime
Sample concentration,
beam W¢,., W S on target, B 17 3 t, C
P 10" m
W 2500 hydrogen -1200 2,69-10" 3600
W 2500 hydrogen -1600 2,86-10" 3600
W 500 helium -1000 2,06-10" 21600
Be 1500 hydrogen -1200 5,84 1800
Be 1500 deuterium -1200 3,04 1800
Be 1500 helium -1200 5,16 1800

3. Experimental results and discussion
3.1. The change in surface W when irradiated by a plasma beam

Figure 4 shows the SEM images of tungsten samples irradiated with hydrogen plasma at an
accelerating potential of —1200 V and —1600 V. Images were taken at high magnifications. The
topography of the irradiated surface indicates its strong erosion. It can be seen that as a result of
irradiating tungsten with stationary plasma, etching pits in the size from 100 nm to 500 nm are
formed in the grain body, as a result of sputtering of the surface caused by ion bombardment. In
addition, microcracks and small pores are created in the volume of tungsten.

In particular, when irradiated with an accelerating potential of —1600 V, a large number of
small pores with a size of 0.2 um to 1.0 um are created. The system of cracks and pores creates a
transport path between the surface and the volume of the material, so you can expect deep
penetration of ions into the volume of the metal. The reason for the occurrence of these structural
disorders, apparently, are mechanical stresses in the tungsten lattice caused by implanted hydrogen.

Fig.4. SEM-images of the surface of a tungsten sample before (a) and after irradiation
with a plasma beam in a hydrogen medium at an accelerating potential of -1200 V (b) and -1600 V (c)

Figure 5 a-b show the SEM-image of a sample of tungsten irradiated with helium plasma,
resulting in a large number of small pores ranging in size from 0.5 pm to 1.5 pm. As a result of
irradiation of tungsten with stationary plasma along the grain boundaries, etching pits appear in the
grain body. In addition, a large number of micro cracks are created in the volume of tungsten. It is
assumed that they are directed from the surface into the depth of the metal, as well as the cause of
the occurrence of these structural disorders are mechanical stresses in the tungsten lattice caused by
implanted helium [14].
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Fig.5. SEM image of a sample of tungsten irradiated with a helium plasma at an accelerating potential of -
1200 V (a) and -1600 V (b)

3.2. Changes of Be surface variation upon plasma beam irradiation

Figure 6 shows SEM-images of the surface of beryllium samples before (Fig.6, a) and after
irradiation in helium (Fig.6, b), hydrogen (Fig.6, c¢) and deuterium (Fig.6, d). Studies of the
beryllium microstructure on a raster electron microscope showed that after irradiation a porous
structure is formed. Pores of different bulk density are formed (Fig.6, a-d).

X5,000 5pm

Fig.6. Surface modification of beryllium samples after irradiation.

A strong destruction of the structure is observed in the samples irradiated with hydrogen and
helium plasma. At the same time, after irradiation with helium plasma, the surface of beryllium
acquired a spongy structure, the reason for which is the appearance of large gas bubbles along
which the main crack passes in the process of sample destruction. Spreading drops are visible on the
surface. It can be assumed that these are products of erosion that have returned to the plasma sample
during irradiation.

Conclusion

Thus, simulation facilities are very efficient, since they allow for the on-line testing of
candidate materials from the NFR, replenishing the database on various aspects of plasma-surface
interaction, testing the computational models and working out diagnostic methods in fairly well
programmed conditions. The study of plasma-surface interactions with the help of simulation
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plasma systems allows us to substantiate the choice of materials for a thermonuclear energy reactor.
At the same time, the installation developed by the author has a high productivity by reducing the
time for changing the irradiated samples, as well as by remote control of the power supply system,
the vacuum pumping system, and the gas supply system of the installation.

Experiments conducted to study changes in the structure of tungsten and berylliums during
plasma irradiation have shown that pores are formed on the surface after irradiation. Moreover, after
irradiation with helium plasma, etching pits are formed on the surface of tungsten. And on the
surface of beryllium, droplet-like particles are formed, which are products of erosion. They were
formed by sputtering the surface with helium ions.
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In this work we studied the impact of electron irradiation with energy of 1.3 MeV on the structure
and properties of PA6 polyamide. Irradiation doses ranged from 50 to 500 kGy. The results of research
presented that irradiation with small doses of PAG6 polymer is able to increase the mechanical
characteristics, while irradiation with large doses significantly reduces them. Wear resistance
decreases under irradiation conditions from 350 kGy, and the hardness of the samples varies slightly.
The polymer structure was studied by X-ray diffractometry and IR spectroscopy. Electron irradiation at
an energy of 1.3 MeV did not lead to a change in the crystalline form of the PA6 polymer, but caused
partial crystalline damage. The peak intensity of the a-phase after electron irradiation increases
compared with the unirradiated sample. It may be due to an increase in the crystallinity of the polymer.

Keywords: electron irradiation, polyamide, wear resistance, hardness, structure.

Introduction

Development of modern science and technology is unthinkable without polymeric materials
using. Expanding the scope of application of polymeric materials required the creation on its basis
of new materials with a given set of properties capable of processing into products using high-
performance methods. The great interest in radiation methods is due to the fact that their use in
industry instead of traditional methods of material modification (such as chemical modification
methods using solvents and a long processing time, etc.) leads to significant savings resources,
energy, increasing production efficiency, significant reducing the environmentally harmful effects
of production.An important circumstance is also that in a number of cases, electron-beam
processing allows one to obtain structural-phase states of materials that are not realized with
traditional processing methods [1]. Intermediate formations appear under irradiation with beams of
charged particles in polymers which high reactive - free radicals, ions, excited molecules. They are
sources of further chemical transformations, leading to changes in the chemical structure, and
consequently the properties of polymers.

In particular, transverse intermolecular and intramolecular bonds are formed under the activity
of radiation in polymers - bond breaking processes occur in the main chain and side groups, grafting
reactions, oxidation, etc. vinyl and vinylidene and vinylidene groups appears decompose and
formation, as well as isomerization, cyclization [2].For example, the structuring (crosslinking) of
molecules increases the mechanical strength and heat resistance of polyethylene under the radiation
modification of polyethylene. Irradiated wires and cables with polyethylene insulation can be
operated at higher temperatures (current loads) [3].

In work [4] was presented that the mechanical characteristics are closely related to the
modification of the structure formed after electron irradiation. An increase in the wear resistance of
polymeric materials is associated with the creation of a large number of cross-links upon irradiation
with an electron beam. The results obtained in work [5] confirmed that crosslinking at significant
doses prevails over depolymerization, even if irradiation was performed in air. In this regards the
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aim of this work is to study the impact of electron irradiation on the structure and properties of PA6
polyamide.

1. Materials and methods of research

Electron beam irradiation of the samples was carried out on an ELV-4 industrial electron
accelerator. Electron irradiation mode: beam energy 1.3 MeV, amperage beam 12 mA, conveyor
speed 3.5 m/min and radiation doses of 50 and 150 kGy. The samples were ground and polished
before irradiation. Provisions of samples for research in the form of a circle with a thickness of 3 mm
were cut from a rod of polymers (rod diameter 30 mm). The morphology of the polymer samples was
studied using a JSM-6490 scanning electron microscope and Solver HV atomic force microscope. X-
ray diffraction studies of polymer samples were performed on an X’PertPRO diffractometer. The
diffraction patterns were recorded using CuKo radiation (A\=2,2897A°) at a voltage of 40 kV and a
current of 30 mA. FTIR-801 Simex Fourier-IR spectrometer was used to research the changes in the
chemical composition of the polymers. Samples were studied at a wavelength of (450-4700) cm™,
resolution 1 cm'l, t=25C".

The hardness of the polymer samples was measured on a TK-2M tool in accordance with GOST
4670-91. The diameter of the ball is 1.58 mm under the pressure of 100 kgf. Tribological sliding
friction tests were carried out on a THT-S-BE-0000 tribometer with using the standard ball-disk
technique (ASTM G 133-95 and ASTM G 99). A ball with a diameter of 6.0 mm was used as a
counterbodyfrom a certified material- Al,O3;. The experimentwas carried outunder the pressure of 10
N and a linear velocity of 10.5 cm /s with a wear radius of 5 mm where the friction path was 63.1m.
The wear resistance of PA6 polymer before and after electron irradiation was characterized by the
amount of wear.

2. Results and discussion

Research of the surface morphology of the PA6polymer which carried out by atomic force
microscopy presented that the irradiated surface has a larger surface irregularities (Fig.1.). Since the
main effect of medium-energy electron beams on materials is their heating [6], so the most probable
reason for the observed change in the surface morphology is the melting of the surface layer with
subsequent solidification in a time comparable to the pulse duration. The irregularity of the
irradiated surface layers increases with increasing in the radiation dose.

359 um
285um

56 um
20um

Fig.1. Surface topography of PA6 polymer samples a) initial; b) 150 kGy; ¢) 200 kGy; d) 500 kGy
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We have studied changes in the structure of the PA6 polymer after electron irradiation with a
dose of 200 and 500 kGy. Fig.2presents the results of an x-ray phase analysis of PA6 samples. The
diffraction pattern of PA6 polyamide shows two diffraction peaks at 20=20.5"and 23.5°, which are a
distinctive feature of the a-phase of PA6 [7-9]. This explains the crystalline form of polyamide
PA6. The peak intensity of a phase increases compared with the unirradiated sample after electron
irradiation and this may be due to increasing in the crystallinity of the material. Perhaps the
irradiation process accelerated the crosslinking rate of free radicals and restrained pyrolysis and
recombination, which lead to increasing in crystallinity.

Counts
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Fig.2.Diffractogram of PA6 samples

Fig.3 shows the infrared spectra of unirradiated and irradiated PA6 samples. The characteristic
peaks of the PA6 vibrational frequency are at the level of 3579.4 (NH stretching), 2934.8 (CH;
stretching), 1585.1 (C = O stretching, amide 1), 1398.7 (NH bending vibration) and 776.28 cm’
!(bending vibration NH) [10]. Irradiation did not lead to a change in the crystalline form of the PA6
polymer, but caused partial crystalline defect.

Fig.4presents the surface hardness values of samples of PA6 polymers before and after electron
irradiation. Based on the analysis of the obtained results on the determination of hardness, it was
found that the hardness largely depends on the radiation dose. The highest hardness value is
observed after irradiation with a dose of 50 kGy and 100 kGy. Decreasing in hardness is observed at
high doses of radiation. Presumably, this is due to its destruction. The results of hardness
measurements show that electronic irradiation of the PA6 polymer with small doses can increase the
mechanical characteristics, while irradiation with large doses reduces them.

Fig.5shows the amount of wear (um’) of PA6 polymer samples after experiment of a “ball-
disk” scheme. It can be seen that a decrease in the amount of wear is observed after irradiation with
a dose of 50to 250 kGy and then at 300 kGy there is an increase in the amount of wear compared to
the initial one. A decrease in the wear resistance of the samples with an increase in the radiation
dose is probably due to the expansion of the polymer chain upon the absorption of electrons with
the formation of crystalline defects [11].
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Fig.3. IR spectra of unirradiated (a) and irradiated (b, 150 kGy) PA6 samples.
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Conclusion

Based on the obtained experimental data and their analysis, it can be stated that irradiation with
small doses of PA6 polymer can increase the mechanical characteristics, while irradiation with large
doses significantly reduces them. Wear resistance decreases under irradiation conditions from
350kGy at an energy of 1.3 MeV. The hardness of the samples varies slightly. However, the
characteristic dependence of surface properties on the dose of electron irradiation is difficult to
establish on the basis of the results of structural studies, since insignificant changes cannot be a
characteristic feature.

It was determined that the irregularity of the irradiated surface layers increaseswith increasing
in the irradiation dose. However, in this case, a direct dependence of the micro-roughness of the
irradiated surface layers with the amount of wear and the wear coefficient is not observed. This
indicates that an increase in the wear resistance (decrease in the amount of wear) of the polymer
materials studied after irradiation is not associated with the geometry of the surface, but is
associated with structural changes. Conducted research have shown the use of electron beam
processing with an energy of 1.3 MeV for PA6 polymers is possible at relatively low doses of
electron irradiation (up to 300 kGy).
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The motion of a two-phase gas-liquid jet with small-size bubbles in an ozonizer has been
calculated. The mathematical model used in the calculations, unlike the model of interpenetrating
continuums for a two-phase medium, does not contain small parameters for derivatives. By virtue of the
consideration of the medium compressibility and the dependence of the density on the concentration of
bubbles, this model automatically takes into account the processes causing free convection in the
gravity field in the presence of the heterogeneous concentration of bubbles. Parametric studies based
on the proposed model have been conducted. The efficiency of this approach has been shown. The
acceleration of the floating of a gas jet due to its involvement in the motion of the carrier medium has
been confirmed. The parameters of the process of dissolution of ozone in the contact tank have been
determined, the efficiency of the location of dispersants has been evaluated.

Keywords: two-phase flow, gas-liquid medium, small-size bubbles, water ozonation.

Introduction

The movement of gas-liquid mixtures is ubiquitous in nature, and in a variety of technological
processes. One of the urgent technological processes of increasing interest is the disinfection of
water in water supply systems by its ozonation [1-3]. If we analyze the use of ozone for water
treatment, then two main stages can be identified. At the first stage, ozone was used mainly at the
final stage of water purification as an effective disinfectant, which gives transparency to the water,
deprives of odor, increases the content of dissolved oxygen, etc.

The second stage is connected with the research results of the last ten years, when they began
to work out various options for the use of ozone and at the intermediate and initial stages of water
purification. With multi-stage ozonation technology with combined cleaning methods, it will be
possible to maximize the removal of various types of contaminants. However, it is necessary to
optimize the entire technological process, first of all, with respect to the level of ozone and other
reagents at each stage.

The equations of water-air mixtures are periodically considered in the scientific literature in
various issues. However, it is authors’ opinion that the flow of such mixtures in the field of gravity
with the combined effect of free and forced convection needs further investigating. The relevance of
the development of gas-liquid mixture models is undeniable. Vasenin et al. [4-5] proposed a
physical and mathematical model of the motion of a two-phase mixture with small particles.

This work aimed at the calculation of a two-phase flow of water and small-size bubbles in
relation to the problems similar to the problem of ozonation of water in contact tanks.

1. Physical task description

The movement of bubbles in a body of water is considered as the convective movement of
small particles with a density much lower than the density of water. The physical basis of this
convection is very simple. By means of the Archimedes buoyant force a lighter mixture containing
a larger amount of gas floats in a heavier fluid in the same way as light warm air floats in a cold
environment. The mathematical model for small-size bubbles is simpler than the equations of two-



Energy. Thermophysics. Hydrodynamics. 49

phase fluid flow with arbitrary size bubbles and allows us to significantly simplify the problem. The
following assumptions were used:

— The movement of each bubble can be considered as the movement of a spherical particle. To
satisfy this requirement the bubbles, floating up in water under the action of Archimedes buoyant

force, should have a size smaller than 2 —3x107 m.
— The temperature of the bubbles moving in water is equal to the ambient temperature. The

estimates [6] show that for air bubbles with a diameter less than 2.5-107 m the relaxation time of
the air and water temperature difference does not exceed 0.1 s. Since the time of small-size bubble
staying in the water mass of a contact tank is ~20s, the temperature difference between bubbles
and water can be neglected.

— The third requirement for small-size bubbles is as follows. The transient time of the velocity
of bubbles floating up in water should be negligible compared with the characteristic time of their
motion in the whole region.

Implying these conditions, the convective flow with small-size bubbles is described by the
mathematical model of convective flow with small particles that differ in density from the carrier
medium. The mathematical model of convective flow with small particles is described in [4] in
application to the case of a “water-solid particle” mixture. However, the presence of dissolving gas
bubbles of variable volume in liquid allows us to consider the gas-liquid mixture as a compressible
medium. A detailed description of the derivation of these relations and the validity of the
assumptions used are presented in [5]. Based on these assumptions, the equations of motion are
derived
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where p, U, u, v, w, ps, pl, Re, Fr, g - pressure, velocity vector, velocity components, density of
air, density of medium, Reynolds number, and Froude number and a gravity vector, respectively.
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The equation of state

According to the estimation of the motion parameters in the ozonizer, the temperature of the
mixture is constant and equal to the temperature of inflow water.

T=T0

To close the system of equations, it is necessary to add the equation of conservation of mass of
a two-phase mixture

Ap,+p.)
ot

and the equation of bubbles mass conservation

+V(p,+p,)=0,
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The presented equations for given initial and boundary conditions make it possible to calculate

the parameters of a two-phase flow in a contact tank, time and the trajectory of the movement of the
bubbles filled with an ozone-air mixture.

2. Determination of dependence of the ozone dissolution

Though, we need another formula to calculate the dissolution of ozone in the bubbles. The
mass concentration of ozone in bubbles m,, obeys the conservation law.

dv-m,)
a7 "

where % — time derivative along the bubble trajectory; V' — its volume; ¢ — ozone flow into

water through its surface.

We assume that the flow g is proportional to a bubble surface ¢ and to the difference in the
concentrations of ozone in a bubble and in surrounding water

q= OKj(mos - mosO)’ (2

where m,,q — 0zone concentration in water.

Substituting (2) in (1) we obtain

d(V-m,,)

T ==00(m,y, =M, ). 3
dt ( o) 3)

When rising to the surface of the reactor, the volume of the bubble grows, and therefore the

value V cannot be taken out of the sign of derivative. To simplify (3), we suppose water is not
saturated with ozone, so we can assume m,,, =0. Introducing the mass of ozone in the bubble

M, =m,V , from (3) we derive the equation

dM g

_ _ua
= v Mo )

The following equality holds for a spherical bubble %:% , where D — bubble diameter.

Therefore, equation (4) can be rewritten as

dM,, 3¢
—os = _ 2= 5

In the case of constant D and a, this equation has a solution

t
M =Cexp(——),
o3 p( T)

where T" = 2% — characteristic time during which the mass of ozone in a bubble changes ¢

times.

Equation (5) was used in the mathematical model described above to calculate the ozone
concentration along the trajectories of bubbles. In this case, the variability of bubble diameters D
has been considered. The coefficient 0. was chosen so that for bubbles with an initial diameter of
Dy=1.510" m in the conditions of the experimental contact tanks of the Eastern water station in
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Moscow an ozone absorption coefficient of 90% was achieved. Following this approach, the
coefficient oo=0.00018m/s was found. For the bubbles with a diameter of D,=1.5 10° m and

0o.=0.00018 m/s, the characteristic time is T * = 8.3 s. This result is consistent with the time of
dissolution of the same air bubble in air-saturated water, which, according to [7], is 7.7 s. A slightly
longer dissolution time of ozone may be described by its larger molecular weight, which reduces the
diffusion coefficient.

3. Numerical simulation
3.1 Calculation of the movement of a single gas-liquid jet

Based on the proposed model, the parametric studies were carried out. They include parametric
studies of the effect of the initial bubble density and inlet flow on the bubbles rate at which they
reach the upper boundary of the cylindrical region. The region is a vertical axisymmetric cylinder; a
gas jet is introduced on the cylinder axis. The height and the radius of the cylinder is 10 cm, the
width of the jet is equal to 1/6 of the radius. The initial distribution of the bubbles volume
concentration in the inlet is determined by a Gaussian probability function so that at the distance of
a jet radius from the centerline their concentration is 1% of the maximum value on the axis. The
reliability of calculations is confirmed by the investigation of grid convergence for the bubble sizes
varying from 10 pm to 100 um at a given initial concentration of the jet. Resizing of a bubble
during its floating is neglected.
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Fig.1. Effect of the introduced relative gas density on Fig.2. Dependence of the rise time on the
the time of reaching the upper boundary perturbation velocity

Figure 1 shows the effect of the relative density of introduced gas ¢ on the time of reaching
the upper boundary; here a particle diameter is 10 pm. When calculating the gas velocity, it is
necessary to set a low initial injection velocity, which is parallel to the axis. The value of the
velocity u,, which does not alter the calculation results, was determined during parametric studies
of the dependence of the floating time on the perturbation velocity at the diameter of 100 um.

The result is presented in Figure 2. Figure 3 demonstrates the effect of a gas bubble diameter
on its floating time at the fixed volume concentration of bubbles in a gas stream.
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Fig.3. The effect of the diameter of a gas bubble on its ascent time

3.2. Parametric studies of ozone dissolution in a contact tank

Preliminary numerical investigations of the process of ozone dissolution in water have been
carried out with the following purposes:

1) to validate the proposed mathematical model;

2) To find the ways to optimize and to improve the efficiency of ozonation;

3) To select the diffusion coefficient of ozone for bubbles in a body of water, ensuring the
consistency of theory and experimental data.

The calculation of the flow of a two-phase mixture has been carried out for a section of the
tank with a horizontal cross-sectional area of 1.6 mX1.6 m, since there is symmetry in the
arrangement of dispersants in the contact tank. At the bottom of the section there are 25 dispersants
with a diameter of 0.2 m. Water is delivered or drained between the dispersants. In this section
water rate through 1 m’ and the volume of the ozone-air mixture through dispersants are equal to
the same parameters in the contact tank.

The axis of the coordinate system is directed from the surface of the tank toward the bottom.
On the surface of the tank the atmospheric pressure is set. At the lateral boundaries of the
computational domain, symmetry conditions are specified. The calculations showed that the jet
stream of the ozone-air mixture will remain throughout the calculations until the establishment of
the process. Figure 4 shows the calculation results of a single jet of ozone-air mixture flowing into
the counter flow of water from a dispersant, which is 0.6 m in diameter.
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Fig.4. Separate stream flowing into the oncoming water stream.
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The lighter ozone-air mixture floats up in the surrounding water in the field of gravity. The
diameter of the jet decreases, because of its acceleration. Outside the jet water flow is directed
toward the bottom. Its speed is 0.02 m/s. The rate of the rising water-air mixture is directed to the
surface and reaches 0.08 m/s. This speed is added to the speed of bubbles and reduces their time in
water. For this reason, the fraction of insoluble ozone in the stream increases. Figure 5 shows the
results of calculations of the fraction of insoluble ozone in the cross section of the water-air stream.

In the center of the jet near the surface of the water, this fraction is 0.1 and is maximum for a given
level.
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Fig.5. Contours of ozone concentration.

Figure 6 qualitatively shows the concentration of ozone on the surface of the tank for the pool
section containing 25 dispersants. The figure shows that at the locations of the water-air mixture
rising to the surface of the water, the fraction of insoluble ozone exceeds 10%. At the same time,
between the jets this fraction is close to zero. Obviously, a decrease in the efficiency of ozone

dissolution in jets is connected with an increase in the rising bubble rate, which leads to a reduction
of the time of ozonation.
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Fig.6. Isosurfaces of ozone concentration upon reaching the surface of the water in the contact tank.

Contact tanks with discretely located dispersants proved to be insufficiently effective. To
compare the results we made the calculations, in which the sources of water and the ozone-air
mixture were located continuously throughout the bottom of the pool. Figure 7 demonstrates the
dependence of the levels of the relative fraction of insoluble ozone on the distance to the water
surface for the case of continuously located sources.
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Fig.7. Degree of ozonation in the contact tank with uniform input ozone-air mixture.

The fraction of insoluble ozone on the surface is 2%, which indicates a noticeable
(compared to 10%) increase in efficiency compared to the discrete location of sources.

Conclusion

The mathematical model used in the calculations, unlike the model of interpenetrating
continuums for a two-phase medium, does not contain small parameters for derivatives and is much
simpler from the point of view of numerical solution. By virtue of the consideration of the medium
compressibility and the dependence of the density on the concentration of bubbles, this model
automatically takes into account the processes causing free convection in the gravity field in the
presence of the heterogeneous concentration of bubbles. This kind of convection, when the supply
of gas mixture is not uniform in space, significantly affects the duration of stay of the bubbles in the
reactor and, consequently, the completeness of the reactions that occur. An additional advantage of
the proposed mathematical model is its analogy with compressible gas models. Going forward this
analogy makes it possible to use well-developed numerical schemes for solving equations of gas
dynamics. Parametric numerical studies, conducted according to the proposed model, have proved
the efficiency of this approach. The acceleration of the floating of a gas jet due to its involvement in
the motion of the carrier medium is confirmed. To determine the parameters of the ozone
dissolution process during ozonation of water in contact tanks the preliminary numerical
investigations have been carried out. The effectiveness of the location of the sources of ozone-air
mixture at the bottom of the tanks has been evaluated.
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The article deals with the data on renewable energy sources in the Republic of Kazakhstan, in
particular, on the creation of wind power plants. Here with, there are noted design features of the
created small wind power plants. There are identified three stages that arise when creating small wind
power plants, as well as a brief description of the corresponding types of work. The role of composite
materials in creating new products in mechanical engineering is shown. There are described design
features of a composite wind power plant with a diffuser in details. Results of analytical studies and
graphs of the air velocity changes inside the diffuser are presented. There are described main points of
the manufacturing technology of fiberglass fairings.

Keywords: wind power plant, composite material, fairing, diffuser, construction, generator.

Introduction

In recent years, there are actual the issues of using clean and sustainable energy, that is the
sphere of mass application of high technology, a catalyst for "wide" social and economic
development. It also provides a higher life quality and the transition of the whole society to a new
technological structure, which is the subject of fundamental conceptual research [1]. This approach
provides for the coordinated implementation of the national initiatives «Green Bridge», «Green
Growthy, and the Global Energy and Environmental Strategy. It considers the decisions of the UN
Conference on Sustainable Development in the fields of energy, ecology, and economy, when
national interests and characteristics are taken into account.

In Kazakhstan there is a Concept for the country's transition to a green economy that was
approved by the President of Kazakhstan6 years ago. Herewith, there are given the desired
indicators of the share of electricity from renewable energy sources. (RES): 3% in 2020, 10% —
2030, 50% — 2050. Wind power is an essential factor in achieving these goals. According to the
Ministry of Energy of the Republic of Kazakhstan, the operation of wind power plants (WPP) with
a total capacity of less than 230 MW began in 2010.This year there are already 15 functioning
objects of wind power plants, and by the end of the year it is planned to put into operation three
more objects [2].

In September 2019, there were announced the results of the tender for the selection of wind
power plants projects [3], where the winners were the firms with an auction price of 19.27 —
19.33tg / kW (excluding VAT). This is a breakthrough step forward for our country, because these
figures are already comparable to coal energy tariffs. However, these parameters are related to the
energy sector as a whole, including large wind power plants. This article deals with the creation of
small wind power plants (SWPP), for them the development indicators have not been determined in
the country yet.

1. Small wind power plants of Kazakhstan

Nowadays, the use of electricity in agriculture of the Republic of Kazakhstan remains at an
insufficient level in comparison with the developed countries — it is 7-10 times less in our country.
This represents approximately 1% of total energy consumption. All this is due to the fact that
centralized energy supply does not cover a large number of individual consumers and therefore does
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not meet modern requirements. The reason for this situation is that the transmission of power lines
by traditional methods is not economically attractive in remote and inaccessible places with a low
population density. To improve the situation here, one can use autonomous sources of electricity.
These include energy machines developed at the initiative of domestic specialists, in accordance
with the goals and objectives of “Green Energy”.

The scientists of the Republic of Kazakhstan have designed several types of SWPP with both
vertical and horizontal axes of rotation. The first group includes the inventions of academician of
NAS RK Yershin Sh.A., the academician of NEA RK Bolotov A.V., doctor of technical sciences
Buktukov S.N., the academician of NAS RK Otelbayev M.O. and candidate of Physics and
Mathematics Kunakbayev T.O. The second group includes the prototypes of doctor of technical
sciences Kambarov M.N., doctor of technical sciences Baishagirov Kh.Zh., candidate of Physics
and Mathematics Zhilkashinova E.M., and others. Standing apart, there is a model of the WPP, by
doctor of technical sciences Kussaiynov K.K. and his students that works on the basis of the
Magnus effect. Here the axis of rotation may not have a fixed direction [4, 5].

Thus, there are created a number of original SWPP in our country that differ from foreign
plants both in terms of design and technical parameters. For instance, Bidarrieus wind turbine by
academician Sh.A. Yershin combines two modes: Darrieus and Bidarrieus. It has a vertically axial
rotor with two coaxial shafts that rotate independently in different directions [6]. Vertical-axis wind
turbine by academician A. Bolotov (VWT) generates energy thanks to modules rotating in opposite
directions. Thus, achieves a synergistic effect in combination with solar panels [7]. Original and
sufficiently equipped with devices wind power plants by N. Buktukov can be as a light house in
steppe remote areas. With increasing wind velocity, the rotor can change its shape due to the
compression of the rotating blades [8].

Compact multistory model of a wind power station (CMWS) is being developed in al Farabi
KazNU under the guidance of doctor of Physics and Mathematics T.O. Kunakbayev and
academician of NAS RK M. Otelbayev. CMWS — a multistory construction, where there are
situated various types of wind turbines on its floors. It has several advantages over conventional
wind power plants located at the height of one floor on the ground. The advantages of CMWS — it is
the stable use of wind energy, which has an increased velocity in the air passages between floors.
There is also realized land saving of the territory given for the SWPP [9].

In National scientific laboratory at S. Amanzholov East Kazakhstan State University candidate
of Physics and Mathematics A.M. Zhilkashinova put into operation the sail SWPP. This plant’s
wind wheel quickly adjusts to the direction of the air flow and has a low breaking moment [10].
Among compact SWPP one cannot emobile composite wind power plant with diffuser (WPPD),
created under the guidance of doctor of technical sciences Kh.Zh. Baishagirov in the laboratory of
Sh. Ualikhanov Kokshetau State University.

2. Stages of SWPP creating and composite materials.

To assess the completeness of plans and work on the creation of SWPP in the country, one
should mind the "laws" of modern engineering. According to them, the whole process of creating
machines consists of three large stages: 1 — obtaining the first prototype with the implementation of
a new theoretical idea («know-howy); 2 — creation of prototypes of machines and drive into a
competitive level; 3 — mass production. Such stages are usually implemented by various relevant
organizations and specialists.

For instance, stage 1 is usually conducted in universities and research institutes of an academic
or applied orientation. Here dominate the specialists in physics, mechanics, mathematics, etc. For
the implementation of stage 2, there work design and industry research institutes, various design
bureaus(DB), enterprises and R&D institutions involved in the implementation of the results of
fundamental and applied science. The main backbone of such organizations is made up of scientists,
designers - planners, engineer - technologists, etc.
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The tasks of stage 3 are solved at factories and engineering enterprises. The work is carried out
in various kinds of DB, experimental and other workshops of enterprises by engineers,
technologists, adjusters, production innovators, etc. For instance, in the early 80s in Karaganda
there were more than 20 research institutes serving industry enterprises (stage 2). In the same years
"Vetroen" plant produced SWPP and the wind pumps “Romashka” for rural workers (stage 3).

Most of the domestic SWPP designers practically did not move beyond the first stage. The
reason for this, apparently, is that in the country there are practically no enterprises where is
implemented the entire chain of work from the idea to the serial production of modern high-tech
products. Indeed, it is difficult to indicate the enterprises of machine, aircraft or shipbuilding, where
the specialists in hydromechanics, strength, energy, design, technology of modern materials,
electronics work together. But to create SWPP one need just such a team of specialists.

Among SWPP of the country only the wind power plant with diffuser (WPPD) is created from
composites, moreover, the development moved to the second stage. Therefore, at present, after the
model prototype, there is being created a technical prototype of the energy machine. It will serve as
the basis for the creation of a pilot industrial prototype with the goal of moving to the third stage of
small-scale or mass production. Here the fundamental issue is the development of the technology of
composite materials and their products.

The rapid growth of global wind energy is directly related to the development of composite
materials technologies, the most common one is fiberglass. In recent decades, composite materials
(CM) are widely used in other areas of modern technology, where their high specific strength and
stiffness are favorably used in constructions. In the science and practice of CM, there are developed
new trends and approaches [11], caused by the desire to create multifunctional structures and
expand the sphere of their application by using components with lower cost.

Composites arose as a natural reaction to the needs of modern technology. Composites, strictly
speaking, are not materials in the classical sense, i.e. ready product, for example, in metallurgy,
with predetermined and practically unchanged properties during processing. They constitute an
extensive group of materials created from semi-finished products together with design, i.e. as a
whole the properties of composites and the structure are technologically formed simultaneously
during its manufacture. Therefore, when creating structures from CM, design issues (in the
traditional sense), rational reinforcement and process development are three sides of a single
problem and cannot be considered in isolation that is allowed when creating a construction from
metals. Thus, the effective use of CM requires from the developers to solve the three-pronged
problem at a time: problems of the mechanics of a composite body, micromechanics, and
manufacturing technology.

Chronologically, the mechanics of CM first dealt with models of a homogeneous (quasi -
homogeneous) anisotropic body, then CM were presented as anisotropic bodies with homogeneous
layers, and a higher level of modeling are, for example, options when each layer itself has
heterogeneity at the structural level. It is quite consistent that such a sequential staging of the
research is observed in the development and creation of such essential products from CM as the
working blade of an aircraft engine compressor or the blade of a wind power plant.

3. Wind power plant with diffuser

In view of the foregoing, for the model prototype of the WPPD, there was used the technology
of layer-by-layer manufacturing of composite parts, its stress-strain state was studied earlier. This
technology can significantly increase the service life of the products, the cost of maintaining the
plant and generally increases the efficiency of using the wind engine. There are various wind power
plants with a diffuser (USA, Japan, etc.), but, as a rule, they are stationary. In contrast, our WPPD is
portable. Its mobility is ensured by the fact that it has got light weight. Here with, installation and
dismantling of the WPPD can be carried out by 2-3 workers in a couple of hours without lifting
devices. During the IUE “Astana EXPO - 2017. Future Energy” there was hosted the international
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forum* Integration of Science and Business ”, organized by the National Center for State Scientific
and Technical Expertise (NSSTE) together with the Ministry of Education and Science of the
Republic of Kazakhstan. In the report “Energy of Kazakhstan: Yesterday, Today, and Tomorrow”,
the President of the Scientific Center for Scientific and Technical Information singled out the
project on the development of a model prototype of composite WPPD among the four best
achievements of Kazakhstan innovators in the field of green technologies [12].

In this energy machine, the nodes are created from composite materials using appropriate
technologies. A distinctive feature of the design is the use of a diffuser, as indicated in Figure 1.1t
turns with its narrow part in the wind and increases the velocity of the air flow in the wind wheel
area. Also, the diffuser protects the generator from external undesirable effects (moisture, birds, sun
rays, dust, etc.) [13].

WPPD consists of the following parts: a wind wheel with three-blades, generator, fairings of
the generator; diffuser — wind direction indicator with sectors in the amount of 12 pieces, 4 stainless
steel hoops; spars (pylons);strong ring; support tower with extensions; rotary device (at the top of
the tower) with rectifier; channel support beam.

Fig.1. Wind power plant with diffuser (BOVY/]): a — 3D model of a wind wheel and a diffuser,
b — longitudinal section of a 3D model of a wind wheel and a diffuser, c — WPPD — 4 (4th prototype).

WPPD parameters: weight - 95 kg, tower height - 4 m, project capacity— 1kWt, temperature
regime from minus 50 © C to plus 80 ° C, 20 years of operating life, generates current at a wind
velocity of 4-25 m/s. Using resource-saving technology for processing composite materials, the
main components and diffuser were made of fiberglass, due to which there is increased the
operating mode of the plant and the geography of its location [14; 99]. One can distinguish the high
mobility of WPPD, ease of maintenance, increased serviceability, resistance to the effects of various
manifestations of the climate, safety at the widest range of use, silent-running operation, low metal
consumption, attractive design, lack of radio interference, etc. WPPD pays off in 4-5 months when
used together with the "Vodoley-3" pump to supply drinking water from a well.

4. Modeling of the longitudinal velocity of the air flow inside the diffuser

The output characteristics obtained during field tests of the WPPD based on the PMGV3 electric
generator prove its effectiveness. Therefore, there is carried out a cycle of work to create the
corresponding nodes from composites for a technical prototype. This requires a preliminary
mathematical justification of the effectiveness of the shapes of the diffuser and fairings. To obtain
the simplest analytical dependence of the flow velocity distribution along the axis of the diffuser,
we use the mass conservation equation. It is based on the equation of continuity of the one-
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dimensional motion of an ideal compressible gas in a pipe of variable cross section, which has the
form [15]:

pVS = const, (1)

where p — gas density, kg/m®; V — gas velocity, m/s; § — cross-sectional area, m? .

Differentiating equation (1) with respect to x, we divide it by pVS. If we take into account that
we are considering the one-dimensional motion of an incompressible fluid, i.e. our conditions are
close to normal (p = I), then the equation will take the form:

. @)

The functions V and S vary with x, therefore, setting one of them based on empirical
considerations, the other can be calculated from the differential equation (2). It is advisable to set
the distribution S= S(x), that is, the dependence of the cross-sectional area of the diffuser on the
longitudinal coordinate along its axis. Since the inner surface of the diffuser is obtained by rotation
of the curve forming y= y(x), in sections we get circles with a radius equal to the ordinate of the
points of this curve. Therefore, the area of the current section will be

S(x) = my* (x)

If we consider the longitudinal section of the WPPD, then we can describe the generating line
of the diffuser through the functiony=a -+ bx?. Transforming and substituting in relation (2) we
obtain a differential equation with separable variables. Integrating it and using the well-known
experimental relation, we obtain:

 1,274%,
"~ (a+ bx?)?

For the real sizes of our WPPD we use the numbers a= 0.5 and 5b=0.35. Then we get the values
Vin =1 .12 Voo, Vmax =1.27 Voo u Vout = (.32 Voo, corresponding to the distribution of air velocity
inside the diffuser as shown in Figure 2.These calculations are made for the diffuser without
considering the area of the wind wheel.

Figure 2 was obtained for the first prototype and is presented here for a qualitative comparison
with the new calculated parameters. Since the above mentioned calculations were carried out
without considering the wind wheel, it is necessary to divide the WPPD into 4 zones, as shown in
Figure 3.Each zone has its own formula for calculating the air flow velocity.
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Fig.2. Velocity distribution and the profile of a diffuser with a quadratic generating line.



60 ISSN 1811-1165 (Print), 2413-2179 (Online) Eurasian Physical Technical Joumal, 2019, Vol.16,No.2 (32)

y.m

Voo
[—— == — |
e -
e
e
— ] \")
=
e
=y

—

-0,3-0,18 0 0,18 1,2 x,m

Fig.3. Dividing of the WPPD cross-section into zones.

In zones II and III the airflow is influenced by the shapes of the surfaces of the fairings and the
diffuser, and in zones I and IV — only the diffuser. Generating lines of fairings can be described
through the functions y’= 2px+xy and y’= -2 px+xy. As a result of solving the problem by dividing
into zones, we obtain the following expressions for the air velocity:

_032¥,

for zone I and IV: V= [:a+£1x'—’)2;
o 0,32¥;

for zone II: ¥ = Tarba? - (2pa iy B

_ 0,32V
for zone II: ¥ = (a+bx2 )8 —(—2px+ag)e -

As a result of the calculations, we obtain:
Vin= 1.1V, V= 1.27V, Vou= 0.32V,.

Using the previously obtained theoretical results on the shapes of the diffuser and fairings, one
should begin the technological part of the work with the manufacture of a new fairing.

5. Manufacturing technique of the fairings

To determine the amount of structural material - fiberglass, there has been solved the problem
of calculating the surface area of fairings rotation. There were obtained numerical values of the
volumes of the material considering the differences in shapes, sizes, and also the thickness of the
layers in the structure of the product. The manufacturing technology of nodes also depends on the
strength requirements for the product being created. For instance, when manufacturing the blades,
there is required the use of a thermal press, which will give the material a high density, and hence
appropriate strength. It is possible to use a simple press - without heating then the formed fiberglass
structure will be less durable. Since the rear fairing does not carry a significant load, here one can
do without the press and other expensive equipment. For this reason, on its example, we consider
the entire process of manufacturing such a node. First, a series of preliminary works is carried out to
determine the shape of the master models. Then, using hand-made patterns, there was created a
series of components on a lathe with a copier. Further processing of components consists of
grinding and varnishing processes in several layers manually. The obtained products are shown in
Figure 4. Layers of fairings are made with the hand lay-up method: the lower layers are made of
isotropic glass mat, and the upper layers are made of fiberglass T-23 and T-11 with ordered fiber
orientation. These surface layers of fiberglass will be subjected to directional effects of external
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force factors; therefore, the material with anisotropic strength properties was selected as the upper
layer.

Fig.4. The components and corresponding fiberglass fairings.

The creation of such structural elements as reinforced layers will enable to compose convenient
algorithms for digitalization of calculations based on their regularity. This enables to provide the
strength and rigidity of the fairings in the subsequent stages of creating experimental prototypes.
Besides, such algorithms and programs are created to automate production in the future.

Conclusion

All types of SWPP developed in Kazakhstan are eligible for implementation, as each of them
has its own consumer sector or region of effective use. Thus, sail SWPP and WPPD may be of
interest to individual consumers who need an easy-to-use 1-2 kW power sources. For consumers of
energy of 3-15 kW there are created Bidarrieus SWPP, VWT. If one need a more powerful power
station, then you can choose CMWS. Here we note that all 4 types of the latest SWPPs work
regardless of the wind direction. This is their advantage; the disadvantages include the relatively
large material consumption of these energy machines in comparison with the WPPD or a sail wind
power turbine. The advantage of domestic developments is that they are applicable almost
anywhere in the country territory. This cannot be said about any single foreign wind power plant.

The existing scientific potential of the country is a significant reserve in order to speed up the
creation of domestic SWWP. Here one can make a breakthrough in attracting investment and
developing technology both in the country and in the regions. For the SWPP production in the
Republic of Kazakhstan there are elements of a legal framework and other opportunities that require
investment of resources and efforts.

Our experience enables to identify those difficulties and problems that hinder the quick
bringing of theoretical development (ideas) to the release of final products at the factory:

1. Lack of motives for manufacturers to support R&D.

2. The lack of the SWPP market and the lack of qualified specialists.

3. Undeveloped scientific, technical and technological base for the creation of wind power
plants.

Most recently, there has been appeared serious progress in this direction in the country. To
realize the Concept for the country's transition to the Green Economy and achieve the relevant
indicators for the development of small wind energy, we recommend the following:

1. In the regions of our country, one should create R&D laboratories, technological areas and
technology parks connected with the creation of nodes for SWPP, including from perspective
composite materials (fiberglass).

2. To work out issues of personnel training and technology transfer.
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3. To organize activities on the formation of market elements in the field of renewable energy.

4. To create in Kazakhstan a coordinating structure for the development of SWPP.

Thus, in our country there has been created a wide range of the most diverse designs and types
of prototypes and models of SWPP - thanks to the enthusiasm and long-term efforts of physicists,
mechanics and other scientists. Now it is necessary to complete the final stage of these samples to a
high competitive level in order to enter their production.
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The article presents the results of studies to improve the vertical-axis Darrieus type wind turbine
with two coaxially located rotating shafts. Some design features of the symmetrical NACA-0021 airfoil
are discussed. Both moving blades streamlined area scheme is shown. The brief description of the
laboratory models of the carousel type wind turbine with HBI-rotor is given. It is shown that placement
of a vertical-axis wind turbine at a certain height, above the surface boundary layer, can provide
opportunities to further improve its effectiveness.
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Introduction

At present in economically developed and developing countries promising is the use of local
renewable energy sources. In many countries, wind power has become the backbone of their
strategies for phasing out fossil and nuclear energy. According to the official statistical report
World Wind Energy Association on June 4, 2019 the total capacity of all wind turbines installed
worldwide by the end of 2018 reached 597 Gigawatt [1, 2]. Now all wind turbines installed by end
of 2018 can cover close to 6% of the global electricity demand.

The Republic of Kazakhstan is one of the richest countries of the world in terms of renewable
resources, evaluated to over 1000 billion kWh/year [3-5]. Now in Kazakhstan the use of wind
energy is significant increases because it is most affordable and relatively cheap in implementation.
The relevance and need of the development of wind energy is due to also the fact that Kazakhstan
has voluntary commitments to reduce greenhouse gas emissions on 15% by 2020 and on 25% by
2050. It is also due to the worn-out equipment of existing thermal power plants and to large volume
of their harmful emissions into the atmosphere.

For the successful development of wind energy the government support and thorough study of
the potential of wind energy are required. Research in this direction using modern technology is
still relevant [3]. In general, according to experts, the potential for wind energy, which can be
realized, is 10 times higher than in Kazakhstan's electricity demand. Nevertheless, until now, the
total capacity of all existing wind farms in Kazakhstan is only 1% of the total electricity generation.
This is due to several reasons, one of which is the low efficiency of existing wind plants.

Despite the wide variety of operating wind turbines of various manufacturers and well-known
companies, the creation of highly efficient wind power units (WPU) operating in a wide range of
wind speeds remains an urgent problem. This problem can be solved by developing methods for
improving existing wind turbines. A basic design of HBI-rotor and an operation principle of the
Bidarrieus-2 wind turbine were discussed [6-8]. Let's consider some design features of this carousel
type wind turbine.
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1. The symmetrical NACA - 0021 airfoil

Now the propeller-type wind turbines with installed capacity up to several megawatts are
widely used. On the basis of many years of experience, the technology of creating a high-power
WPU of a propeller-type wind turbine has been mastered [8, 9]. But practice shows that the higher
the capacity of wind farms, the wider the lifeless territory in these regions (birds, fauna, including
the population, leave these places). Also, the gyroscopic effect of a propeller wind turbine can lead
to emergency situations [9]. More preferable are the carousel type Darrieus wind turbines, which
have the symmetrical wing form NACA and operate on the lifting power of the blades [6, 9-13].

The overall dimensions of such devices are much less at the same values of the installed
power. The material consumption and space occupied by these devices is much less than the
propeller ones. At the wind turbine Darrieus the flow is uninterrupted, and as a result, its work is
almost noiseless. Darrieus apparatus has the advantages over propeller wind turbines, because a
symmetrical airfoil of NACA provide continuous flow of operating blades with wind stream and so
the turbulence level of wind turbine decreases, Fig.1.

a) b)
Fig.1. The flow pattern of the symmetrical NACA — 0021 airfoil: a) - continuously under frontal
direction of the wind flow; b) - tear-off flow under wind flow from blade tail side

The drag force of the NACA-0021 airfoil &y under ¢ =0 (Fig.1a) is small and equals:
2

gxf = fo P U? >

where Cy¢= 0.0028 is the drag coefficient.

Resistance of the same profile NACA-0021 to the wind flow directed to its trailing edge
(turned towards) is an order of magnitude higher due to the separation flow (Fig. 1b):

U2

S =Cup= ,

where C,, = 0.16.

According to previous static wind tunnel measurements of different tubercle configurations,
the validation test for the optimum combination of and for NACA0021 was performed on an H-
Darrieus wind turbine at various Reynolds numbers [11]. It was demonstrated experimentally that
this blade could significantly increase the turbine self-starting capability at the expense of slightly
lower peak power output, which was consistent with the numerical studies performed in [12].

These blades are very promising candidates for the future application in the low wind
environment. Researchers continue to investigate blade profiles to Darrieus type wind turbine
application [10, 11], but the results remain in conclusive and sometimes conflicting. The traditional
symmetrical NACA series with large thickness still presents a simple but effective choice of blade
geometry achieving a good compromise between good starting performance and adequate peak
power operation.
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Schematically streamlined areas of the blades are shown in Figure 2. It can be seen that the
total streamlined area is obtained is almost 2 times larger than in a conventional Darrieus wind
turbine. As a result, the amount of wind energy used by wind turbines with an HBI rotor should
increase by 2 times [6, 7, 13].

Fig. 2. Scheme streamlined areas of both working blades of the HBI rotor.

2. Testing models of the wind turbine HBI-rotor

A working laboratory and experimental version of the 5 kW kW HBI rotor wind turbine was
designed and manufactured by research team of professor Sh.A. Yershin (photo in Fig. 3 ab).
Bidarrieus wind turbines with HBI rotor has two diametrically opposed blades, which are NACA
wing profiles symmetrical with respect to the chord.

«'e

a)

Fig.3. Active laboratory model of wind turbines HBI-rotor:
a) main view; b) its location in the working section of the wind tunnel.

The experimental version of the Bidarrieus wind turbine of the HBI rotor has next
dimensions: diameter of the wind turbine - 4 m, height - 5 m. Symmetrical blades NACA-0021, 2 m
long and a chord of 0.5 m were used. The central shaft is connected by a half-span with one blade,
the outer shaft with a half-span with the second blade which are located at an angle of 180° to each
other. This position is determined using a special lock. The autonomy of the rotation of the shafts is
provided by ball bearings separating them. An energy generator allows you to increase the total
energy, get equipment. The energy generated by the two electric generators is summed up than
usual [14, 15].
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Tests of the developed semi-industrial Bidarrieus wind turbine with a 5 kW HBI-rotor showed
the need for its placement at a certain height [15]. The fact is, outside the surface boundary layer
where wind speeds are 2-2.5 times higher than the average wind speed in the surface boundary
layer. Due to the cubic dependence of the wind turbine power on wind speed, the location of the
wind turbine outside the surface boundary layer (20-30 m) will lead to a several-fold increase in the
power of the wind turbine.

Therefore, the wind turbine should be installed at a height of 30 meters with the help of a light
tripod above the surface boundary layer (Fig. 4). The tripod (1) is assembled from several I-beams,
and for the strength of the structure, the tripod is fastened with several hoops (2).

U 30-35

il

e o TR O

Fig. 4. Wind turbine with a vertical axis of rotation of the troposkino system (Darrieus with curved blades):
1 - tripod, 2 - hoops, 3 - mounting pad, 4 - NACA horizontal wing blades for stranding the wind
turbines, 5 - wind turbines, 6 - guards for installation and batteries, 7 - rotation shaft, 8 — block for electric
generator and batteries, 9 — bearings

Thus, there is reason to believe that the proposed option of a wind turbine with a capacity of
SkW will allow obtain an output power of up to 40-50 kW. At the same time, the economic
performance of the construction is unlikely to affect the cost of the device. Unfortunately, due to
force majeure circumstances, it has not yet been possible to conduct laboratory and field tests of
these units.

Despite its geometrical simplicity, the aerodynamics of the Darrieus type wind turbine is
complicated involving highly unsteady flow passing through its rotor [12]. The unsteadiness is
caused mainly by the large variations of the blade angle of attack during the rotor operation. High
rotor solidity (turbines with more than two blades) additionally contributes to the unsteadiness of
the flow passing through the turbine by increasing the angle of attack fluctuations [14]. Wind
turbines should provide stability for the extraction of wind energy. The use of brake pads, which
automatically regulate the rotation of the shaft, up to its complete stop at drilling wind speeds, is
supposed.
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Conclusion

The vertical axis carousel type wind turbine Bidarrieus with HBI-rotor is one of the most
promising wind energy converters for locations where there are rapid variations of wind direction,
such as in the built environment. The most challenging considerations when employing one of these
usually small machines are to ensure that they self-start and to maintain and improve their
efficiency. However, due to the turbine's rotation about a vertical axis, the aerodynamics of the
turbine are more complex than a comparable horizontal axis wind turbine and our knowledge and
understanding of these turbines falls remains far from complete.

This carousel type two-rotor wind turbine Bidarrieus-2 has a low rotation speed. This allows it
to work at high velocities of wind and the operating terms will not be limited practically. All this
makes it important and necessary to carry out full-scale tests of these WPUs in order to ensure their
industrial production in the future.
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The method of improving the quality of coal by using a combined dry enrichment machine was
considered. The description of combined dry enrichment machine, intended to process the run-of-mine
coal from the Sarykol deposit of the Maikubensky lignite basin, was given. A coal concentrate,
middlings and other enrichment products which were received as a result of processing, are
accumulated in the warehouse. The main aim of the enrichment machine is to improve the qualitative
characteristics of brown coal and, first of all, is an increase of coal calorific value (heat of combustion)
and a reduction in ash content. As a result of enrichment, the shelf life of coal increases from 3 to 6
months.

Keywords: coal processing, enrichment, increase of calorific value, brown coal.

Introduction

The competence of the Sarykol surface coal mine is 3.0 million tons of coal per year, and is
provided by industrial reserves and by productivity, quantity and layout of mining equipment. But,
as following from the current situation on the brown coal market of the Maikubensky lignite basin,
the need for run-of-mine coal from the Sarykol deposit does not currently exceed 0.7-1.0 million
tons of coal per year. Taking into account marketing research of the brown coal consumption
market and the possible prospects for the energy complex development in the Republic of
Kazakhstan, was proposed a variant of improving the consumer properties of coal by dry
enrichment. The enrichment of the mined fuel makes it possible to improve the quality
characteristics of the final product and, accordingly, expand market outlets within the country and
also beyond its borders.

Studies and recommendations for the enrichment of coals in the Maikubensky lignite basin
included traditional enrichment methods in heavy medium, as well as the wet enrichment method.
But for enrichment in heavy medium, additional materials such as zinc chloride and bromoform are
needed, as well as magnetite weighting agent, which undoubtedly entails additional financial costs
for the purchase and delivery of the required raw materials. After enrichment of the first lot of coal,
magnetite becomes off-specification. To extract magnetite for reuse, off-specification suspension is
regenerated, which also leads to additional energy costs and loss of time. In case of the wet
enrichment method, a large amount of water is required, as well as apolar reagents: kerosene, diesel
fuel, oil refining intermediates, which are additional costs and are rest on the final cost of product.
But since there are no ponds nearby, there is a shortage of industrial water at the surface coal mine.
In addition, the increased sludge formation and high soak ability of Maikubensky coals make both
methods absolutely not working in this particular case. In other words, if we compare all three
methods of coal enrichment, then only dry enrichment can be called the most economical, compact
and efficient method [1].

For these purposes, a combined dry enrichment machine of the type FGX-12 manufactured by
the PRC was purchased. The modern layout and implementation of foreign equipment has
significantly reduced energy consumption and harmful effects on the environment. The possibility
of separation in the air makes the entire process as simple as possible. There is no need to build
capital-intensive buildings; it is enough to complete the installation in the open air. In order not to
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raise the rock mass, the combined dry enrichment machine can be installed in surface coal mine [2].

1. Technological scheme and basic equipment

In crushing and screening complex the enrichment process is carried out due to a self-produced
medium (fine particles of coal enriched). The accuracy of the enrichment process and the
productivity of given separators is much higher than that of traditional dry enrichment separators.

Moreover, this method is characterized by:

- the simplicity of enrichment schemes, low capital costs;

- the lack of need for water and obtaining dry products;

- the low final cost of the processing process and low energy consumption.

Effective dust removal meets the requirements of environmental protection. There is high yield
of marketable coals. No sludge compared to wet enrichment methods. Fine coal particles are
collected by dust collecting devices. The operating practice shows reliable work, lack of easily
damaged parts. The technological scheme of the crushing and screening complex (CSC) is shown in
Fig. 1 [3].
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Fig.1. Crushing and screening complex (CSC):
1 - belt for screening 111 - 800 mm; 2 - screening SZD 1536 diameter - 80 mm; 3 - crusher 2PGF6550;
4 - belt for FGX I1I-800 mm; 5 - belt for middling II1-500 mm; 6 - tape for solid I1I-500 mm,;
7- tape for concentrate I11-800 mm; 2.1- tape for concentrate I11-800 mm; 2.2 - tape for solid
(middling); 2.3-place of the fall of solid (middling); 3.1-receiving hopper and feeder; 3.2 - belt for
screen III - 800 mm; 3.3 - screen SZD 1536 diameter - 80 mm; 3.4 - crusher 2PGF6550; 3.5-belt for
FGX II-800 mm; 3.6- concentrate yield; 3.7 - middling yield; 3.8-solid yield.

The combined dry enrichment machine includes the following component parts:
- combined dry enrichment machine FGX-12;

- a funnel of the coal receiving device with a feeder;

- belt conveyor of run-of-mine coal;

- vibrating grit;

- roll crusher;

- belt conveyor for feeding sorted coal to a combined dry enrichment machine;
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- belt conveyors for feeding enrichment products to accumulative warehouses;

- control cabin;

- control cabinet, cable products, bridge frame, fastenings.

The appearance of the combined dry enrichment machine of the type FGX-12 is shown in
Fig.2 [4].

Fig.2. Combined dry enrichment machine of the type FGX-12 (main view)

Technical characteristics of the combined dry enrichment machine are shown in table 1.

Table 1. Technical characteristics of CDEM

Model FGX-12
Coarseness of coal enriched 0 - 80 mm
External humidity 0-9%
Performance 120 per hour
Coefficient of efficiency More than 90 %
Total power 410 kVt
Dimensions (LXxWxH) 15.0x13.0x10.0m

The processing and loading complex is a group of structures and installations, united by the
technological process. The operation of the pneumatic concentration plant (separator of dry
enrichment FGX-12) is based on the dry enrichment method. The performance of the concentration
plant is 120 m® / hour. The performance of the main fan is 24-30.4 m’ / s.

The outlet air pressure is 6.540-6.440 kPa. The separator has its own aspiration system,
eliminating fugitive emissions of coal dust. For processing, coal from a receiving warehouse is
supplied with a bulldozer or a loader to the horizontal part of the over loader. The over loader,
lifting the coal to a height of 6.5 m, feeds it for processing to screening. From under the screen (to
prevent over milling and excessive utilization of the FGX-12 unit), fines of the 0-13 mm class are
fed by a belt conveyor to the coal fines warehouse. Coal from the screen, class 13-300 mm, is fed to
the crusher and then, after crushing to class 50-60 mm, by a belt conveyor into the receiving hopper
of the FGX-12 dry concentration plant.

From the FGX-12 dry concentration plant, the products obtained are transported: concentrate -
delivered to the concentrate warehouse by a belt conveyor, warehouse formation, shipment by truck
or excavator to dump trucks; middling - it is delivered to the middling warehouse by a belt
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conveyor, the formation of the warehouse, and shipment is carried out by a loader or excavator to
dump trucks; solid - it is delivered to the solid warehouse by two belt conveyors, the formation of

the warehouse, and shipment is carried out by a loader or excavator to dump trucks [5].
The technological scheme of processing run-of-mine coal on a combined dry enrichment
machine includes the following operations:
- preliminary screening of small fractions (0-80 mm) on a vibrating grit;
- crushing of material with a particle size of 80-200 mm in a roll crusher;

- enrichment of run-of-mine coal.

Stationary belt conveyors with a belt width of 800 mm are used to transport material from the
unit to the unit. Technological equipment is characterized by:

- increased productivity due to new construction solutions;

- high reliability and safety in operation.

The list and technical characteristics of the main technological equipment are given in Table 2

[6].

Table 2. Technical characteristics of the main technological equipment

No

Name

Technical characteristic

Quantity

1.

Coal funnel with feeder

V=5m’

1

2.

Round vibrating grit

The surface area is 5.4 m’, the number of layers
is 1, the vibration frequency is 850 times / min,
the amplitude of one vibration is 3.5 mm, and
the maximum size of the feedstock is 200 mm.

1

Roll crusher

The dimensions of the slugging rolls: diameter -
650 mm, length - 600 mm, grain size of the
starting material - 80-200 mm, grain size of the
product - 0-80 mm, productivity - 80t/ h.

Combined dry enrichment
machine FGX-12

The working surface area is 12 m’, the size of
the enriched coal is 0-80 mm, the productivity
is 80 t / h, the enrichment efficiency is 90%.

Belt conveyor of run-of-
mine coal with supporting
structures, platforms,
ladders, loading and
unloading trays

Belt width - 800 mm, conveyor length - 30.95
m, feed fineness - 0-200 mm, belt speed - 1.4 m
/ s, installation angle - 17 *

Belt conveyor for feed to the
dry enrichment machine
with supporting structures,
platforms, ladders, loading
and unloading trays

Belt width - 800 mm, conveyor length - 36.62
m, feed fineness - 0-80 mm, belt speed - 1.4 m /
s, installation angle - 17 *

Belt conveyor of concentrate
with supporting structures,
platforms, ladders, loading
and unloading trays

Belt width - 800 mm, conveyor length - 29.75
m, feed fineness - 0-80 mm, belt speed - 1.4 m /
s, installation angle - 17 *

Belt conveyor of waste and
middlings with supporting
structures, platforms,
ladders, loading and
unloading trays

Belt width - 500 mm, conveyor length - 12.00
m, feed fineness - 0-80 mm, belt speed - 1.4 m /
s, installation angle - 17 *
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2. The principle of operation of the combined dry enrichment machine and the
actual productivity of the equipment

Run-of-mine coal of a fraction of 0-200 mm enters a coal receiving funnel with a feeder and at
a certain speed starts moving up the conveyor belt towards the grit. Getting on a vibrating grit , coal
of a fraction of 0-80 mm is immediately sifted and sent to enrichment on the next conveyor belt,
and the remaining coal of a fraction of 80-200 mm goes to a roll crusher, where coal is crushed to a
fraction of 0-80 mm and also, then sent for enrichment. Getting into the dry processing unit, coal is
laid out on a vibrating grit, which is at a slope of 30 degrees. Compressors are installed under the
grit. After the enriched coal got on grit, the process of enrichment of coal begins due to the action of
a two-phase medium (from small particles in the initial coal and air) with a relatively higher specific
gravity. Strong vibration and constant ascending air streams increase the looseness of the entire
mass and exfoliate the material by density. Strong air currents lift small particles of dust up, which
are then sent to the dust collector. Also, due to air flows, the process of exfoliation of the rock and
clay from coal occurs, which leads to an improvement in coal performance.

The broken rock and clay, under the influence of vibration and air currents, begins to move up
the vibrating grit and, moving along the unloading side, falls onto a conveyor belt intended for
waste. Ultimately, on vibrating grit remains 0-80 mm fraction coal, purified from fine dust, rock
and clay. Refined coal is enriched, as its quality characteristics are significantly improved [3-4].
The CDEM workflow is shown in Figure 3, [7].

In the period from 2016 to 2019, 509.76 thousand tons of run-of-mine coals were processed on
a combined dry enrichment machine, of which 146.88 thousand tons of enriched coal and 362.88
thousand tons of middlings. A coal prepared for enrichment has the following basic characteristics:
heat of combustion (calorific value) - 3500 kcal / kg, ash content - 23.5%, moisture - 19.5%. Having
passed all stages of dry enrichment, the product significantly improves its characteristics and
already has the following parameters: heat of combustion (calorific value) - 4300 kcal / kg, ash
content - 19%, moisture - 14.5%.

A comparative analysis of the improving the quality of coal by using a combined dry
enrichment machine results is shown in Figure 4, [8]. The N is a change of the coal indicators. The
N value is calculated as the ratio of the initial basic characteristics indicators to finished products
indicators.
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Fig.3. The CDEM workflow [7] Fig.4. Comparative analysis of the results in the
period from 2016 to 2019

Using this method, the moisture and ash content of coal decreased, as a result of which the heat
of combustion of coal fuel from the Sarykol deposit increased.
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Conclusion

Thus, the combined dry enrichment machine of the type FGX-12 is the most effective when
working with brown coals, since none of the other methods of coal enrichment showed such an
improvement in the characteristics of coal.

Coal processing reduces ash content and significantly increases the power output of the station,
reduces harmful emissions into the environment. The quality of the burned coal affects the power of
the station, and the chemical composition of the ash affects the operational parameters of the
furnace. The process of coal enrichment, which is based on the use of various physical forces,
changes the characteristics of run-of-mine coal in the direction that most meets the requirements of
the market.

There is a trend in the world when coal consumers for energy purposes tighten requirements
for coal producers to reduce coal moisture, its ash content and lower sulfur content. So, there are
Government programs to reduce the ash content of mined coal, which involves not only a
significant increase in calorific value of fuel, but also allows to solve environmental problems
associated with reducing emissions of pollutants into the environment by more than 2 times.
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The article presents the results of the study of the impact of plasticizers on the stability of coal-
water suspensions obtained from Shubarkul coal slurries. As part of the task to determine the optimal
reagent-plasticizer, an experimental installationwas developed. Fuel o0il, gelatin, sodium humate were
used as reagents-plasticizers. The process of enrichment of coal slurries of Shubarkul Deposit was
studied; it is shown that the best results are obtained with the use of sodium humate. The use of sodium
humate as a plasticizer makes it possible to create coal-water suspensions with a spatial network-like
structure that do not delaminate for a long time.

Keywords: electro-hydro-impulse installation, Shubarkul coal, coal-water fuel, plasticizer reagent,
ultrasonic dispersant.

Introduction

In the first half of the XXI century, it is to predict to increase the role of coal in the energy
sector, due to its large reserves and depletion of oil and gas. At the same time, environmental
problems arising from the use of coal fuel require the development and implementation of new
economically and environmentally efficient coal technologies that will provide a significant
environmental effect with the highest possible completeness of the use of the extracted fuel. Around
many coal mining and coal processing enterprises, a large amount of extracted coal is accumulated
in hydraulic dumps and sedimentation tanks, presented in the form of fine coal slurries, the transfer
of which into a technologically acceptable fuel will not only improve the environmental situation in
the regions, but also obtain a significant economic effect.

In this regard, it becomes relevant to use slurries in the form of coal-water suspensions (CWS),
the development of effective processes for the production and application of which should be based
on science-based processes of physical and physical-chemical effects on the source coal, taking into
account the properties of its organic and mineral components [1]. CWS are mixtures of crushed coal
with water. To give the suspension the properties of stability and the necessary fluidity, a small
amount of reagent-plasticizer is introduced into the suspension. As a result, an artificial dispersion
system is formed, representing a new type of fuel from coal — coal-water fuel (CWF).

The advantages of CWS as an ecological clean fuel are as follows:

- explosion prevention and fire safety in all technological operations (preparation,
transportation, storage and use);

- absence of dust and pollution during storage and transportation; reduction of harmful
emissions of nitrogen oxides, carbon and sulfur into the atmosphere during combustion.

In addition, CWS provide safety of technological properties during storage and transportation.
At the same time, the decline in oil and gas production and the increase in their prices on the world
and domestic markets in recent years have caused interest in CWF - a real alternative to liquid and
gaseous organic type fuels.

The aim of this work is to study the rheological properties of reagents for stabilization of CWS.
The object of study in this work is the coal of Shubarkul Deposit.
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1. Experimental procedure

The essence of the processes of preparation of Shubarkul coal slurries for use in CWS consists
in their electro-hydro-impulse (EHI) treatment and further enrichment by the method of ultrasonic
(US) agglomeration (since other methods of enrichment are not acceptable due to the low selectivity
of these processes during enrichment due to the fine state of coal particles). Electric discharges in
the liquid, which are a source of shock waves, are used to grind particles of coal slurries from the
Shubarkul Deposit and obtain finely ground fractions of specified sizes. Shock waves propagating
in the medium of liquid-solid coal particles destroy and grind the treated coals to small fractions,
necessary for obtaining coal-water fuel.

In order to select the most effective plasticizers for CWS prepared from coal slurries, the
influence of the following plasticizers was studied: gelatin, fuel oil, sodium humate obtained from
coal. These reagents meet the requirements for plasticizing reagents and are readily available. The
effectiveness of these additives is due to their physical and chemical properties, the peculiarity of
their structure, consisting of hydrocarbon, aromatic, carboxyl, hydroxyl and other groups [2].

For experimental works on obtaining CWF in the laboratory of physics of pulsed phenomena
in heterogeneous media of the Department of Engineering Thermophysics named after professor
Zh.S. Akylbayev, electrohydropulse installation with the ultrasonic flow disperser was collected

(Fig.1).
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Fig.1. Schematic scheme of EHI installation with ultrasonic flow disperser:
1 — water tank, 2 - capacity for coal, 3 —tank for reagent - plasticizer, 4 —a valve for regulating ,
5 — working cell with two opposite electrodes, 6 — ultrasonic flow transducer, 7 — the control unit of the
dispersant, 8 — tank with WCF.

To create electro-hydraulic shocks, a scheme that includes a power source with a capacitor as a
storage of electrical energy, is assembled. The voltage on the capacitor rises to a value at which
there is a spontaneous breakdown of the air forming gap, and all the energy stored in the capacitor
instantly enters the working liquid gap, where it is released in the form of a brief electric pulse of
high power. Further, the process is repeated at a given capacitance and voltage with a frequency
depending on the power of the supply transformer and the electrical and physical characteristics of
the medium in the inter electrode gap [3].
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The EHI installation works as follows, the prepared coal slurries were sent to the working cell,
where there was an underwater electrical explosion in the presence of a plasticizer. As a result of
EHI treatment coal-water suspension sent to the enrichment installation, the principle of operation
of which was based on the method of ultrasonic agglomeration. The ultrasonic dispersant consists
of a flow transducer and a control unit. The dispersant performs the function of additional crushing,
where a chemical bond is formed between resulting suspensions. The resulting fuel is drained into
the tank.

2. Experimental results

As a result of the performed enrichment studies, graphical dependences were obtained, which
are presented in Fig.2-4.
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Fig.2. Dependence of the height of the dispersed phase layer on time
(suspensions with additives of fuel oil of various quantity):
1 —1 % to weight of coal; 2 — 0.5 % to weight of coal; 3 — 2.0 % to weight of coal
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Fig.3. Dependence of the height of the dispersed phase layer on time
(suspensions with gelatin additives of various quantity):
1 —0.5 % to weight of coal; 2 — 1.0 % to weight of coal; 3 — 2.0 % to weight of coal

Organic compounds and technology of metered addition of the found compounds to the mass
of CWF are selected. The process of formation of spatial structure of CWS is investigated, their
rheological properties are studied, it is established that stability of CWS, received on the basis of
concentrates, is defined by physical and chemical properties of plasticizers. It should be noted that
suspensions in the presence of additives have good fluidity. From the graph it can be seen that with
the addition of fuel oil in the amount of 1%, the CWS had stability for a long time.
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Suspensions with the addition of gelatin (Fig.3) from 2 % to weight of coal had stability for a
long time, however, when the gelatin content is less than 1.0% to weight of Shubarkul coal, there is
a noticeable decrease in the stability of suspensions.
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Fig.4. Dependence of the height of the dispersed phase layer on time
(suspensions with various quantity of sodium humate additives):
1 —0.5 % to weight of coal; 2 — 2.0 % to weight of coal; 3 — 1.0 % to weight of coal

Application as a stabilizer of humic preparation (Fig.4) (sodium humate) made it possible to
obtain a stable CWS with stable and practically unchanged properties in time. The stability of CWS
was maximal when using from 1% sodium humate to coal weight. After a very long storage, CWS
were compacted to form loose sediments. When applying mechanical action (mixing) was the
restoration of the original structure of the suspension.

Conclusion

Thus, on the basis of the results of the study, it was found that the addition of a stabilizer-
sodium humate in the amount of 1% of the mass of coal-oil granules is due to the fact that at this
rate, CWF has better stability. It is established that the stability of CWS obtained on the basis of
coal-oil concentrates is determined by the physical and chemical properties of the reagents-
plasticizers.
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The paper develops the idea of the capabilities of a standard machine for testing materials for
friction and wear SMC-2 to determine the parameters of the adhesive properties of materials. The
results of experimental studies of tribological systems of materials “40X - steel 457, “12X2H4 - steel
457, “45XH2M®DA - steel 457 are presented. The regularities of the change in the tangential strength
of the molecular bond with increasing pressure in the contact, and the coefficients of its hardening
during the interaction of the materials under consideration without lubrication are determined. It is
shown that in order to reproduce the contact interaction of the operational surfaces of real friction
units, it is possible to simulate their shear during deformation provided that full-size fragments placed
in regular places of the SMC machine are used. In this case, the equipment of the SMC machine
requires minor refinement, which allows us to simulate the shear rate of surfaces as well.

Keywords: tribosystem, adhesion, hardness, coefficient of friction, wear, contact

Introduction

The study of the strength of the adhesive bond between the structural components of the
surfaces of parts in tribological conjugations of various engineering objects always seems relevant,
since the process of managing both bulk and surface physical and mechanical properties of
materials with a wide range of applications is currently not completed. This is evidenced by the
scientific results presented in [1-4] and other authors. Along with this, new adhesiometers are being
developed and designs of earlier years of production are being improved [5].

Based on the fact that the contact interaction of metal surfaces during the transmission and
transformation of movements is carried out with friction losses, which are determined by the
molecular and mechanical components, the determination of the parameters of the latter seems to be
an actual scientific and applied task. It is especially important to have numerical values of the
parameters of adhesive properties directly for the metal surfaces of full-scale operational friction
units of machines and mechanisms with reverse movement, i.e. in which there is a shift with a
certain speed of movement, when the manifestation of the molecular (adhesive) component of the
friction force manages to manifest itself.

The limited information on the manifestation of the parameters of the molecular component of
friction — the shear strength of the adhesive bond 7y and the piezoelectric coefficient B of the
molecular component for each particular study determines the use of either data previously obtained
for similar materials, or the purposeful determination of parameters by modeling shear on small-
sized samples in order to increase objectivity and accuracy evaluation of the result. The data
obtained seem necessary, first of all, for the predictive assessment of the tribomechanical properties
of material tribosystems using mathematical expressions that establish the relationship between the
friction coefficient and parameters of the contact microgeometry, adhesion component, hardness,
and load during the manifestation of elastic, plastic, elasto-plastic deformation of friction zones
interactions.
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Objective -introducing the capabilities of a standard machine for testing materials for friction
and wear SMC-2 to determine the parameters of the adhesive properties of materials.

1. Research methodology

It is proposed to determine the parameters of the molecular component in accordance with the
method of work on the OT-1 adhesio-meter [6] and on a device using a spherical indenter [1],
which involve measuring the friction moment Mt during shear — a violation of the frictional bond
of spherical surfaces to flat surfaces of samples (plates) and the radius (diameter) of the projection
of the print RO (d).

However, the simulation of the frictional bond violation will be carried out when shifted from
the disk relative to the block, made, for example, in the form of a triangle with a cylindrical outer
surface, with the corresponding loads (Fig. 1a) with the corresponding modification of the lower
shaft drive.

3" §=3.17 mnt

c)

Fig. 1. Methodological support for measuring resistance to displacement during shear: a - contact
of model samples: 1 - disk; 2 - block; 3 - additional pad holder; 4 - screws securing the additional holder;
5 - details of the mounting of the disk; 6 - the lower shaft of the friction machine SMC-2; b - angular load
drive of the lower shaft: 1 - upper pulley; 2 - cargo lever; 3 - limiter of the stroke of the lever of goods; 4 -

lower pulley; 5 - cargo; in - the imprint of the contact, N = 280H: 1 - block; 2,3 - perimeters of the
calculated areas; c - test sample of material in the mandrel: 1 - fragment of the operating cam of the
camshaft of an internal combustion engine; 2,3 - contours of the trace and imprint of wear during shear
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Wherein: - the maximum shear moment is determined by the recorder on the field of the scale
tape with a fixed rotation through the angle a with a certain load applied to the lower shaft (Fig. 1
b). The mass of the load will determine the shear rate; - the area of interaction of the friction
surfaces is determined by the imprint on graph paper (Fig. 1 c).

2. Test procedure

To test the methodology, the following tribological material systems were used:

- "40X - steel 45";

- "12X2H4 - steel 45";

- “45XH2MFA - steel 45.

Contact interaction was modeled without lubricant. The following samples were used:

- for steel 45 in the form of a triangle (Fig. 1 c¢) with a cylindrical outer surface, 4 mm thick,
which was fixed in the mandrel on the fixed shaft of the machine;

- for other metals in the form of a disk with a diameter of 50 mm and a thickness of 12 mm,
which were mounted on the lower shaft of the machine and rotated.

The measurements were carried out in this sequence. Disks of appropriate materials were fixed
on the lower shaft of the friction machine. The block was placed in an additional holder, fixed with
screws in a standard holder, which was fixed on the upper shaft of the friction machine. Next, the
block was pressed with the corresponding force to the disk using the loading screw of the friction
machine. The load had values of 140N, 185N, 230N, 280N. Further, the disk was shifted from its
place - it was rotated with the help of weights 5 (Fig. 1 b) by a fixed angle a. The time for angular
displacement also determined the shear rate - t; = 0.43s and t, = 1s. The average linear displacement
of the disk was 1 = 4.5 mm. In this case, the recorder in the tribogram recorded the temporary shear
resistance by deviation from zero

r=Mn (1)

r-S,
where M; is the moment of friction during shear, Nem; r is the radius of the disk, m; Sy is the
imprint area, mm®.

3. Research results

A graphical approximation of the averaged data in the form of linear dependencies with inverse
extrapolation of the shear resistance of displacements is shown in Fig. 2. Moreover, according to the
parameters of the trend lines in Excel, their equations and the reliability of the R* approximation are
determined, the results are shown in Table. 1.

Table 1. Parameters for approximating experimental data for tribological material systems

Parameter «12X2H4 - « 45XH2M®DA — « 40X — steel 45 »
steel 45» steel 45 »
Type of equation 7=036p—13.44 7=0.11p+3.58 7=0.28p—-10.27
Approximation reliability, R 0.98 0.99 0.9
Piezoelectric coefficient , S 0.36 0.11 0.28
Tangential strength, 79, MPa >0 at p =37 MIla 3.58 > ( at p =36 MIla

In accordance with the data shown in Fig. 1, the static friction coefficients (2) are analytically
determined — the friction coefficients of the surfaces from which graphical dependencies are
constructed (Fig. 3), reflecting the nature of its change.

W, =T/p. @)

An analysis of the results indicates the following.
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Fig. 2. The dependence of the tangential strength of the adhesive bond of steel 45 on pressure at a shear rate
0of 10.16 £ 0.8 mm/s: 1 - 12X2H4; 2 - 40X; 3 - 45XH2MFA; 4 - points of reverse extrapolation
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Fig. 3. Dependence of changes in the coefficient of static friction on contact pressure:
a-1-12X2H4; b is 40X; ¢ - 45XH2MFA

The steady-state value of the coefficient of friction manifests itself in the region of high
contact pressures:

- for the material system "steel 45 - 12X2H4" u0 = 0.27 at p> 140 MPa;

- for the material system "steel 45 - 40X" pn0 = 0.23 at p> 160 MPa;

- for the material system "steel 45 - 45SXH2MFA" u0 = 0.13 at p> 130 MPa.

Patterns of the nature of the change in the coefficient of friction of rest differ from each other.
So for steels 12X2H4 and 40X, with an increase in contact pressure, the adhesion forces grow to a
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certain value, and then stabilize. For steel 45XH2MFA, on the contrary, decrease with subsequent
stabilization. Moreover, for 12X2H4 steel, the growth rate is higher than for 40X. This can be
previously associated with the distribution densities of the microhardnesses of the phases, which are
concentrated in the zone of formation of the contour contact areas and the manifestation of
molecular interaction forces due to the degree of activation of the surface layers by shear loading.

An analysis of the obtained results indicates the realized possibility of experimentally
determining the parameters of adhesive properties, for example, of the considered tribological metal
systems. In this case, the numerical values of the parameters do not differ from similar results
presented in [1]. Preliminarily obtained results indicate that there are modes of contact interaction
with respect to the load, in which when calculating the coefficient of friction it is not advisable to
take into account the molecular component, since it begins to appear only from a certain pressure in
the contact.

Conclusion

The proposed approaches for modeling the shear resistance in the contact of small-sized
samples depending on normal loading and shear rate with a slight modification of the equipment of
the SMC-2 friction machine make it possible to determine the adhesion properties of materials.

The results of experimental studies are presented in accordance with which, on the example of
tribological systems of materials “40X - steel 457, “12X2H4 - steel 457, “45XH2M®A - steel 45”
the ability to determine the parameters of their adhesive properties using the equipment of the
friction machine SMTS-2 with little its completion.

The experimental values of the parameters of the molecular component of friction 1y and P
obtained on full-scale samples of parts of engineering objects using the proposed approach allow us
to obtain more accurate predicted values of the friction and wear characteristics of materials. For
example, to determine the coefficient of friction depending on the type of contact and contact
conditions (plastic, rough; elastic, rough; single elastic, run-in elastic, etc.), which is one of the
parameters of the calculated estimate of the wear rate [7], the number of cycles to fracture of the
material . And since the adhesive bond is formed taking into account the contact time, to a greater
extent such information is advisable for mechanisms with reverse movement. The lack of objective
data on the parameters of the molecular component of the friction force reduces the accuracy of the
calculations, which is not excluded when the researchers use reference data obtained either for pure
metals or for approximate mechanical properties for those considered in each case.
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In the article optical systems are presented that are developed by the authors and have been used
for many years to remove the polarization properties of anisotropic molecules. Both systems are
designed for visible and close to ultraviolet spectral regions. In this case, the double Fresnel
parallelepiped plays the role of an achromatic quarter of the wave plate. They are used in the Jasco-20
dichrograph after the Pockels cell. As a result, the sensitivity of the device increases from
6 = 10 3degree -cm™! to 10~5degree - cm™* of the value of the differences in optical density.

Keywords: optical systems, anisotropic molecules, polarization, ultraviolet spectral area, quarter wave
plate, sensitivity, optical density.

Introduction

Polarization spectra provide information on the orientation of the molecules of dissolved
substances, and also these spectra are more informative with respect to electronic spectra [1]. The
photophysical and photochemical properties and processes occurring in solutions of vitamin
preparations were studied in [2-6]. Molecules of plant origin have such characteristics that
determine their photostability and thermal stability, these characteristics are a guarantee of their use
in pharmaceuticals and medicine. In [7-9], the results of a research on the study of photochemical
processes occurring in solutions Some medications are water-soluble, which allows them to be
prepared on the basis of various drugs used in pharmaceuticals [10, 11] in the form of their
concentrated aqueous solutions [12, 13].

The creation of new drugs based on plant pigments requires further research on their self-
assembly. The identification of the conditions for the formation of self-assembly of molecules is
one of the urgent problems of pharmaceuticals, as a result of which it becomes possible to test drugs
[14, 15]. The determination of the structure of self-assembled molecules allows their targeted usage
in medicine [16, 17]. Carrying out these studies allows us to identify the relationship of anisotropic
- optical spectra with the structure of self-aggregates. These research methods are highly sensitive
in detecting the delicate details of optical transitions.

1. The spectral-optical method to polarization measurement

The first optical system includes a mirror system. The scheme of the mirror system is shown in
Fig. 1, which contains a bi-mirror 1 with an angle of 270" between its working faces a and b, bi-
mirrors 2 and 3 with an angle of 90° between their own working faces ¢, d, e, and g-d. We will
consider the polarization transformation in successive reflections in the system. Let a light beam be
incident on the input face of the system in the general case of an arbitrary ellipticity of polarization.

We denote by E, and E, the components of the electric field of the incident light lying in the
plane of incidence and perpendicular to it, respectively. After reflection from the face a, the

ellipticity of light changes - the components of the electric field become equal to £ ﬁ, and ﬁ The

incidence planes for the faces a and ¢ are mutually perpendicular, therefore the S-component on the
face a is the P-component on the face c¢. Similarly, P-component on a face a is P-component on c.
Such a transformation of the components of the electric vector is described by the matrix y = (G-b).
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Fig. 1. Mirror system for spectral-optical polarization measurements.

%
After successive reflection from the faces a and ¢, the resulting vector of the electric field £
equal to

E'=AE, (1)

N
where E —the electric vector of the light wave incident on the system, A — the transformation
matrix.

In matrix A it is taken into account that the changes in the phases 6, and &, ds and 6, of the
oscillations of p and s components of the electric field of the light wave upon reflection from the
faces a and c, are pairwise identical due to the equality of the angles of incidence of light on the
faces. It follows from the form of matrix A that successive reflection from the faces of a and from
the system of bi-mirrors introduces the same phase shifts (3,+0s) into both components of E; and E;.
The ellipticity of the light does not change here, and the axis of the polarization ellipse rotates by
90°. Successive reflections of the light beam from the faces d and [ restore its initial state of
polarization, since this reflection is identical to the reflection from the faces a and c. Further
reflection of light from the faces d, g, ¢, and b does not change the state of polarization of the light
wave due to the symmetry of the mirror system relative to the bisector plane of the bi-mirrors 1 and
2. The ellipticities of the light beams entering and between the faces c-d and d-c are equal. This
device is used: as a universal prefix to a variety of optical and spectral devices for measuring optical
activity, circular and linear dichroism. In this case, it is necessary to get rid of the scattered light,
since it is possible to increase the optical path length without significant changes in the dimensions
of the devices and without violating the initial polarization of the measuring light beam; as a
reflecting system similar to multi-way ditches for increasing the optical density of discharged gas
mixtures, vapors, and solutions. In addition, this optical device allows measurements of optical
anisotropy in substances whose anisotropy is induced by the Earth’s gravitational and magnetic
fields, allows to isolate and identify these effects, which is achieved by placing the studied samples
in different optical channels of the mirror system, since it is possible to ensure reciprocal passage of
light beams with the same polarization

2. Fresnel double parallelepiped

The spectrum-polarimeter Spektropol-1, in which the compensation method of measuring the
optical rotation of the plane of polarization of light is applied, has a sensitivity of 2:10° — 8-10
angular degrees [19]. Another method for measuring the linear dichroism of weakly oriented
systems was implemented by us in serial circular dichrographs. The fundamental possibility of
measuring linear dichroism with help of serial dichrographs, in which the electro-optical method for
measuring circular dichroism was used, have been predicted in a number of works [18, 19]. One of
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these possibilities can be realized on Jasko-20, using an optical prefix - Fresnel double
parallelepiped designed for the visible and near ultraviolet spectral area [19].

Figure 2 shows the optical scheme of the Fresnel double parallelepiped, a device that plays in
our measurements the role of an achromatic quarter-wave plate and zero dichrograph lines, which
we use to measure the linear dichroism of weakly oriented anisotropic and gyro anisotropic

systems.
\ !

/73’20

20 Y

B 82,83 .

=} R

Fig.2. Fresnel double parallelepiped.

Figure 3 shows the data on the measurement of linear dichroism of the same linear dichroic
sample using Spektropol-1spectropolarimeters and a Jasko-20 circular dichrograph according to the
methods described above. As an anisotropic linear-dichroic object, a polymer film of polymethyl-
methacrylate containing rhodamine 6G and its base, stretched uniaxially 4 times, was chosen. Both
dyes in the polymer film are in an aggregated state and are easily oriented when stretched. Curves 1
and 2 were recorded on Spektropol-1 and Jasko-20 spectro-polari-meters, respectively, on the scales
of these instruments: ¢ and 0. Nearby on the vertical axes are marked, the scale according to linear
dichroism recalculated according to the above formulas.

The linear dichroism spectra were measured on a spectropolarimeter when the film was
oriented with its axis of extension at an angle of 45° to the polarization vector of the light incident
on it. The linear dichroism spectra were measured on a circular dichrograph when the film was
oriented with its axis of extension at an angle of 0° to the linear polarization vector converted by a
Fresnel double parallelepiped from a circular rhodamine 6G and its base, stretched 4 times. Film
thickness is 0.3 mm.
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Fig. 3. Spectra of linear dichroism of a polymethylmethacrylate film containing.

1]

The positions of the films in both cases corresponded to the maximum amplitudes of the bands
of the recorded curves. In this case, there is good correspondence between the two spectra of linear

dichroism. So, at the maximum of both curves ﬂr(flaxz 490nm, the amplitudes recorded on
Spektropol - 1 and Jasko-20 are respectively 2.03-107 and 2.04 -107 units of difference optical
density. As the electro-optical element in a serial Jasko-20 dichrograph, a Pockels cell with a KDP
crystal (KH,POy,) is used [20].
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In practice, the measure of circular dichroism is the ellipticity value, determined by the ratio of
the minor and major axes of the ellipse and equal for small 6;

tq@zt?:tq%(XL_XR)'lz33C'l(8l_8R)a (2)

where Xp, Xg, €, €r — are absorption coefficients and molar extinction coefficients of a
substance for light with a wavelength A polarized in a circle to the left (L) and to the right (R); C-
concentration of optically active substance; / - the thickness of the sample.

It is known that

1
ASZSI—SR:EIOgIOI%L, (3)

where Ig, I - the intensities of the light, transmitted through the sample, polarized in a circle to
the right and left.
By virtue of this

1 1+ 17,/21
6 = 33 10g 10 VIL =133 10g 10 ﬁ’ (4)
2

where /| :%(IR +1,),1, =1, — I, a-priory.

As 1r =1, _ I, < I (for small optical activity), so
I, +1, 2I,

)3 13
1+4fy e+ ifyy Iz
log Iz; 1*’594?10_;“ 1_f fogiﬁe (5)
— %z €= %zn
hence,
)2
g =33 f logye€ (6)
1

That is, the ellipticity value (in degrees) is proportional to the ratio of intensities I, Iy, which
are recorded [21] by the Jasko-20 dichrograph photoelectric system. In the transition from circular
to linear dichroism, it is convenient to use the formula for 0 in another form:

IR—=I

Ocp = 28,6 fiﬂf;. (7)

When circular light polarization is incident on a Fresnel double parallelepiped, it is converted
to linearly polarized light, and, for R and L, circular polarizations are orthogonal. Consequently, the
Jasko-20 dichrograph, which measures Oxp in degrees, is equipped with an optical prefix in the
form of a double Fresnel parallelepiped, located after the Pockels cell in front of the sample, and
measures linear dichroism

O,p = 28,6 =L 3

Lp = 4807 7T (8)
where I, Ij; - intensities of linearly polarized light transmitted through the sample and incident

on the dichrograph photodetector:
I, — .lr" 10781 — 102 e—DLlogel0 _ o—Dylogell

I, +1 T 10-2L 4+ 1072 = e—-DL1l0gel0 4 o—D|loge10 =

(D —D))logel0
(for small argument values). Thus, the dichroism measured by the dichrograph
— _ 9w
ADyy =Dy =Dy =55 (10)

at the maximum sensitivity of the dichrograph
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Ocp = 10 3degr - sm™ (11)
corresponds to its linear dichroism sensitivity
AD,; =3-1073 (12)

values of difference optical density.

The Spektropol-1spectropolarimeter allows measurements in the spectral area 200 - 610 nm,
and the Jasko-20 dichrograph - in the spectral area 200-700 nm. The zero line of the spectrum of the
polarimeter (through the air) has an ideal rectilinear character, while the zero line of a linear
dichrograph based on the Jasko-20 is not quite ideal: the deviation of this line from the straight line
in the spectral areas 200-320 and 640-700 nm, apparently, is associated with the imperfection of the
Pockels cell of the dichrograph, which gives in these spectral areas values as in the circular
polarization of light. As a result of this, after the light transmits through the Fresnel double
parallelepiped, it acquires a polarization close to linear, with a very large ellipticity. Thus, if a linear
dichroic sample has a small linear birefringence, it is preferable to measure the linear dichroism on
the spectrum of a Spektropol-1polarimeter. In all other cases, especially when the sample is gyro-
anisotropic and has significant optical activity, it is convenient to use Jasko-20.

EI)WL '104

12 -

-8

-12-

Fig. 4. The spectra of linear dichroism of tartrazine associates under the conditions of the hydrodynamic
flow of its solution at an angle between the flow velocity vector and the transmitted light polarization vector
+45° (1) and —45 ° (2). Curve 3 is the difference between spectra 1 and 2. C =2 - 10*M. /=0.1 cm.

As an example, we studied solutions of tartrazine in a laminar hydrodynamic flow. It was
found that they show significant linear dichroism, its value at the maximum of the absorption band
at v=23500 cm™'makesADy , =102 units of dichroic optical density.

Figure 4 shows the spectrum of linear dichroism of tartrazine associates oriented in the
hydrodynamic flow of a binary mixture of a water-dioxane solution, obtained from the
corresponding spectrum of the non-gyrotropic rotation of the plane of polarization at an angle
between the flow velocity vector and the polarization vector, transmitting perpendicular to the
linearly polarized light flow equal to +45° C (curve 1), and the linear dichroism spectrum of the
same solution, recorded at an angle of -45° C (true linear dichroism spectrum) (curve 2). Just at
these angles of orientation of the flow velocity vector relative to the polarization vector of
transmitted light the maximum amplitudes of the main bands are observed in the corresponding
non-gyrotropic rotation spectra of the plane of polarization, which is a necessary condition for
recording the linear dichroism curves 4D ;= (A) on the spectropolarimeter [22] .

The algebraic sum of spectral curves 1 and 2 gives a curve 3, from which, by applying the
decomposition into Lorentzian contours, it is possible to distinguish two different amplitude bands
of linear dichroism. The positions of maxima and FWHM of which corresponds to that position of
the maxima and half-widths of the absorption bands associated tartrazine, which confirms the
correctness of measurements and calculations. The fact that tartrazine associates show linear
dichroism, being easily oriented in a laminar hydrodynamic flow, indicates a strong anisotropy of
dye microcrystals having a needle (rod-like) shape.
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Conclusion

The results show that both in concentrated aqueous solutions and in binary mixtures of
solvents, the association of food dyes shows itself as a result of combining the molecules of the
studied compounds directly between themselves. In this case, the structures of the combined
molecules are determined by the use of optical systems, obtaining spectra of linear dichroism. In
these cases the sensitivity of the device increases by about two orders of magnitude
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Electro-hydro-impulse (high-current discharge in water) also belongs to the technologies using
strong impulse currents. With a powerful pulsed electric discharge between the electrodes placed in the
liquid, an electro-hydraulic effect occurs. To study the influence of electro-hydro-pulse shock waves
were designed and assembled the experimental setup. The dependences of the degree of grinding of
natural mineral quartz on the electro-technical parameters of the discharges are given. The optimal
conditions for the most intensive grinding of natural mineral quartz using electro-hydro-pulse treatment
are determined.

Keywords: natural mineral quartz, electro-hydraulic effect, underwater electric discharge, degree of
grinding.

Introduction

The growing consumption of fuel, ferrous, non-ferrous and rare metals, non-metallic materials,
which are the basis for the development of modern industry, requires an increase in the volume of
extraction and enrichment of minerals. Together with non-metal ore, construction materials and
mining and chemical raw materials, the volume of mining and processing of minerals in the world
is several billion tons per year.

Processing of most of the mined rock mass means crushing and grinding it as a preparatory
process for direct enrichment. These processes are very expensive operations and reach 50%, and in
some cases 70% of all costs in the processing plants. Of great importance for subsequent
technological operations is the quality of crushing and grinding, which involves obtaining a product
of a given size without re-grinding with maximum release of mineral grains from the waste rock
with minimal damage. The requirements of increasing the number of processed rocks and ores
while improving the quality indicators of processing (increasing the degree of extraction) pose very
urgent problems aimed at streamlining and reducing the cost of crushing and grinding processes.

Rocks are mostly materials that break down brittle under normal conditions. In this regard,
when conducting studies of physical processes occurring during the destruction, the most suitable
model materials are brittle crystals. Quartz is a part of many igneous and metamorphic rocks:
granite, porphyry, gneiss. The total content of quartz in igneous rocks is approximately 12%. The
hardness of quartz is 7 units on the Mohs scale. Melting point is 1710°C.

The Republic of Kazakhstan has large reserves of quartz-containing raw materials, but most of
it is used in the production of simple building materials, and only a small part-high-tech industries.

Quartz-one of the most common minerals, which is more or less pure silica SiO; (46.7% - Si;
53.3% - O,). Practically, quartz crystals rarely approach this composition, as they usually contain
various impurities: bubbles of gases and liquids, sometimes ingrown mica leaves. Quartz is one of
the most common minerals, which is more or less pure silicic acid. Practically, quartz crystals rarely
approach this composition, as they usually contain various impurities: bubbles of gases and liquids,
sometimes ingrown mica leaves.
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This article presents the results of the study of the influence of electro-hydro-impulsive shock
waves on the crushing and grinding of the natural mineral quartz. Electro-hydro-impulse (high-
current discharge in water) also belongs to the technologies using strong pulse currents. With a
powerful pulsed electric discharge between the electrodes placed in the liquid, there is an electro-
hydraulic Yutkin effect, which consists in the fact that the rapid release of energy in the discharge
channel increases the pressure in it, and its further expansion leads to a shock wave and fluid flows
[1]. The shock wave is a density jump in the liquid that propagates from the discharge channel at a
speed exceeding the sound (in water more than 1500 m/s). Pressure at the shock wave front in the
liquid can reach tens of kilobars. The impact of this pressure on the treated object can cause
structural restructuring of the object material (crushing brittle materials, deformation, hardening of
the surface, etc.). Fluid flows propagating at a speed of 10> = 10°m/s transmit kinetic energy to the
object being processed, causing, like a shock wave, its mechanical changes [2]. Mechanical
manifestations of pulsed discharge in a liquid are called electro-hydraulic effect, and installations
using this effect are called electro-hydraulic. As a working medium in such installations, as a rule,
process water, kerosene, oils are used [3, 4].

1. Experimental technique

To study the effect of electro-hydro-impulsive shock waves on the crushing and grinding of the
quartz mineral, an experimental unit was developed and assembled in the Laboratory of Electro-
hydro-dynamics of the Engineering Thermophysics Department named after professor Zh.S.
Akylbayev of the E.A. Buketov Karaganda State University.

Electro-hydraulic devices for crushing unlike mechanical crushers do not have moving parts,
are made of conventional structural steel, and their body practically does not wear out during
operation. During operation, these devices do not form dust, occupy a relatively small production
area and allow them to combine the processes of crushing, mixing and flotation of materials [4].

The installation consists of the following units: pulse voltage generator, capacitor and
protection system, control panel and electrode system. Figure 1 shows the working part of the
installation, which consists of a cylindrical body 1, working electrodes 2, cover 3, caprolan washer
4 and caprolan sleeve 5.

Fig.1. Working part of the experimental plant for crushing quartz mineral.

In the working part of the experimental installation, a linear system of electrodes is installed.
The positive electrode is located vertically, and the negative electrode is the bottom of the
cylindrical metal chamber. To obtain high pressures at the shock wave front, crushing and grinding
solid fractions, an electric discharge is carried out in an aqueous solution of the mineral quartz [5].
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The rapid release of energy generates a strong mechanical action applied to the macroscopic
volumes of the medium and individual surfaces that have fallen into the discharge zone, at the same
time, the rate of energy release is much faster than the rate of transmission of its perturbation to the
environment. After the beginning of the breakdown occurs for some time, the so-called stage of
formation of the discharge, which is characterized by a certain increase in current with a
simultaneous decline in voltage and culminating in the formation of a highly conductive electric
channel. The energy accumulated by the capacitor Bank is introduced into the formed zone. Under
the action of high pressure, the discharge channel expands, the macroscopic volumes of the medium
receive relatively high velocities, which are directed in all directions along radii originating
approximately from the Central part of the discharge gap. Under the influence of high pressure, the
liquid is compressed, the area of this compression ends with a moving shock wave front, where the
pressure and all other parameters of the liquid medium are changed by a pressure jump. The energy
of the heated plasma is transferred directly to the environment. Electrohydraulic crushing devices
unlike mechanical crushers do not have moving parts, are made of conventional structural steel, and
their body practically does not wear out during operation. During operation, these devices do not
form dust, occupy a relatively small production area and allow them to combine the processes of
crushing, mixing and flotation of materials. The liquid, having received acceleration from the
discharge channel expanding at high speed, moves from it in all directions, forming in the place
where the discharge was a significant cavity in volume (cavitation) causing the first (main)
hydraulic shock. The development of a spark discharge in time occurs by successive «germinationy
of streamers in the inter-electrode interval. A growing streamer, as a rule, consists not of one, but of
many channels with numerous branches from them.

Under the influence of electric pulse action in the treated medium there are hydrodynamic fluid
flows and acoustic wave, and as a result of local pressure reduction in the liquid cavitation occurs.
In this case, the cavitation bubble, moving with the flow of liquid to the area with a higher pressure,
closes and emits a shock wave. After the collapse of the bubbles, micro-shocks of cumulative jets
will form. The mixture, having received acceleration from the discharge channel expanding at high
speed, moves from it in all directions. At the beginning of the process, the discharge channel
increases with the maximum speed, at the end of the current flow, the cavity of the discharge
channel continues to expand due to the inertia of the medium, reaches the largest size and then
begins to shrink. The temperature and pressure in it during the expansion of the cavity fall, and
increase during compression, i.e., there are damping pulsations of the cavity [6]. After a series of
discharges, the natural mineral quartz is destroyed, the processing products are extracted and the
cycle is repeated (figure 2).

Fig.2. The process of crushing the mineral quartz.
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In experiments, the degree of quartz grinding was studied, which was determined by the
number of particles of a certain diameter, where; K - the fraction of the specified value of the total
volume, C-the capacity of the capacitor Bank, dy, d - the diameters of the fractions of the initial and
final product after electro-hydro-impulse processing (figure 3).
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Fig.3. Graphs of the dependence of the degree of quartz grinding on the diameter of the final product
fractions: a) C=0.75 mkF, de=10mm; b) C=0.5 mkF, dy=7mm.

In figure 3, at the initial fraction with a diameter of dp=10 mm and the length of the inter
electrode distance of the working electrodes, the degree of grinding of small particles is 13.6%, and
at the degree of small particles increases to 37.8%. When the diameter of the fractions dp=7mm and
C=0.5 mkF (figure 3, b) we see that small particles with a diameter d>1 mm are crushed most
intensively. At the length of the inter electrode distance of the working electrodes, the degree of
grinding is 8.8%, and at the degree of grinding was 21.3%. The obtained experimental data show
that when grinding the natural mineral quartz, the most optimal diameter of the fractions is
dO=7mm, and the optimal value of the capacitance of capacitor banks is C=0.5 mkF.

Figure 4 shows the results of tests performed at different discharge energy values on the W
switching device.
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Fig.4. Graph of the dependence of the degree of quartz grinding on the discharge energy
(C=0.5 mkF, dy=7 mm)
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Conclusion

Analysis of the research results allows us to conclude that the degree of grinding of the quartz
mineral (d>1 mm and d=1-2 mm) increases with increasing specific energy introduced into the
discharge channel. The results obtained show that the spark gives energy through the surface of the
shock wave propagation, therefore, the denser the material surrounds the discharge zone (the more
crushed it is), the more rational and complete the energy allocated by the discharge channel is spent.
In this regard, the electrohydraulic method of crushing into large fractions is less profitable
compared to existing methods of crushing and, conversely, with an increase in the degree of
grinding, electrohydraulic crushing becomes the most profitable method [2, 181 p.].

The analysis of the research results allows us to conclude that the degree of grinding of the
quartz mineral increases with the increase in the specific energy introduced into the discharge
channel, which is explained by the fact that the processed ore first forms a network of micro cracks
on the path of the shock wave, which creates a continuous stress state.

The developed method of electrohydraulic treatment of water suspensions of minerals allows
quickly and with minimal costs to obtain a powder (mixture) with certain sizes of solid fractions,
change its structure and characteristics, and on its basis to create new materials with specified
properties, as well as simultaneously improve sanitary and hygienic working conditions and
significantly reduce environmental pollution [7].
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In the course of operation of chain conveyors emergency situations are possible. The reasons for
this can be the intensity of the moving parts wear, increasing the pitch of the traction chains hinges,
which leads to occurrence of shock loads in the traction body and failure of individual elements of the
conveyor. Upon reaching a certain limiting increase in the pitch of the traction unit, further operation
of the chain transmission cannot be possible due to significant decreasing the safety factor of the
chains, violation of the ease of movement, or violation of the engagement of the chain joints with
sprockets and cams of the intermediate drives. In the considered works dealing with studying the
operating modes of plate conveyors, methods of solving the problem of distribution of loads between the
master and slave drives in a multi-motor plate conveyor by means of a frequency-controlled electric
drive are not considered.
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Introduction

The operational experience of multi-drive plate conveyors shows that their high efficiency is
possible provided that the conveyors are equipped with systems and tools for automatic distributing
the total load of the conveyor between its drives, controlling the speed of the bearing belt,
eliminating equalizing forces in the traction chain of the conveyor, automatic starting the multi-
drive conveyor taking into account elastic-viscous properties of the traction-bearing belt and a
number of other factors [1-4]. At present the intensity of developing new deposits is increasing,
which leads to increasing the cargo flows. High complexity of the rock and ore delivery necessitates
searching for various ways of improving the operation of open-cast plate conveyors (one of which
is automation of the technological process of the conveyor operation). With the reloading-free
transportation scheme, due to the presence of a two-drive system in the conveyor, it is necessary to
solve the problem of automatic distribution of the total load in the traction body of the conveyor
between the master and slave drives.

The distribution of load between electric drives of chain conveyors, in particular plate
conveyors, was studied by such scientists as: Andrienko P.D., Babokin G.I., Bernshtein A.Ya.,
Blum 0O.0., Averbukh A.M., Borisov B.O., Brykhta P., Kachi V., Tezing X., Geiler L.B.,
Goykhman M.E., Hiller A.M., Saginov A.S., Daniyarov A.N., Akashev Z.T., Breido LV.,
Shevchenko V.I., Yeshchin Ye.K. The analysis of works by the above scientists shows that in the
course of operation of the multi-drive plate conveyor, in the traction, in addition to the calculated
forces (pre-tension, static and dynamic components of resistance to movement), additional
equalizing forces take place. It is clear that the reasons for their occurrence are various, but the main
ones should be considered changing the conveyor loading mode, changing the values of the
geometric parameters of drive parts during operation, the effect of external climatic conditions on
the value of the coefficient of basic resistance to movement. In addition to the main factors, there
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can be minor ones that are manifested only in certain operating modes, with a particular electric
drive system. They are nonequivalence of the pitch of the traction chain links, the static error of the
speed control system of the rotors of the motors of the master and slave electric drives [5-7].

In the course of operation of chain conveyors, emergency situations are possible, the causes of
which can be the intensity of the moving parts wear, increasing the pitch of the traction chains
hinges, which leads to the occurrence of shock loads in the traction body and failure of individual
elements of the conveyor [7]. Shock loads, periodically repeated and caused by wear and extension
of the traction chain lead to surge currents in the power part of the electric drive power supply,
which subsequently leads to overheating of the electric motor. Upon reaching a certain limiting
increase in the pitch of the traction unit, further operation of the chain transmission cannot be
possible due to a significant decrease in the safety factor of the chains, violation of the ease of
movement or disturbance of engagement of the chain joints with sprockets and cams of the
intermediate drives, which leads to frequent failures in the course of operation of the conveyor
traction body [8]. The progress achieved in the development of power semiconductor technology,
the creation of high-quality and powerful frequency converters using PWM modulation, the
introduction of high-speed and high-discharge industrial controllers made it possible to use
frequency-controlled AC drives for plate conveyors based on commercially available asynchronous
motors for the mining industry [9-15].

It should be noted that in the presented works dealing with studying and modernizing plate
conveyor operating modes, methods of solving the problem of load distribution between the master
and slave drives in a multi-motor plate conveyor by means of a frequency-controlled electric drive
are not considered. Based on the foregoing, it is relevant to solve the problem of load distribution
between the master and slave drives. The objective of this work is to develop mathematical models
that describe dynamic processes of the traction body and methods of load distribution between the
master and slave electric drives of a multi-motor plate conveyor by means of a frequency-controlled
electric drive, taking into account elastic properties of the traction body of the plate conveyor. The
moments of the master and slave frequency-controlled electric drives are taken as the input
parameters of the model.

Objective of the work: developing mathematical models describing the dynamic processes of
the traction body operation and methods of load distribution between the master and slave electric
drives of a multi-motor plate conveyor by means of a frequency-controlled electric drive, taking
into account elastic properties of the traction body.

1. Analysis of previously developed methods of solving the problem

In work [1] it was noted that the most acceptable method of control providing the reduction of
equalizing forces in the traction chain to minimum values is a combined one. The mismatch of the
rotation angles of the shafts of the drive chain sprockets is controlled, and at the same time, the
elastic elongations of the traction body on each span are compensated by working out the force
difference between the actual tension value at the end point of the inter-drive section and its value
corresponding to this load mode. The disadvantage of this method is that it is difficult to achieve the
accuracy of matching the rotation angles of the drive sprockets due to the difference in the
calculated geometric parameters of the structures of the electric drive and traction body parts and
components and the actual ones.

In the work by Dr. Engineering, Professor 1.V. Breido there was studied the automatic load
distribution system in the course of industrial tests of the SPM-128P face conveyor with a thyristor
electric drive, by stabilizing the speed on the master drive and the load moment on the slave drive
[2]. During the test, the ratio between the load current of the master drive and the load current of the
slave drive was 2:1. In this method there were used adjustable DC electric drives with sequential
excitation motors, which do not allow providing the required dynamic characteristics to compensate
for the elastic elongations of the traction body of the plate conveyor.



96 ISSN 1811-1165 (Print), 2413-2179 (Online) Eurasian Physical Technical Joumal, 2019, Vol.16, No.2 (32)

In the article by G. Babokin it was proposed to perform load balancing between the head and
end electric drives of the conveyor by separate control of frequency converters supplying
asynchronous motors (AM) of the head and end drives [8]. When considering the electric drive, the
law of frequency control was adopted with maintaining a constant flow of the AM; active resistance
of the AM stator was not taken into account in this version, and the load of the AM within the
working area of mechanical characteristics was considered. Under the difference between the
parameters of the head and end drives, their mechanical characteristics come from one point on the
frequency axis and have different slopes to the moment axis. The load distribution between the
drives is proportional to the rigidity of the mechanical characteristics. To equalize the loads of the
head and end drives, it is proposed to control simultaneously the rotational speeds of both drives
(AM): for the mechanical characteristic having a higher rigidity, down from the rated one, and for
the one with a lower rigidity, up from the rated one until the AM moments are equal (1:1). The use
of the variable frequency drive allows damping dynamic loads in a higher frequency region, which
is typical for plate conveyors. The disadvantage of this method is the equal predetermined ratio of
traction moments of the master and slave drives, which does not take into account the different
loads acting on the working and idle branches of the traction body.

Thus, to ensure constant conveyor performance with variable load per unit of length of the
traction body, as well as to distribute loads between the master and slave drives, it is necessary to
equip plate conveyors with frequency-controlled electric drives. Among the commercially available
electric motors in the CIS countries with an independent cooling system that provides high torque
characteristics in a wide speed range, there are known the FCAMs series [16].

2. Results of mathematical modeling of the traction body of the plate conveyor

Having reached the rated speed of movement of traction body (1), the conveyor begins to be
loaded with ore from hopper (2) (Fig. 1). When the traction body is fully loaded with the load (3)of
mass m, head master electric drive (4) starts working to move the loaded upper branch (6) of the
traction body, end slave electric drive (5) of the lower branch (7), respectively.
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Fig.1. Diagram of loading a multi-motor plate conveyor with ore

The elements of the traction body of the multi-drive conveyor (MDC) possess elasticity,
rigidity, inertiathe values of which must be taken into account when developing a mathematical
model that describes the dynamic processes that occur in various units of the MDC in the course of
its operation. To solve the problems of dynamics, the studied MDC units can be represented in the
form of separate inertial elements interconnected by elastic bonds. For transient processes (starting,
braking, speed change) it is necessary to take into account the effect of rotating and linearly moving
parts of the traction body, electric drive, and the load mass. To do this, there is used the method of
bringing all the moving masses to the shafts of the corresponding motors. The calculation formulas
are compiled for the complete bringing to the motor shafts the moments of inertia of the rotating
parts of the gearboxes, the moving traction body, and the load mass. The masses of the upper
branch of the traction-carrying body, sprockets and rotating parts of the first gearbox are brought to
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the rotor of the driving motor, the masses of the lower branches of the traction body, sprockets and
rotating parts of the second gearbox are brought to the rotor of the driven slave motor. Thus, the
conveyor is replaced by a two-mass system connected by elastic links of the lower and upper
branches. The diagram of a multi-motor plate conveyor with asynchronous frequency-controlled
electric drives is presented in Figure 2.

Cp M; Iy
Iltlll/ n)r
AAN— 22T
a'wt’_u *'I'/“Ci
€2 GEARBOX
1

M‘IDJ'

Fig.2.The diagram of a multi-motor plate conveyor with asynchronous frequency-controlled electric drives

The system of equations for the conveyor and the conditions under which the load is
distributed between the electric drives (limiting unreasonable dynamic overloads in the traction
body of the plate conveyor) is presented below:

d
Iy ;;1 =M ,p -M,-M,, _Clj-(a)l —a)z)dt+czj-(a)2 — )i M
dw,
JZ27:MAD2 _Mcz_czj(wz_a%)dt"‘QJ.(wl_wz)dt (2)
, . 1 R12
Is1 = et ¥ eaz) >—+Jun =(m,, +m,,) 2 +J 41 3)
rl 1 I”l
S| N
Iso=drr 77—t upy =My ——+J s 4)
2 12 r2
c=dP/de, at [Py(P,, (P 5)
M, =2M,S,,(S,/[(S] +S2)), at [M, (M, (M,.] (6)

2

where:

M ,,, 1s the electromagnetic moment developed by the first master electric motor;

M , is the static moment reduced to the shaft of the first electric motor;

M ,,, 1s the electromagnetic moment developed by the second slave electric motor;

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

M, is the moment of resistance forces from the mass of the load transported;

w,, w, are the angle speeds of rotation of the first and second electric motors, respectively;

Jy, 1s the inertia moment of the upper branch of the traction body taking into account the mass
of the load transported reduced to the master electric motor;

Js, 1s the inertia moment of the lower branch of the traction body taking into account the mass
of the load transported reduced to the slave electric motor;

¢,,c,are the coefficients of rigidity of the upper and lower branches, respectively;

J..,, are the reduced inertia moments of the traction body upper branch;

J..,, are the reduced moments of the transported load mass inertia;

"

J .. are the reduced moments of the traction body lower branch mass inertia;

7
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m,, ,m, are the masses of the upper branch and the load reduced to the radius of sprocket of

the master drive;

m,, 1s the mass of the lower branch reduced to the radius of sprocket of the slave drive;

m

i, , i, are the transfer ratios from the master and slave motors shafts to the corresponding

gearboxes;
Pis the conveyor traction body tension;

R, , R, are the radiuses of the master and slave drives sprockets;

M, is the torque developed by then-th drive;

M . 1s the critical moment developed by then-th drive;
&i 1s the relative deformation of the traction body on the i-th drive.

This system of equations simulates the operation of a plate conveyor that is represented by a
two-mass system with various inertial masses and moments of resistance. The inertia of the master
drive is determined by the transported inertial masses of the master drive, the traction body, taking
into account the parameters of the gearbox, as well as the flywheel masses of the asynchronous
motor. The inertia of the slave drive is determined by the masses of the lower branch, the
characteristics of the gearbox and the flywheel masses of the motor. The calculated resistance
values of the master and slave drives must be determined taking into account the effect of external
climatic conditions of operation.

It is known that the traction body rigidity directly depends on traction tension. From the first
condition ¢ = dP/de for ensuring the limitation of traction efforts it follows that rigidity (the elastic
modulus) of the upper branch of the traction body changes in the course of the conveyor operation
depending on the degree of loading the working branch. In the mathematical model for describing
the operation of the conveyor, the presented parameters:M M, .M., ¢ I (0 —w,)dt,

Im >
C, I (w, —w,)dt are variable. So with the passage of time, they change depending on the

characteristics of individual operating modes, the effect of external technological operating
conditions and other factors.

In the course of the conveyor operation, increasing the critical slip of the induction motor and
rigidity (the elastic modulus) of the traction body leads to a more uniform load distribution between
the drives. The electromagnetic moment of the induction motor is developed by the interaction of
the current in the rotor winding with the rotating magnetic field of the stator. The electromagnetic
moment is inversely proportional to the frequency of the current supply network:

M,,=N/w=(Nxp)/2x ) (7)

The moment of resistance forces from the mass of the transported load acting on the upper
branch of the traction body is determined by the following expression:

M, =cgllq,+q,) (8)

b

where:
c 1s rigidity (elasticity) of the traction body;
g1s acceleration of gravity;

4, 1s the linear mass of the traction body;
g, 1s the mass per unit of length on the traction body.
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In order to develop a simulation model of the traction body of a multi-motor plate conveyor
with a frequency-controlled electric drive, it is necessary to bring differential equations (1-6) into
relative units.After the corresponding transformations, there is obtained the system of equations of
the conveyor transfer function:

e =(M:D1—M:1—M;;)—% | (ai—w;‘)m% [[(@; -t ©)

102 My M) = (@ - e+ - [ (@ — iy (10)
d S I

where:

I = M’“ J, s the time constant of the first master electric drive;

nl

M, . . . o1
T, =—"1is the time constant of the moment of elastic oscillations of the upper branch;
@6

T, =—"% is the time constant of elastic oscillations of the lower branch;
@,,C,

n
@, . . o
T, =—"=Js,1s the time constant of the second slave electric drive.
Mn2
a)nl a)nZ

M M
I, = Jyy =2.155, T, =—"-=0.17s, [, =—2-=0.09s, T, =
M o, @,,C, M

nl n

Js, =1.43s

nl n2

Table 1.Specifications and time constants of the conveyor electric drives and traction body

Names of parameters
Type of
asynchronous Rated |Rated/max.| Rated | Rated | Rated Rated |RotorJ,|Cos ¢| Tiand Ty,
motor power, speed, | moment, [current,| voltage, | frequency, | kg/m* respect.
kW rpm Nm A \Y Hz
Head master 1450/
110 707 202 380 50 2.2 | 0.85 2.15
FCAM280S4 4500
End slave 1450/
FCAM225MA 55 4500 356 105 380 50 0.5 | 0.86 1.43
Conclusion

In this work there is substantiated the relevance of theoretical studies of plate conveyors with
the master and slave adjustable drives. An equivalent circuit for the traction body has been
developed and justified taking into account the flywheel masses of the electric motor and the gear
ratio of the gearbox.

The article presents the developed mathematical model in relative units that describes dynamic
processes of the traction body of the plate conveyor. Based on this model, the transfer function has
been constructed and the time constants of the dynamic moments and moments of elastic vibrational
forces of the working and idle branches of the traction body have been calculated. The developed
model can be used to synthesize a load distribution system in a frequency-controlled electric drive
of a plate conveyor.
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Based on the above-said, there has been proposed a method for ensuring load distribution
between the master and slave adjustable drives of the plate conveyor, taking into account
characteristics of its technical parameters and technological operating conditions.
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Last years the interest to energetically influence on material for the reason change their
characteristic remains stabiles high. The calculation of the oil material's individual particularities
show it is possible to change structure in necessary direction using shock influence without observable
external energy expenses. As such influence, for controlling structure of material used electro-hydro-
impulse influence on the oil. It is can be reached easy to increase of regulate nuclear structure using
this effect. Results of properties study of the heavy oil from the Karazhanbas field, which was subjected
to electro-hydro-pulse discharge for the purpose of demetallization, are presented.

Keywords: oil asphalten, polycyclic systems, quantum-chemical calculations, semi-empirical
approximation PM3, electro-hydro-pulse processing.

Introduction

Oil asphalt is the most highly condensed, highly aromatized part of heavy oil. The average
number of aromatic cycles is 4-7, cycloparaffinic 1-2. Alkyl substituents are short and medium C,
— C¢. Identified heterocycles of oxygen, sulfur, nitrogen, sulfides, ketone, phenolic, alcohol,
carboxylic acid groups, porphyrin and non-porphyrin complexes, as well as quinoid cycles and
lactones are present in oil asphaltene. In [1], it was shown that polycyclic systems provide
stabilization of unpaired electrons, the source of formation of which are broken bonds in the
boundary atoms of condensed carbon. The concentration of paramagnetic centers in high viscosity
oil (HVO) was previously determined in [1], the concentration of free radicals is 1.1x10"" spin/g,
the EPR line width (AH = 0.43 Er). However, the EPR showed us only the total amount of free
radicals in the HVO and did not allow us to identify them.

1. Statement of the problem

Quantum-chemical calculations of the ground state of the asphaltene molecule were carried out
non-empirically in the limited version of the Hartree-Fock method (RHF method) in the 3-21G (d)
basis with geometry optimization in the semi-empirical approximation PM3 (Gaussian 03 software
package) [2]. The asphaltene molecule has an extremely complex structure. Figure 1 shows the
structural formula of the petroleum asphaltene molecule.

Fig. 1. The structural formula of the oil asphaltene molecule [1]
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The spatial configuration of asphaltene includes aromatic, cyclic and heterocyclic rings and, as
can be seen from Figure 2, the right and left parts of the molecule are oriented relative to each other
at an angle of ~ 45-50 °. The numbering of atoms corresponds to the model for semi-empirical and
non-empirical calculations. The optimized PM3 structure was used for calculations in the basis of 3-
21G (d), because the presence of a sulfur atom in the molecule requires d-orbitals to be taken into
account, which is possible in the framework of non-empirical calculations. Therefore, further
discussion is carried out using the calculation data by the RHF/3-21G (d) method.

One of the further transformations of asphaltene is the hydrogenation of a molecule. Since the
hydrogenation reaction is stepwise, for a preliminary study we considered the direct addition of a
hydrogen radical (atom) to asphaltene. The hydrogen atom is an electrophilic reagent. Its
attachment to the studied molecule should occur, apparently, to the unsaturated aromatic part of
asphaltene.
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Fig.2. Mutual orientation of a part of a petroleum asphaltene molecule

To determine the direction of attack, the approximation of boundary orbitals was used. Figures
3 and 4 show the HOMO (upper occupied molecular orbital) and LUMO (lower unoccupied
molecular orbital) asphaltene, respectively.

The orbital energy of the hydrogen radical is 0.11747 a.u. The LUMO energy of asphaltene is
equal to 0.06663 a.u. A small difference in energies suggests the interaction of these orbitals.
However, due to the smallness of the energy intervals, nearby orbitals can also interact with the
attacking electrophile. Consequently, the number of atoms - centers of attack may be greater.

2. Discussion of experimental studies results.

We calculated the change in the energy of the system as the hydrogen atom approaches the
C10 reaction center (selected taking into account the large weight coefficients of the molecular
orbital) of the molecule with a step of 0.5 and 0.1 A. The electronic configuration of the asphaltene
- hydrogen radical system contains 313 electrons, of which, according to a non-empirical
calculation, 157 electrons with alpha spin and 156 electrons with beta spin, which corresponds to
156 double and one once filled molecular orbitals, are shown in Figure 5.
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Fig.5. Schematically presented mechanism of filling with molecular orbitals in the calculations
according to the ROHF method.

Due to the choice of the ROHF / 3-21G (d) calculation method, the problem of the purity of the
spin state did not arise. The degree of purity of the spin state was estimated by the value of the
square of the spin, which is 0.75 for the doublet. Figure 6 shows the surface profile of the potential
energy E of the petroleum asphaltene hydrogenation reaction. From Figure 6 it is seen that the
energy rises with a decrease in the distance between H and C10 to 1.4 A, then drops and rises again.
At 1.2 A, a minimum is observed corresponding to the formation of a new oil radical.
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Fig.6. Surface profile of potential energy of petroleum asphaltene hydrogenation reaction.
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Thus, the recombination of petroleum asphaltene with a hydrogen atom, which is a type 1 free
radical, will obviously occur in places of excess spin density. When trying to quantum-chemical
calculation of such a system, optimization of the geometry will lead to the opening of the
heterocycle. Heavy oils, bitumen, oil residues differ from ordinary oils and oil products in the
increased content of heavy metals (vanadium, nickel, iron, copper, molybdenum), sulfur, nitrogen,
asphaltenes and resins [3]. Heavy metals (vanadium V, nickel Ni) adversely affect the quality of the
target product and make it difficult to process, therefore demetallization of heavy oil residues and
HVO is an important stage before their further processing [4]. The results of experiments with
heavy oil from the Karazhanbas field, which was subjected to electrohydropulse discharge for the
purpose of demetallization, are presented in Table 1.

Table 1. High viscosity oil demetallization of the Karazhanbas field, heavy oil is pre-processed using
electrohydropulse discharge

The degree of The degree of
Raw materials, products Ni, Vv, demetallization of high | enrichment of the solid

processed by high viscosity oil g/t g/t viscosity oil, % residue, %

Ni A% Ni A%
HVO of Karazhanbas field 65-70 320
Fraction of HVO under Thoiling™ 30 60 73 65
300 °C
Solid residue 480 650 4.3 3.8

Conclusion

The results of the HVO demetallization and the HVO fraction above 300° C (Table 1), are
showed that the degree of demetallization for vanadium is 65%, for nickel 73%, the enrichment of
the solid residue for vanadium increased by 3.8%, and for nickel 4.3%, respectively. The
accumulation of heavy metals by a substance in the solid phase can occur due to complexation with
chemical active groups (OH, COOH, SO;, NH,, etc.). Nickel and vanadium metals in the BBH of
the Karazhanbas deposit are contained in porphyrin and non-porphyrin complexes, which form the
basis of oil asphaltenes [5]. The above quantum chemical calculations confirm that the
hydrogenation reaction of petroleum asphaltene and the demetallization process begin with an
attack by a hydrogen atom (type 1 free radical) of a polyaromatic heterocycle that contains a sulfur,
nitrogen or oxygen atom.
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Mathematical modeling of thermophysical processes in an electric arc of high-current
disconnecting apparatuses leads to a boundary value problem for an essentially loaded heat conduction
equation. Taking into account the transience of such phenomena, in some cases only a mathematical
model is able to give adequate information about their dynamics. The mathematical model in the form
of the boundary value problem is reduced to the Volterra integral equation of the second kind, as a
result, we have that the solvability of the boundary value problem is equivalent to the solvability of the
reduced integral equation. Thus, there is a need to study the reduced integral equation. The results of
this study (various representations and properties of the kernel-forming function in general case and
the types of the kernel of the integral equation in special cases) are presented in this article. The article
is focused at physicists and engineers, as well as scientific researchers engaged in the practical
applications of loaded differential equations.

Keywords: thermophysical processes, electric arc, loaded heat equation, boundary value problem,
reduced integral equation, kernel of an integral equation.

Introduction

The modern trend in technology to use super-strong and super-weak currents in many electrical
devices leads to the need to study phenomena outside the usual current range. When switching
electrical devices or overvoltage an electric arc may appear in the circuit between the current-
carrying parts [1]. To ignite the arc, you either need to overcome the breakdown voltage of the
medium between the electrodes, or break the electrical circuit.

The occurrence of an electrical discharge in the form of an electric arc in an uncontrolled
environment, as in the case of an arc flash, can lead to injury, fire, equipment damage, and other
accidents. These are, first of all, contact switching devices used in power supply and electric drive:
high-voltage switches, circuit breakers, magnetic starters, contactors, sectional insulators on the
contact network of electrified railways and urban electric transport, etc.. When disconnecting the
loads of the above mentioned devices or breaking the electrical circuit, an arc arises between the
opening contacts [1].

Experimental studies of such phenomena are complex and burdensome due to their temporal
short duration, therefore, in many cases, only a mathematical model can give necessary and
adequate information about their dynamics [1]. During the burning of an electric arc a lot of heat is
released, a burning temperature of the electric arc reaches values of more than 3000 degrees
Celsius. In high-voltage circuits, the arc length reaches a meter or more. As a result, there is a
danger of harming human health and damage to equipment, as well as damage to environment.

Thermo-physical processes in the electric arc of high-current disconnecting devices are
described by the physical model, the mathematical interpretation of which is the studied problem
(1) - (3) [1], [2]. The formulation of the boundary value problem (1) - (3) is as follows. In the
domain Q ={(x,7): xe (0,0); e (0,00)} the essentially loaded heat equation is investigated
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where u =u(x,t) is an unknown function. #, A u k are numerical parameters, and 0< <1,
k
AeC, k=0,12.. l-a—ff is a loaded summand, f(x,?) is a known function defined in the
x=x(t)

domain €. The load point moves according to a given law x = x(¢) for 7€ (0,0), and the initial
condition

u(x,0) = g(x), )
a boundary condition

u(0,1) = h(z) 3)
are given. Functions g(x) and A(¢) are given at x € (0,o0) and ¢ € (0,0) respectively.

The mathematical model in the form of the boundary value problem (1) - (3) is reduced to the

Volterra integral equation of the second kind, as a result of which the solvability of the boundary
value problem is equivalent to the solvability of the reduced integral equation.

1. Reduced integral equation

When finding solutions to the boundary value problem (1) - (3) for a essentially loaded
differential parabolic equation, the necessity naturally arises to study the Volterra integral equation
of the second kind of the following form

uO=2-] K (t,0)- u(x)-de=F0), “

where A€ C is the numerical parameter of the equation, F(¢) is the known function defined on the
interval (0,e0), (¢) is the desired function. The kernel K(z,7) of the integral equation (4) has the
form

K(t.o)= 200D (5)
ox 0
where
O(x,t—17) = x” -exp(— x J-P(x,t—r), (6)
2t 1) At —71)

and x = Xx(¢) is the given function with 7€ (0,o0), k is the order of the loaded term (k£ =0, 1, 2...),
14(z) is the order of the loaded term.

2. Various representations of the kernel-forming function QO(x,z—7) and special
cases of the kernel K(z,7)

The function Q(x,¢—7) defines the kernel of the integral equation (4), and besides

Q(xat - T) = KO (X,t) .
As it is known, a type (a form) and the properties of the kernel play an important role in the
question of solvability of the integral equation and dictate the methods of investigation of the
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integral equation. We calculate the function Q(x,7—17) in general form and the kernel K(z,7) in

special cases and present their various types (interpretations) that will be used to determine the
properties of the kernel and in the further study of the original boundary value problem (1) - (3).
1) Taking into account that [3]
2n

- ) 3 c = 2n+a+v) | ¢
!x exp( px)[v(cx)dx— o Z '(V+l) ( j R

2"r-pr IT'(v+)" ' 2p”

when Re p, Re(a+v)>0;r >1, where

v+, =1, @+, =@W+DV+2)--(v+n), n=1,2,3,..

are Pochhammer symbols, 7'(z) is the gamma function, from (6) we receive the following
representation for the function Q(x,7—17)

Y’ 1 x° - 1 x )
et ‘(EJ F(B+)i—1) 'exp(_ 4(r—r)j; B0, () (EJ - ®
We calculate K(z,7) (5) for k£ =2. To do this, we find K(¢,7) for k=1
X X’
Koy, =K 0D = ey eXp(_ 4(t—r)jx
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Further, we obtain K(¢,7) for k=2
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2) For the function Q(x,f—7), another a relation can be obtained using the integral
representation of the modified Bessel function [4]

B
(2) j (l_tz)ﬁ% ~exp(t zt)dt Re[ﬂ+%j >0,
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when |arg V| < % , Re i > 0; the relationship [5]
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0

where a, 1, Re p >0, and the ratio [3]

I5(2)=

the equality [4]
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[ e -2 explens) {”f (“)} -

0 erfc(cx)
a+2p-1
_ 44 CB(OH_I,pj-Z Fz(l,a+l;§,p+a+1;azczj+
N 2 2 72 2

0] g*+2r=2 a j (0( a , 2)
+ Bl—,p| F|—;—+p;ac
{1} 2 (2 A CE R

+
for a, Rep>0; Rea>—%,where

2 ¢ e
erf(z)=—=|e" dt,
N
18 the error function, moreover
2 %
erfe(z)=1-erf(z)=—=|e™" dt;
7
B(z) is a beta function;

= (@), la,), 2
qu(al,...,ap,bl,...bq,z)_kz_(; b)), I (10)

is a generalized hyper-geometric function,

=

k:b

abzz

an

is the degenerate hyper-geometric function.
After using the above equalities, the relation (7) takes the form

By _ -8 B+2 2
Pt —1)= g D X G122 a2 ] 2
227 r(B+1) 227 r(B+2)t-1)” 272 4t-7)
Substituting (12) into (6), we obtain the following representation for the function Q(x,t —7)

2 x28 1
Q(x,t—f)—exl{‘ 40_1)}'[2wr(ﬂ+1) o

B+2

28+2 2
i 2B+2 : 1 +1 ) F2 lﬂéaza 9 al > (13)
272 r(B+2) (t-1)° 272 A4t -1)

2°2 At -1)

32 L = 3 ! ’ x n
ze(l’E’z’ﬂ+2’4(t—z')) ; (B+2), (40—7))

and substituting the obtained relation in (13), we obtain the representation for the function

Q(x,t—17) in the form
2 x28 1
o= - e e

2
3) Using (10) to find the function , F’ (1 3,3,ﬂ+ i j

25+2 1 oo 1 xz "
PG 0P & (), '(4(r—r)j } o
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Now we calculate K(¢,7) when k =2 using a sequential differentiation of (14).

x*f X’
K, T\ =K, (t,7)=————exp| - X
( )|]§=§?<r> 1(6:7) 22— TV -0

1 [p = 1< 7 I %
X{F(/ﬂl)[f 4(t—f)}_rF(ﬂ+2);22"*2(ﬂ+2)n(t—1)"“ o) 4@_1)}'
For O(x,t—1)(13), (14) the kernel K(¢,7) when k =2 has the form

K@Dl =K, (1.7) = S G S
kz o 928+ (—T)ﬁ” p 4t-1)

r(B+1)| 2(t-1)

o —2n B —4

X 4(n+ﬂ)+5_2
F(ﬁ+2 2 Ay oo |80 au—p © TArnIR (ﬂ+n)+1)}}. (15)

4) If we use relation [3] to calculate function P(x,z—7) (7),

X{ [ R _4/3_“4/3’(2/3’:21)@—7)}i
X

T x*! exp(— px’ ) I,(cx)-dx =

0

when Re p, Re(a+Vv)>0; < ,where
- F(a;‘/j a+v c’ 2p)! c’ c’
A =27 p 2 a vl |, A7 =2 x| v,
v+l 2 4p c’'r'(v) 4p 4p
y(v,x)=T(V)-T(V,x)= j e dt (16)
0

is the lower incomplete gamma function,

I'(v,x) =j "7 edt

is the upper incomplete gamma function, then from representation (7) we obtain

2(t—71) x° x’
P(x’t_f):xﬂ-r(m'exp(ét(r—r)j'y(ﬂ ’4(r—r>j' o
Substituting (17) into (6), we calculate Q(x,¢—7)
1 x°
Ot =)= y('g’4(t—r)j' (18)
After calculations, we have
KDt =K (60 =— 7 -exp(— X j
B AV B A (R 4(t-1)

Next, we calculate the kernel K(z,7) when k=2 for the integral equation (4) by making
similar calculations,
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5252 %2 %2
K(t,t -exp| — 128—-1- . 19
N0 = By oy Xp( 4(r—r)] [ / 2(t—f>} 4
5) Using (16), (18), the function Q(x,z —7) can also be represented as

1 x?
Q(X f—T) I—T'B) F(ﬂ, 4(Z_T)J (20)

Obviously, the kernel K(z,7) when k =2 has the form (19).
6) Taking into consideration the ratio [3]

14

YV, x) = F(viv+1;-2)
1%

and relation (11), we transform the representation (18) to the form

~ 1 -n (%Y
O(x,t—1) = ) 22ﬁ(t = ZO Brnyn (40_7)]. Q1)

Next we compute the kernel K(z,7) under the condition k =2

K(t, 7))

-D"-Cn+D(n+1) _,,
=0 22’“F(,6’)(t 7’ z(/i’+n) -z 2" 22)
7) Taking into account that [3]

yv+l,z)=v-yVv,z)—z"e ",

we obtain from (18) for the function Q(x,¢—7) a representation in the form [6]

! x’ Y -5 x°

Since (23) is obtained from (18), the kernel K(¢,7) when k =2 has the form (19), as you can
see by direct differentiation.

3. Properties of the kernel-forming function Q(x,7—17)

We list some properties of the function Q(x,f—17), necessary for our research.
1) The function Q(x,#—7), 0 <7 <t <o, is continuous function.

2) The function Q(x,t—7)20, 0<7 <t <oo [1].

3) For function Q(x,f—7), an estimate

2

B
! ( al j (24)
I'(B+1) | 4(t-1)

takes place. The estimate (24) can be obtained in two ways: from the representation (18) and from
the representation (8) for the function Q(x,t—7).

4) For the function Q(x,¢—17), there is an inequality

1 X 26 x2
=D < L B a1 [EJ exp(_ 41 r)] *

1 ¥ 28+2 )C2 1 x 25+4
TB - (Ej exp(_ 4(t—r)jir<ﬂ+2)(r—r)ﬂ“ (EJ - )

This inequality (25) is received from the representation (14) of the function Q(x,t—17).
5) The following integral representation

O(x,t—7) <
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( 1 x° x° x°
v([ Q(X,t—T)dT—Tﬂ)'[l"y(ﬂ,4—tj+7'[{ﬂ—l,4—tjj|. (26)

holds for the function Q(x,t—7). The relation (26) is derived from the representation (18) for the
function Q(x,f—7).
6) The function Q(x,t —7) satisfies the following relation

11_I>IOlJ. O(x,t —7)d7 =0. Q27)

In fact, passing to the limit as # — 0 in (26), we obtain the desired relation (27).
The required ratio (27) for the function Q(x,z—7) can be obtained in a simpler way, for this

t
purpose the limit linolj O(x,t —1)d7 is calculated using the estimate (24) [7].
0

Here we have presented those interpretations (8), (13), (14), (18), (20), (21), (23), properties
(24) - (27) functions Q(x,t—7) in general case and types (9), (15), (19), (22) of the kernel K(z,7) in
particular cases, which are most convenient in studies of the integral equation (1), and, consequently,
in further studies of the boundary value problem (1) — (3) for various specified values of parameters
and for a specified law of motion x = x(¢) of the load point.

Conclusion

1. For the boundary-value problem (1) - (3) where x(¢)=t“, we R, in [1] solvability issues
were determined and solutions were obtained in cases, when k£ =0 and k£ =1 for any values of @,

and when k =2 for a)<%.

It is known that the boundary-value problem is completely investigated if solvability issues are
determined and solutions are obtained for any parameter values from the domain of their
determination.

2. As we have shown in [1], the solvability of the boundary value problem (1) — (3) is
equivalent to the solvability of integral equation (4). It was also shown in [1] that in case k =2 for

= 5 the integral equation (4) is a special Volterra integral equation, which requires a specific

research. In the study of the special Volterra integral equation of the second kind, the following
tasks are set: to investigate its solvability, and to investigate spectral questions for this special
Volterra integral equation of the second kind [8], [9]. The shape and type of the kernel determine
how to solve these problems.

3. In the general case, when solving mathematical models of applied problems that describe
physical, mechanical, and other processes or phenomena, preference is given to obtaining an exact
analytical solution in comparison with graphic, approximate, experimental, and other solutions.

Thus, before investigating the solvability issues and obtaining analytical solutions for the

parameters k& =2 in the case @ = % , as well as in the future for £ =3, 4...., when we R, due to the

bulkiness of the kernel (2) of the integral equation (1), it is necessary to carry out mathematical
calculations that simplify the further study of the boundary value problem (1) - (3).

These mathematical calculations, representing various representations and properties of the
kernel-forming function Q(x,t—7), are carried out in general case, and the kernel K(x,f—7) is
calculated in the special cases for further research to obtain an analytical solution of the boundary
value problem (1) - (3) for the remaining parameter values.
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M.L. Ramazanov [2] completely investigated boundary value problems for this essentially
. . 1 . .
loaded heat equation in the special case [ = 5 In contrast to these previous studies on the theory of

loaded differential equations, in this paper boundary value problem for the essentially loaded heat
equation (1) is considered in an unlimited domain in the general case with 0 < S <1.
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SUMMARIES TYCIHIKTEMEJIEP AHHOTAIIUA

Ilomanoe A.A., Ilaxomoe A.A., [lomanoe A.A. (kiwi), Ilomanoe B.A.

Mapc OeTiHIH ONTHKAJIBIK TEKCTYPAJIBIK KeCKiHAepiHiH aFbIHAAPBIH Po0ACTBI KeNncTpaiblik (pakTaabl-
TOMOJIOTHSIBIK dIiCTepMEH OH/IeY.

JKyMBICTa KEeCKIHIEp/iH camackl MEH alKbIHIBUIBIFBIH JKOFAPBUIATY MaKCATBIHAA OJIAPIBI CAHABIK OHJICY JICTEepiH
KOJIJaHy HOTWXKeJepi OepinreH. Onic MapuHep xoHe BHKHMHT aMepHKaHIBIK TaHBIMAll CEpIKTEpIMEH jKacallFaH
MapcuaHpIK KpaTepiepaiH CypeTTepiH OHIeYAe KOMIaHbUIFaH. OHICNTEeH CypeTTep i KO30€H IIOJBIN TaIIaybl OYPHIH
Oenrici3 jkaHa OeMNIIeKTep i aHbIKTayFa MyYMKiHAiK O6epai. Cypertep Famamropnan anbiHabl. ¥ CBIHBUIFAH 9MICTEP KOII
apHaITBl [a0BUIIApabl OepiIrimTep MaTpUIIaChIMEH OHIEYTe KOIaHyFa 00IaIbl.

ITomanoe A.A., Ilaxomos A.A., [lomanoe A.A. (ma.), [lomanos B.A.

O0padoTKa Po6ACTHBIMH KeNCTPAIbHBIMH (PAKTAIBLHO - TOMOJOTHYECKHMH METOJAAMH NMOTOKOB ONTHYECKHX
TEKCTYPHBIX H300paskeHUii moBepxHocTu Mapca.

B paboTe mpeacTaBieHbl pe3ynbTaThl IPUMEHEHUS METOIOB IIU(POBOI 00pabOTKH M300pAKEHUH C LIEIBIO MOBBIIICHUS
X KavyecTBa M pa3bopumBOCTH. MeTOon MpUMEHEH Jiisi 0OpabOTKM CHHUMKOB MapCHaHCKUX KpaTepoB, CICIAHHBIX
U3BECTHBIMH aMEPHKAHCKMMHU CHyTHHKamMu MapuHep W Bukuar. BusyanbHblli aHanm3 0O0paOOTaHHBIX CHHMKOB
MMO3BOJISICT BBIJCIUTh HOBBIC paHee HeM3BecTHBIC nerann. CHUMKH MOMy4YeHbl u3 MHTepHera. Pa3paboTaHHbIC METOIBI
MIPUTOIHEI JUIst 00pabOTKH MHOTOKAaHAIILHBIX CUTHAJOBMATPHUIICH JATYHKOB.

Ceniomys B.T., Bumsa3zw I1.A., Banvkoseuu H.B., Xeiigpey M.JI., Konmaroe A.T.

BopapiH KyOTHIK HUTPHAIHIH HAHOKYPBLIBIM/IbI KOHE MUKPOHIbI YHTAKTapMeH MOIU(HUKALUSIIAHFAH KIHE
JKOFApbl TeMIepaTypa MeH MKOFapbl KbICBIMAAQ OHJEJreHHeH KeiliHri e3mirineH 0adKUTBIH KOCHAHBIH
KYPbUIBIMbI MEH KACHETTEPIH 3epTTey.

JKorapsl KpICBIMIA JKOHE JKOFaphl Temmeparypaaa KyoTteik BN (cBN) Hanoemmemai jkoHE MHKPOHIBIK YHTaKTapMeH
micipinren [1I'-CP4 e3xirineH OaTKUTBIH KOCITAHBIH KYPBUIBIMIBIK €PEKIICIiKTepi MEH MKUPOKATTHUIBIFEI 3€PTTENTEH.
DKCIIEPUMEHTTEP HETI3IHAC JKOFaphl KHICBIMMCH JKOHE JKOFaphl TeMIIEpaTypaja ©HICY PEeKUMIEpi aHbIKTaiaraH. EH
JKOFaphl MHKPOKATTBUIBIKKA M€ MaTepuall KaiublnTacaThlH ¢BN HaHOKYPBUIBIMABI KOCIIACKIHBIH ONTHMAJIBI KYpaMbl
aHBIKTAIIB. MUuKpoHABIK emmeMai cBN Kocmara me MaTepHANIABIH MUKPOKATTBUIBIFBI HAaHOKYPBHUIBIMIBI cBN 6ap
YIITiIepAiH MHUKPOKATTBUIBIFBI 1,5—2 ece TOMEeH eKEeHITrT KOpCeTiIreH.

Ceniomys B.T., Bumsa3zw I1.A., Banvkoseuu H.B., Xeiigpey M.JI., Konmaroe A.T.

H3yyeHne cTPYKTYPHI U CBOICTB caModuIiocylolerocs criaBa mocje MoIuGpuUUPOBaHUs HAHOCTPYKTYPHBIM U
MHMKPOHHBIM NOPOIIKAMHU KyOH4YecKOro HUTpHIAa Oopa M 00padoTKM NPH BLICOKOM [aBJEHUUHM BbICOKOI
TemIeparype.

HccrnenoBaHbl CTPYKTYypHBIE OCOOCHHOCTH M MHKPOTBEPAOCTH CIIEYCHHOTO IIPH BBICOKOM JaBJICHWHM M BBICOKOU
TeMIiepatrype ¢ no0aBlieHHEM HaHOpPa3MEPHBIX M MHUKPOHHBIX MOpPOIKOB Kyondeckoro BN (cBN) camodumocyromiero
HukeneBoro cruaBa II-CP4. Ha ocCHOBaHWM JKCIIEPUMEHTOB YCTAHOBJICHBI PEXUMBI OOpPAaOOTKHA TMOJ BBICOKHUM
JIaBJICHWEM M BBICOKOI Temmeparype. OrnpeneneHo onTUMaIbHOE COoepkaHue a00aBKH HaHOCTPYKTypHOrocBN, mpu
KOTOpOM(pOpPMHUpPYETCSl MaTepral ¢ HauOousbIIell MUKpOTBeprocThio. ITokazaHO, YTO MHKpPOTBEPAOCTh MaTepHaia C
nobaBkoit ¢cBN MukponHoro pasmepa B 1.5-2 paza Hmxke, yeM Uil 00pa3lioB C TakUM K€ COJEpKaHHEM
HaHOCTPYKTypHOTro cBN.

Aitmyxanoe A.K., 3eithudenoe A.K., Unvacoe b.P., K., 3a6zopoonuii A.B., Ilazvin b.M.

KobanbT drasonnanui KaGbIKIIACKIHBIH (POTO-3J1eKTPPU3NKAIBIK KAaCHETTEPIH 3epTTey.

Makanaga ko6ansT ¢ranonuanuHiHiH (CoPc) KaTThl KaOBIKIMIAAaFel XoHE HAaHOJEHTAMAFhl (HOTO-IIIEKTPOPUIUKAIIBIK
cUTIaTTaMaJlapblH 3epTTey HoTMXeNepi yeoiHbuFaH. CoPc KaTThl KaObIKIIackl TOK OTKi3rim 0eTi 6ap TtecenimTeri [TO
(MHIUH-Kamaibl OKCUII) BaKyyMIarbl TEPMUSUIBIK Oyiany oficiMed anbiaabl. CoPc HanoneHntanapel TG-PVD omicimen
Oy (a3zacelHaH TYHABIPY apKbUIbl aNbIHABL BoabTammepriik cumnarramanapasl emmey (BAC) mortenmumocrar-
rasbBaHocTaT P20X KeMEriMeH CBI3BIKTBIK OpICTETY pekuMiHAe Kypridinmi. Kemik KHHETHKAcHIH KOHE
TaCBIMANIAYIIBUIAPIBIH  PEKOMOMHAIMACHIH 3epTTey P45X wumnenmancMerpinze xyprisumreH. KyH coymneciHiH
uMuTaTOpHI petirae 100MBT/cM” TeH 3epTTey aKpKbIHIBLIBIFEIHA HE KCEHOH IaMBI KOJIAHBUIIbI.

Aitmyxanoe A.K., 3eitnuoenos A.K., Hnvacoe b.P., K., 3aszopoonuit A.B., Ilazn b.M.

HccnenoBanue ¢oTo-3/1eKTpoPU3NIeCKUX CBOMCTB MUIEHKH (PTATONUAHUHA KOOAJIbTA.

B cTaThe mpencTaBiICHBI Pe3yNbTATHl HCCIEAOBAHUS (HOTO-IMEKTPOYUINICCKUX XAPAKTCPUCTHK B TBEPIOW IUICHKE U
HaHoJieHTaX (pramonmannna kobanbTa (CoPc). TBepnas uienka CoPc Ha MOAIOKKE C TOKOMIPOBOASIIEH MOBEPXHOCTHIO
ITO (oxcma mHIMA-0JI0BA) OBUTA TIOTy4YeHA METOJIOM TEPMHUYECKOTO McmapeHus B Bakyyme. Hanonmentsl CoPc Oblmm
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TIOJIYIEHBI OcakIeHneM u3 mapoBod (a3l MetomoM TG-PVD. M3Mmepenus: BoidbTaMIepHBIX XapakTepucTuk (BAX)
MIPOBOMIIMCH TIPY TIOMOIIM MOTEHIMOCTaTa-rambBaHoctara P20X B pexxume TUHEHHOW pa3BepTku. McciemoBaHue
KHHETHKH TPAHCIOPTa W PEKOMOWHAIIMK HOCHUTEJCH MpOBeAeHBI Ha mMmiemancmerpe P45X. B kavecTBe mMuTatropa
COJTHEYHOTO CBETA HCIIONb30BaHA KCCHOHOBAS JIAMITA C HHTEHCHBHOCTHIO H3yUeHHs paBHoit 100MBT/cv’.

Hlapunoe M 1L, Xaiiumos /1.3., Puzokynoe M.P., Hcnomoe Y.H., Paynoea U.b.

MarHuTTi KOMIeHcanMsi HYKTeCiHiH MaHbIHAarbl TepOMii (eppUT-rpaHATTBIH JOMEHAIK KYPBLIBIMBI KJHE
MAarHuTTiK KacuerTepi

Maruutoontukanblk onmicieH TbiFesO;, ¢eppur-rpaHaThIHBIH KYKa MOHOKPHCTANABI IUIACTUHACHIHBIH JOMCHIIK
KYPBUIBIMBI OyJI (heppHMAarHeTHKTiH MarHUTTiK kKomneHcamus 1, = 248,6 K HYKTeciHe >KaKbIH TeMIIepaTypaiblK
aliMakTa 3epTTeNTeH. YJTiHIH TeMIepaTypachblHbIH KOMIICHCAIIUS HYKTECiHE JKaKbIHIaraHIa IOMEHIEpPIiH CHi
adTapibIKTail eceTiHi, T = T, Ke3ae akpIpFbl OOJBIN KAJNATBIHIABIFEI KepceTinreH. TeMmepaTypa MeH CBIPTKBI MarHuT
OpICiHIH e3repyl Ke3iHIe AOMEHIIK KYPBUIBIMBIHBIH KalTa KYPBUTYBIH BU3YyaIIbl OakpuTay HETi3iHAE YITiHIH Kem
JIOMEH]TI JKOHEe MOHOJOMBI (OIpTEeKTI MarHUTTENTeH) KYHIepi apachlHIAFbl MIeKapaHbl aHBIKTAUTHIH MarHUTTIK H-T-
JUarpaMMa TYPFBI3BUIFaH.

Hlapunoe M.1LL., Xaiiumos /1.3., Puzokynoe M.P., Hcnomoe Y.H., Paynoea U.b.

JloMeHHas1 CTPYKTypa H MATHUTHBIE CBOMCTBA TepOHeBOro (peppura-rpaHaTa B OKPECTHOCTH TOYKH MATHUTHOMH
KOMIIEHCAIHH.

MarHuTOONTHYECKAM METOAOM HCCICIOBaHA JOMEHHAas CTPYKTypa TOHKOW MOHOKPUCTAUTHUCCKOW IUIACTUHKU
deppura-rpanara  TbsFesO;, B TemmeparypHoit o0nacth BOJMM3M TOYKM MArHUTHOH KOMIICHCAIIMH OTOTO
¢deppumarnernka 7, = 248,6 K Ilokazano, 4To Tpu TPUOIMKCHHH TeMmIepaTypsl oOpas3iia K TOYKEe KOMIICHCAIHH
IIUpUHA TOMEHOB CYIECTBEHHO PACTET, OCTaBasch kKoHedHOW mpu T = T,.. Ha ocHOBe BU3yaJbHBIX HAOMIOICHUN 3a
MEPECTPONKON TOMEHHOW CTPYKTYpPHl IPH HM3MEHEHHHM TEMIIEpPaTyphl M BHEIIHETO MAarHWTHOTO IIOJIS IOCTPOEHA
MarHuTHasg H—T-puarpamma, OTpeNeNsoniasl TPAaHUIy MeEXTy MHOTOJOMEHHBIM H MOHOIOMEHHBIM (OIHOPOIHO
HaMarHWYEHHBIM) COCTOSTHUSIMU 00pasIa.

HKOpoe B.M., I'onuapenxo B.U., Bacunvee C.JIL., Imumpues C.A., IOpzencon C.A.

Hoaumepai KOMIO3UIMAIBIK MaTepHaJl KYPbLIBIMBIHBIH 63TepyiH ecenTeyilll peHTreHaik ToMorpadus anicimen
JKCINEPUMEHTTIK TYp/e 3epTTey.

Makanaga ecenrteyilll peHTreHIIK ToMorpadus oMiCiH KOJJaHy HETi3iHIE CTaTHKANBIK JKYKTEME dcep ETKEHe
TIOJIMMEPITi KOMIIO3UIMSIIBIK MaTepHAIIABIH KYPBUIBIM KYHiHIH e3repyiH Oaranay aaicreMeci YCHIHBUIFaH. JKYKTeMeHIH
OacTarnkpl caThUIapbIHIa KOMIPIUIACTHKAIBIK YJTUIEp YIIH KYPBUIBIMHBIH ©3TepYiH Taljay HOTHXKeJepi KeNTipiireH.
Y CBHIHBIIFaH 3epTTEy dIiCTEMECi KYII ocepi Ke3iHJeTi KapbIKIaKThIH JaMybIH OarajiayFa FaHa eMec, COHBIMEH Katap
KYKTEeMEHIH OOJybl MEH JIeHTeiiHe OaiIaHBICThI MaTepuajiaFrbl e3repicTepai Tanmayra na MYMKiHIOIK Oepeni. OnxaH
0acka, op TYpJi TEXHOJOTHSUIIBIK YAEpICTep Ke3iHIe MaTepUaNIbIH 3aKbIMIAHYJIApAbIH >KHHAKTATybIHA OCHIMIIIITiH
CaJIBICTBIpPyFa MYMKIHIIK O€pETiH CaHIBIK TTapaMeTpiiep eHri3uiai. ChIHaK 3epTTEYIiH abIHFaH HOTH)KeTepi YChIHBUTFaH
omicTeMe MaTepUaIbIH KYKTeMeIeri TOpTiOiH JKOFaphl JANIIIKIICH Talfay JKYpri3yre »oHe MaTepHual MEH TOCeyiH
KapacThIPBUIBIN OTHIPFaH TYPiHE TOH YPIICTEpi aHBIKTayFa MYMKIHJIK OepeTiHiH KOpPCETTi.

KOpoe B.M., I'onuapenxo B.U., Bacunvee C.JIL., Imumpues C.A., IOpzencon C.A.

JKcIepUMEHTATbHOe HCCJIeJOBAHME MeTOJ0M BbLIYMCIAUTENbHON PEHTIeHOBCKOW TomMorpaguu H3MeHeHUs
CTPYKTYPHI OJINMEPHOT0 KOMIIO3HIIMOHHOT0 MaTepHuaJia.

B cratbe Ha OCHOBE NMPUMEHCHUS METOJA BBIYHCIHUTEILHOW PEHTICHOBCKON TOMOTrpaduy MpeIoskeHa METOIUKA
OIICHKH W3MEHEHUS COCTOSHHSI CTPYKTYpPhl TIOJUMEPHOTO KOMITO3WIIMOHHOTO MaTepuajia IIpH BO3ICHCTBUH
CTaTHYECKOW Harpysku. [IpeacTaBieHbl pe3ysIbTaThl aHAIM3a H3MEHEHUs CTPYKTYPHI IS YIIIeTUIACTHKOBBIX 00pa3IioB
Ha HaYaJIbHBIX dTanax HarpyxeHus. [IpeioxkeHHass MeTOMKa NCCIIeIOBaHMS TTO3BOJIIET HE TOJBKO OIEHUTH Pa3BUTHE
TPEIIMHBI TP CHIIOBOM BO3ICHCTBHM, HO W MPOAHATU3UPOBATh U3MEHEHHS MaTepHalia B 3aBUCIMOCTH OT HAJIMYHUS U
YpOBHS HarpykeHus. Kpome 3Toro, BBEIEHBI KOJIMUYECTBEHHBIC MapaMeTphl, TO3BOJISIONINE CPABHUBATH CKIOHHOCTH
Marepuaia K HAaKOIUICHHIO MOBPESKICHUH MPU Pa3iIHUdHbIX TEXHOJOTHYECKHX Mporeccax. [lomydeHHbIe pe3yNIbTaThl
TECTOBOTO MCCIIEJOBAHMS MOKA3bIBAIOT, YTO MPEJIOKEHHAs] METOJMKA MO3BOJISET C BHICOKOH TOYHOCTBHIO MPOBOJIUTH
aHaM3 TOBEJCHUS MaTepuaja IMOJ HAarpy3Kod M BBISIBIISATH TCHACHIIUH, XapaKTepHBIC IS PacCMaTPUBACMOTO THIIA
MaTepualia M YKJIAIKH.

KOpoe B.M., I'onuapenxo B.U., Bacunvee C.JIL., Imumpues C.A., IOpzencon C.A.

EcenTeyimn penTrenaik tomorpadus amiciMeH KOMIOZMUMSIBIK MaTepHAJAAPAAFbI COKKbI 3aKbIMIAPBIHBIH
TapaayblH TaJgay

KoMIo3umusuielK  MaTeprangapaaH JKacajFaH KOHCTPYKIMMSNA CBI3BIKTHIK ICTEKTOPHI Oap pPEHTTEHIIK ecemTeyimn
ToMOTpadThl KOJJAaHYBIMEH COKKBI 3aKbIMITYBIH YISCTIpyAi Oaranay omictemeci YChIHbUTFaH. CBHI3BIKTBI JETEKTOPIBI
naianana OTBIPBII, €CENTeYilll PEHTIeHIiK ToMorpadus 9MiCiMEH iIKi Karmapiapapl 0akputay MYMKIHIITIH Tangay
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MaKCaTbIMEH KOMIPIUIAaCTUKTEH JKacallFaH COKKBI 3aKbIMIapbl Oap yiriiepai 3epTrey OOWBIHIA DKCIIEPUMEHT
Kyprizinmi. XXypriziareHn 3epTrey aschlHIAa KOMITO3UIUSIIBIK MaTepHalgapaH jKacalFaH KOHCTPYKIUSUIApFa epeKIne
Hazap aynapbulgbl. Bysl KOHCTPYKIHSHBIH JKOFAphl XYKTEMEre He 3JeMEHTTEepIiHJe OChbl MaTepUaliAapibl KOJIaHyFa
JKOHE OJIap bl NaWbIHIAYIBIH TEXHOJIOTHSIIBIK MPOIECTEPIH MBICHIKTAY KAKETTIriHe OalIaHbICThl. O31pJIeHIeH dicTeMe
CBI3BIKTBIK JICTEKTOPBI 0ap ToMorpadTapAbl KOJNTaHYy Ke3iHAe KaTHapiiapisl Taljay pOCIMiH SKSHUIIETYre KOHE
0aKpUIayIBIH MOOWIBIIK ONICTepIHIH JepeKTepiH BepuduKanusuiayra MYMKiHAIK Oepenmi. Oman Oacka, omicTeMe
KOMIO3HUIMSUIBIK MaTepUaNIapAaH JKacallFaH KOHCTPYKIMSUIAPBI JKOHICY OMICTEPIH d3ipiiey Ke3iHIe KOJNTaHBLTYHI
MYMKiH. COKKBI 3aKbIMAATYBIMEH YJTUIEpIl 9JcCipeyliH CBHI3BIKTBHIK KOI(GQHUIUCHTIHIH Tapajly TOMOIPaMMAaChIHBIH
MBICAJIbl YCHIHBUIFAH.

HOpoe B.M., I'onuapenxo B.HU., Bacunvee C.JIL., /Imumpues C.A., FOpzencon C.A.

AHaIU3 pacnpocTpaHeHMsl YIApHbIX MNOBPeXKIeHHMi B  KOMNO3MIHMOHHBIX MaTepuagax MeTOI0M
BbIYHMCJINTEILHON PEHTreHOBCKOH ToMorpadun.

[IpemmoskeHa MeTOIWKA OLEHKM pAacHpefelieHHs YAApPHOTO IIOBPEXKACHUS B KOHCTPYKIIMH W3 KOMITO3HIIMOHHBIX
MaTepHAJIOB C HCIOJIB30BAHWEM pPEHTTEHOBCKOTO BBIYUCIUTEIHHOTO TOMorpada ¢ JHHEHHBIM JaeTeKkTopoM. B
HMHTEpEeCcax aHaIW3a BO3MOXHOCTH KOHTPOJS BHYTPCHHHUX PACCIOCHHA METOJOM BBIYHCIHTEIBHOW PEHTICHOBCKOMN
TOMOTpauu C UCIONB30BAaHUEM JIMHEHHOTO JECTEKTOpa OBUT MPOBENCH AKCICPUMEHT IO UCCICIOBAHHUIO 00pa3IoB C
YAapHBIMH MOBPEKICHUSIMH SHEPTUAMH 13 yriermactuka. Oco0oe BHIMaHUE B paMKaX MPOBOJUMOIO UCCIICIOBAHHS
ObUT0 Cc(POKYCHPOBAaHO HA KOHCTPYKIUSX U3 MEPCHCKTHUBHBIX KOMIIO3HUIIMOHHBIX MarepuanoB. CBsS3aHO 3TO C
MPUMCHCHHEM JTAHHBIX MAaTEPHAaJOB B BHICOKOHATPYKCHHBIX AJIEMEHTAX KOHCTPYKIIMUA M HEOOXOIUMOCTBIO OTPaOOTKH
TEXHOJIOTHYECKUX MPOIIECCOB UX U3rOTOBICHUS. Pa3paboTaHHAas METOUKA MMO3BOJSCT YIPOCTHThH MPOLEAYPY aHAIN3A
paccioeHN MpH TPUMEHEHWH TOMOTpadoB C JIWHEHHBIM IETEKTOPOM W BEpUHUIMPOBATH AaHHBIE MOOHMIHHBIX
METOJI0B KOHTpOJIsI. KpoMe 3Toro Meronuka MOKET IPUMEHSTHCS MPH pa3paboTKe METOIO0B PEMOHTA KOHCTPYKIHHA U3
KOMIIO3HITMOHHBIX MaTepuajoB. [IpencTaBieH mpuMep TOMOTpaMMBI pacIpefeNieHus JHWHeiHoro ko3dduunenrta
ocrabiieHns 00pa3IoB C YAapHBIM IMOBPEKICHUECM.

Paxaounos b., Ckaxoeé M., Tynenoepzenos T., Kypepoea JI., Kypoanoexos II.

IlnazmansIk 0eTTik dcepJiecyi 3epTTeyre apHaJFaH MJIa3MaJibIK KOHIBIPFbI.

YChIHBUIFAaH Makajajfa BOJb(ppaM MeH OepWUIMHAIH IIa3MaMeH acepiecyiH 3epTTey HOTHIKECI KENTIPINreH >KoHe
KYpacTBIpBUIFaH IIIa3MalblK OCTTIK ocepiiecyli 3epITeyre apHajfaH KOHJIBIPFBIHBIH KeHOip epekmemikrepi
cunaTTanraH. AtanraH KOHIBIPFel KazakcTanablk mMarepuainTaHy ToOKOMarbIHBIH aOABIKTaphl MEH MaTepHaliapblHa
CBIHAK OKYpri3yre >kKoHE IUIa3MalbIK OCTTIK ocepiiecy ToKipuOeNnepiH J>Ky3ere achlpyra apHajraH. llma3maibik
KOHJBIPFBIHBIH OacThl 3JIEMEHTTEP] - JJICKTPOHABIK COYJIENIK 3eHOIpEeK, IUasMajbIK LIOFBIPIBIK paspsi Kamepachl,
ocepiecyiH BaKyyMIbIK KaMepachl, HBICAHANBIK CalIKbIHAATY KOHIBIPFBICHI, 3IEKTPOMArHUTTIK KaTylIKaJapAaH
KypaJiFaH 3JICKTPMAarHUTTIK JKYHe, KOHABIPFBIHBIH CaHBUIAYCBI3ABIFBIH KOMMAal CoyNIeNeHETIH YATiIepAl HeMece ChIHAK
KYpaJIIapbIHBIH OPHBIH ayBICTBIPYFa JKOHE aJMAchITpyFa apaHajFaH LUIIO3JIK Kypan Oouseln ecenteneni. IIma3manbik
ocep KesdiHae BOIbGpaM MEH OCpHUMHIIH KYPBUIBIMBIHBIH ©3TepYiH 3epTTeyre apHaJFaH ToKipubenep HOTHXKeci
OOoMBIHIIIA COyJIENCHYICH KeiliH OeTTep/ie SpO3HAHBIH CaJlIapbIHAH KyBICTAp Maiga 60NaThIHABIFbl aHBIKTAJ/IBI.

Paxaounoe b., Ckaxoe M., Tynenoepzenos 1., Kypepoea JI., Kypoanoekoe LI

I[na3meHHAast YCTAHOBKA JIJISi MCCJIETOBAHUS MJIa3MEHHO-MOBEPXHOCTHBIX B3aWMojelicTBUU. B craThe ommcaHb
HEKOTOPBhIC OCOOCHHOCTH pa3pab0TaHHOW IUIA3MEHHOW YCTAHOBKH JUIS HCCICIOBAaHUS IUIA3MCHHO-TIOBEPXHOCTHBIX
B3aMMOJICHICTBHY W TIPEJICTABJICHBI PE3YNILTATHI UCCICAOBAHHS B3aUMOJICHCTBUE BOJNb(paMa W OCSpPHIUIUA C TUIA3MOM.
JlaHHas ~ ycTaHOBKAa TMpeNHA3HAUYCHA IS WCIBITAaHUH  MarepuanioB W obOopynoBanus — KazaxcraHCKOro
MaTepUaoOBeJIeCKOro TokaMaka W JUIs TPOBEICHHS HWCCICIOBAHWU ILIA3MCHHO-TIOBEPXHOCTHBIX B3aMMOJICHCTBHH.
OCHOBHBIMH DJIEMEHTAMHU IUIa3MEHHON YCTAHOBKH SIBISIFOTCSL DJICKTPOHHO-Ty4eBas IMyIIKa, Kamepa IIa3MeHHO-
MYYKOBOTO pa3psa, BAKYyMHas Kamepa B3aMMOJCHCTBHS, OXJIaXK/IAEMOE MUIIEHHOE YCTPOWCTBO, AIIEKTPOMArHUTHYIO
CHUCTEMY, COCTOSIIIEW M3 DIEKTPOMArHUTHBIX KAaTyIIeK, IUII030BOE YCTPOWCTBO [UIsi OIEPATHBHOW CMEHBI U
MepeMelIeHHs CPEICTB AMArHOCTHKKA WK 00JlydaeMbIX 00pas3loB 0e3 pasrepMeTH3aluHl YCTaHOBKH. [IpoBeneHHbIC
SKCTIEPUMEHTBI TI0 HCCIIEIOBAHUI0 M3MEHEHHH CTPYKTYpbl BosibGpamMa W Oepuiuivsi TpH IUIAa3MEHHOM BO3JCHCTBHH,
MOKa3aJlH, YTO MOCIe 00IyUeHUsI TOBEPXHOCTh MOJBEPracTCsl K IPO3UI0 U HA TIOBEPXHOCTH 00pa3yeTcs MOpHI.

Paxaounoe b.K., Cazoonouna K.b. Ouepeovko H.A, Komoaee K.K., Xacenos A.K.

PA6 nomamu KYpbLIbIMbI MEH KacHeTTepiHe 3J1eKTPOH/IBI-CdYJIeli OHIeyiH dcepiH 3epTTey.

By xxymeicta 1,3 MaB sHeprusceiMer PA6 monuaMuiHiH KYpIIIBIMBI MEH KaCHETTEpiHE 3JIEKTPOHIBIK COYJICICHYAIH
acepi 3eprrenai. Coyneneny mosanmapsl 50-geH 500 xI'p-re meitin kypaasl. 3eprrey HoTHXKenepi PA6 mommmMepinig
LIaFBIH J103ajlapbl Oap CoylseleHy MEXaHHMKaJbIK CHIaTTaMalapibl apTThIpyFa KaOUIeTTi eKeHiH KepceTTi, Oy perre
YJIKEH J03aJlapMeH CoyJelleHy oJlaplbl endyip TeMeHnaereni. To3yra te3iMmairiri 350 k['p-eH coylieneny peXxuMiHIe
TOMEHJICH I, aj YJITUIepAiH KATTBUIBIFBI IIaMalibl e3repeidi. [loauMepaiH KYpBUIBIMBI PEHTTEHMIK IU(PAKTOMETPHUS
xoHe HMK-cmekTpockomnmsi omictepiMeH 3eprrenmi. 1,3 MbdB sHeprus KesiHIETi SJIEKTPOHABIK coyneneHy PA6
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MTOJIMMEPIHIH KPUCTAIIBIK Ml HIHIH 3TepyiHe oKeIMeTi, Oipak >kapThllall KPUCTAIIABIK 3aKbIM KENTipIi. DJIEKTPOHIIBI
coynesieHyleH KeliH o-(a3a IIBIHBIHBIH KapKbIHIBUIBIFEI COYJICIEHOSTEeH YJTIMEH CaJBICTBIPFaHAa apTaabl, Oy
MaTepUANIBIH KPUCTAIBLIBIFBIHBIH YJIFAIOBIHA OalIaHBICTHI OOTYBI MYMKIH.

Paxaounoe b.K., Cazoonouna K.b. Ouepeovko H.A, Komoaee K.K., Xacenos A.K.

Hccienosanne BINSHHA 3IEKTPOHHO-Iy4YeBOil 00paloTKM Ha CTPYKTYpPY M cBoiicTBa mojaumamuaa PA6. B
JTAaHHOW paboTe OBIJIO M3Y4YEHO BIMSHHE DIICKTPOHHOTO oOirydeHus ¢ sHeprueil 1,3 MbB Ha CTpyKTypbl M CBOICTBa
noymamuga PA6. Jlozer oGiryuenns cocrasuin ot 50 1o 500 kI'p. PesynbraTsl vcciiefoBanust okasau, 4To o0IydeHne
¢ HEOOJBIIMMH J03aMH ToJuMepa PA6 crmocoOHO TOBBIIATE MEXaHUYECKHE XapaKTEPUCTHKH, TP 3TOM OOIydeHHE
OOJIBIIMMHU J03aMH 3HAYUTEIIBHO WX CHIDKAET. MI3HOCOCTOMKOCTh CHIDKAETCS TpH pekuMax obsrydenus ot 350 x[p, a
TBEPAOCTh 0OOpa3LOB MEHsETCs He3HaunTenbHO. CTpyKTypa moiauMepa ObUla H3ydeHa METOAaMH PEHTI€HOBCKOH
nugpakromerpun u MK-criekTpockonuu. DIeKTpoHHOE 00IydeHne mpu dHepruu 1,3 MaB He npuBoaAniIo K N3MEHEHHUIO
KpHCTaJUIMUeCKylo (opmy mnomumepa PAO6, HO BBI3BAJIO YaCTHYHOE KpHUCTaUIMUeckoe moBpexiaeHue. Ilocme
JIEKTPOHHOTO O0TyueHHsI MHTEHCUBHOCTD IIHKa 0-(ha3bl YBEINYBACTCS 10 CPABHEHHIO C HEOOIy4eHHBIM 00pasiioM, 3To
MOXET OBITh CBSI3aHO C YBEINYEHHEM KPUCTAUIMYHOCTH MaTepuaa.

Bacenun U.M., Hapumanoe P.K., Ilepuamkuna E.B., IlIpazep JI.A.

O3onaTopaa Kimi esamemai ra3 kenipmikrepre ue ekiga3ajbl aFbIH KO3FAIBICBIH 3epTTey.

OzoHaTopAa Kilmn eJmeMIi Ta3 KemipuiKTepre ne ekidaszaibl ra3-CYWbIKTBIK aFbICTBIH KO3FAJIBIC eTCenTeyJepi
KyprisinreH. ©O3sapa Kipymli KOHTHHyyMaap eKi (asanbl OpTaHbIH MOJETIMEH CalbICTHIPFaHlIa KOJAaHBUIFaH
MaTeMaTHKaIBIK MOJENbJIC TYBIHIBUIAPBIHAA Kill mapamerpiaepre ue OomMmaiinsl. OpTaHBIH CBHIFBUIYBIH JKOHE
TBIFBI3BIKTHIH KOMIPIIiKTePAiH KOHIICHTPAIMSICHIHAH TOYEIIIIITIHIH eCKepy HETi3iHIe OChl MOJEIbIE AYBIPJIBIK KYIITi
OpiCiHIe KOIIPIIKTePAiH KOHIEHTPANUACHIHBIH OIpTeKTI eMec OO0Jybl Ke3iHJe epKiH KOHBEKITUSHBI IapTTAWTHIH
MIPOLIECTEP aBTOMATTHI TYPAE €CEIKE allbIHAbl. ¥ CHIHBUIFAH MOJICTb HETi3iHAEe MapaMeTpIliK 3epTTeyJiep OpBIHAANFaH.
Byn omic-TocinmiH JKyMBICKa KaOUTETTINTT KOPCETNAl JKOHE KOTEpTilll opTajapibl KO3FalbICKa TapTy eceOiHeH Tra3
arbpICBIHBIH KOOCI0iH yaeTimyi pactanasl. KoHTakTili pe3epByapia O30HIBI €piTy TPOIECIHIH MapaMeTpiiepi
AHBIKTAJIJIBI, TUCTICPraTOpJIapAblH OpHAJIACy JKepiHiH THIMALIIr OaraiaH bl

Bacenun U.M., Hapumanoe P.K., Ilepuamkuna E.B., IlIpazep JI.A.

HccnenoBanne nBMzKeHNsI ABYX()A3HOT0 NMOTOKA ¢ My3bIPHKAMHU T'a3a MAJ0ro pa3mMepa B 030HATOpe

BrimonHeHs! pacdeTsl ABMKEHHS IBYX(a3HON Ta305KHIKOCTHOHM CTPYH € ITy3bIpbKaMH MaJIOTO pa3Mepa B 030HATOpE.
Hcnone3yemass MaTemMaTHdeckass MoOJelb B OTIMYME OT MOJEIH ABYX(asHOH cpexsl B3aMMOIPOHHKAIOLIUX
KOHTHHYYMOB HE COJAEPKUT MaJbIX IIapaMeTpOB IpU IPOMU3BOAHBIX. biaromaps ydery CKUMaeMOCTH Cpembl H
3aBHCHUMOCTH IUIOTHOCTH OT KOHIIGHTPAIlMM Iy3BIPHKOB B 3TOH MOJENHM aBTOMATHYECKH YYHTHIBAIOTCS HPOILECCHI,
o0ycaBiIMBaONIe CBOOOJHYIO KOHBEKIHIO B IIOJI€ CHJIBI TSDKECTH IPU HAIMYMHM HEOJHOPOAHOCTH KOHLEHTPALUH
Iy3BIPBKOB. BBINMOMHEHB! MapaMeTpHYecKHe  HMCCICHOBAaHUS Ha OCHOBE IIPeAJIoKeHHOM Mopnenu. Ilokasama
paboToCOCOOHOCTh JAHHOTO ITOIXO0Ja M MOATBEP)KACHO YCKOPEHUE BCIUIBITHA I'a30BOH CTPYH 3a CUET BOBJICUYCHHE B
JIBIDKEHUE Hecyel cpen. OnpeeneHsl mapaMeTpsl polecca pacTBOPEHHs 030Ha B KOHTAKTHOM pe3epByape, OlleHeHa
5 PEKTUBHOCTH MECTOPACIIOIOKEHHS! JUCIEPTaTOPOB.

Baitwmazupoe X.7K., Omapoe b.M.

Ka3zakcTranaa ma¥rbIH KeJl SJHePreTHKAIBIK KYPhLUIFBLIAPALI JKacay TypaJibl.

Makanaga Kazakctan PecrmyOnukacblHIa IKaHAPTBUIATBIH JHEPTHs KO3MEpi Typajbl, aTam aWTKaHAa, Kell
SHEPIreTUKANBIK KYPBUIFBUIAPABIH KYPBUIBIMBIH KYPACTBHIPY Typalibl MoIiMerTep KenripinreH. COHBIMCH KaTap
KYpacTBhIPBUIFaH IIAFbIH KeJ KYPBUIFBICBIHBIH epeKIleNikTepi atan kepceriireH. IlarpiH kel KYpbUIFBUIAPBIH Kacay
Ke3iHeri YII Ke3€H, COHBIMEH Oipre THICTi )KYMBIC TYpJEpiHiH KbICKAIlla CHIIATTaMachl 0N KepceTuired. MarmumHa
JKacayJnarbl JkaHa OHIM KYpy Ke3iHIe KOMIIO3WIMSIIBIK MaTepuanmapAblH peii kepceriired. uddysopsr Oap
KOMITO3HIIMSUTBIK YK€ DHEPreTUKAIBIK KOHJIBIPFBIHBIH KYPBUIBIMIBIK €PEKIICTIKTepl erKel-TerKeun CHIaTTaiFaH.
Tanmay 3eprreynepiHiH HoTwkenepi, muddy3op immHIeri aya aFblHBIHBIH JKBUIIAMIBIFBIH ©3Tepy TpaduKTepi
KenTipinreH. JKXyMpIcTa IIBIHBI TUTACTUKTEH aFbI3FBIIITAPIBI YKacay TEXHOJIOTHICHIHBIH HET13T1 coTTepi OasHaamFaH.

Baitwazupoe X.7K., Omapoe b.M.

O co31aHUH MaJIBIX BETPOIHEPTeTHYECKNX YCTAHOBOK B Ka3axcTaHe

B crathe mpuBOIATCS JAaHHBIC O BO3OOHOBIIIEMBIX MCTOYHHKAx sHeprud B PecmyOnuke KasaxcraH, B 4aCTHOCTH, O
pa3paboTkax KOHCTPYKLIMI BETPOIHEPTETHYECKUX YCTaHOBOK. [IpH 3TOM OTMEueHBI OCOOEHHOCTH KOHCTPYKIHMH
CO3/1aBa€MbIX MaJIbIX BETPOYCTAHOBOK. BBIACNSIOTCS TPH JTara, BOZHUKAIOUIMX [IPU CO3AaHUH MAIIbIX BETPOYCTAHOBOK,
a TaKkXkKe KpaTKasi XapaKTepUCTHKa COOTBETCTBYIOIIMX BHIOB paboT. [Toka3aHa posb KOMIO3UIIMOHHBIX MAaTEPHUAIIOB MPU
CO3JaHMU HOBOW TPOJAYKIUH B MAaIIMHOCTPOeHHWH. [loApOOHO OMUCAHBI KOHCTPYKTHBHBIE OCOOCHHOCTH
KOMITO3MIIMOHHOM BeTpOodHepreTuueckoil ycranoBku ¢ aup¢ys3opom. IlpuBeneHbl pe3ysibTaThl aHATUTHYECKUX
WCCIIeTOBaHUM, TpadUKH HM3MEHEHHs] CKOPOCTH BO3AYIIHOTO IOTOKa BHYTpU auddy3opa. B pabore wu310KEHBI
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OCHOBHBIC MOMEHTBI TEXHOJIOTHH U3TOTOBIICHHS 00TEKaTeJIeH U3 CTCKIOILUIACTHKA.

Epuwuna A.K., Cakunoea C.E., Manaméoaeg P.K.

Bunapse kapycenb THITI e/l TYPOMHACHIHBIH KOHCTPYKIMAICHIHBIH epeKIIeJiKTepi.

Makanaga eki KoaKcHalAbl-OpHAJacKaH alHajiMajbl OUTIKTEpiHEeH KypanaTbiH Jlapbe THNTI BEPTHKAIb-OCTIK >Kell
TypOMHACBHIH jkKaKcapTy OoifbIHIIa 3epTTey HoTIkeaepi Oepinren. HACA asponuHamMuKaiblK npoduitiHiH Keibip
KOHCTPYKUMSUIBIK KacHeTTepl TankpliaHaabl. EKi Kajlakiianel aiHaIybl Ke3iHIETi JKeNIiH opam ary cy10achl
kepcerinreH. HBI-potops! 6ap kapycenb THUNTI Kell TypOMHACHIHBIH 3epTXaHANBIK YATUIEPiHiH KpICKAlla CHIIaTTaMachl
KenTipinreH. BepTHKaibai-ocTiK kel TypOMHACHIHBIH KOHJIBIPFBICHI JKEpPre JKaKblH IIeKapallblK KabaTTaH >KOFapbl
opHajackaH Oenriyi 6ip OMIKTIKTE OHBIH THIMIIIITIH )aKcapTyFa MYMKIHIIIK Oepe/ti.

Epuwuna A.K., Cakunoea C.E., Manaméaes P.K.

Oco0eHHOCTH KOHCTPYKIIMH BeTPOTYPOMHBI KapycesibHOro Tuna buaapse.

B cTaTthe npencTaBiIeHs! pe3yabTaThl HCCIEIOBAHNSA 0 YIIyUIIEHUIO BEPTHKAIBHO-0CEBOI BeTpoTypOHHEI THIIA [lapbe ¢
JIByMsSI KOAKCHaJIbHO-PACIIOJNIOKEHHBIMHM BpallalomuMucs BajaMu. OOCYKHAl0TCs HEKOTOpble KOHCTPYKIHOHHBIE
cBoiictBa a’poamHamuueckoro mpodunst HACA. Ilokazana cxema OoOTeKaHMsI NPH BpalIeHUH OOOMX  JIOMACTEH.
[TpuBeneno kparkoe omnmcaHue JabOpPaTOPHBIX MoOJeNed BeTpoTypOuHBI KapycenbHoro tuma ¢ HBI-poTopom.
[TokazaHO, YTO yCTAaHOBKa BETPHKAIBHO-OCEBOH BETPOTYPOMHBI HA OIpEICICHHONW BBICOTE, BBIIIC HPU3EMHOTO
TIOTPAaHUYHOTO CJIOS], TAK)KE MMO3BOJISIET YIYYIIHTH €€ 9()(PEKTHBHOCTB.

Hlaiimepoenosa K.M., Ocnanosa /1. A., Illlynkeee T.A.

FGX-12 yHTaKkTay-cyphINTay KelleHiH K0JI1aHA OTBIPbIN, OTHIHHBIH KACHETIH KaKcapTy

byn wmakamaga Kyprak OaWbITy[IbIH KypaMasbl MAIIMHACBIH KOJJaHy apKbUIBI KOMIp calachlH apTThIpY ojici
KapacTeIpblianbl. MaiikeOe KOHBIp KeMip OacceiiHiHiH Capblkenl KEH OpPHBIHBIH KaTapblHAAFbl KOMIpAi eHIeyre
apHaJIFaH KypFak OalBITyABIH KypaMaiabl MAaIlMHACHIHBIH CHUTNATTaMachl KenrtipinreH. Kaiita emmey HoTwKeciHze
aJIBIHFaH KOMip KOHIIEHTPATHI, OHEPKACII OHIMIepi MeH Oacka na OalbITy eHiMaepi KoiWMasa >KWHaKTaidaabl. badsiTy
MAIIMHACHIHBIH HETI3ri MaKcaThl KOHBIP KOMIpJIH camajiblK CHIAaTTaMallapblH JKaKCcapTy OOJNBIN TaOBUIAIBI, SFHU
OipiHII Ke3eKTe Oy KOMIp/iH KalTOPHUIBIFBIH (JKaHy BUTYbIH) apTTBIPBII, KYJIAUIriH a3aiiTansl. balibry HoTHXKECiHIIE
KeMip/i cakray Mep3iMi 3 aiiaH 6 aiira neiin eceni.

Hlaiimepoenosa K.M., Ocnanosa /1. A., lllynkeee T.A.

YiaydnieHue cBOWCTBA TOIUIMBA ¢ NPUMEHEHHeM IPOOHIBLHO-COPTHPOBOYHOro kKomimiekca FGX-12

PaccmoTpeH MeTo ] OBBIIICHHUS KauecTBa YIJI IMyTeM NMPUMEHEHH KOMOMHUPOBAHHON MAIIWHBI CYyXOT0 OOOTaIeHHS.
[IpuBeneno omucanne KOMOMHMPOBAHHOW MAIIMHBI CYXOTO OOOTamleHWs, NpeAHA3HAYCHHOW Il mepepadOTKh
psanoBoro yriust CapbIKOJIBCKOTO MECTOpOoXkIeHus: MaitkybeHckoro OypoyronbHOro OacceiiHa. IlomydeHHBIE B
pe3yibTaTe nepepadoTKA YrOJIbHBIH KOHIIEHTPAT, IPOMIIPOLYKTH U JPYTUE MPOAYKTH 00OTAIIeHHS aKKyMYIHPYIOTCS
Ha ckiage. OCHOBHOH HEThI0 000TaTUTEIHHON MAIIMHBI SBIIETCS YIyJIICHHE Ka4eCTBEHHBIX XapaKTepUCTUK Oyporo
YIJIs ¥, B TIEPBYIO OYepenb, 3TO MOBBIIICHHE KaJOPHHHOCTH (TETIOTHI CTOPAaHWsA) YIS M MOHM)KEHHE 30JIbHOCTH. B
pe3ynbTare 000raleHus] YBEITUUUBACTCS CPOK XpaHEHHs YIiIs ¢ 3-X /10 6 MecsIeB

Tanawesa H.K., Munwvkoe JI.JL., Tneybepzenosa A.7K., Cadenosa K.K.

CyJibl-KeMipJii cycneH3Hs aly YIIiH I1acTH(UKATOPABIH Pe0JOTHsIbIK KacHeTTepiH 3epTrey.

Makanazga miactudukaropiaapaby [lybapken keMipiHEH albIHFaH KOMIpP CYJIbI CYCIICH3USHBIH TYPAKTBUIBIFBIHA dCEPIH
3epTTey HOTWXKeNepi KenTipiareH. ONTUMAaIbl PearcHT IIaCTU(PUKATOPIBI anyFa OalIaHBICTHl KOWBLUIFAH MIHACTTEP
asChIHMIA TOXKIPUOETIK KOHABIPFBI KYPACTRIPBIIABI. Pearenr-miactudukaropiap peTiHae Ma3yT, KeJIaTHH KOHE HaTpUi
rymMatel KoJmaueuinbl. LllyOapken KeH OpHBIHBIH KOMip KaJJbIKTApbhlH KalWTa OHICY YpPHICI 3epTTeNidi, €H KaKChI
HOTWO)KE HATPHUH T'yMaThIH KOJIIAHFaH/a aJIBIHABL. ['yMaT HATPUIIBI TUIACTU(PUKATOP PETIHAE KOJIIaHy apKbUTBI KEHICTIT1
TOP TOPi3JeCc KYPHUIBIMBI 0ap jKoHE Y3aK YaKbIT TYHOAWTBIH KOMIp CyJIbI CYCTICH3US aryFa 00JaIbl.

Tanawesa H.K., Munvkoe JI.JL., Tneyoepzenosa A.7K., Cadenosa K.K.

HcciienosBanue peosiorn4ecKnx cBOHCTB IIacTHHUKATOPA JJIA NOJy4YeHNs BOAOYT0IbHOM CyCIIeH3HH.

B craree mpuBeneHBI pe3yNbTaThl MUCCIIEIOBAHUS BO3JECHCTBHS IUIACTH(UKATOPOB Ha CTAOMIIBHOCTH BOJOYTOJIBHBIX
CYCIIEH3MHM MNOJydYeHHBIX n3 1wiamoB l[llybOapkynbckux yrieil. B pamkax mocTaBieHHOH 3afadyd IO ONpEeSICHUIO
ONTHMAJIBHOTO peareHTa-IacTudgukaTopa, paspaboTaHa SKCIEpHMEHTalbHas yCTaHOBKAa. B KadecTBe peareHTOB-
acTu(UKaTopoB OBUIM NPHUMEHEHB Mas3yT, JKeJATHH, T'yMmaT Harpus. M3ydeH mpomecc oOoramieHHs YroJIbHBIX
niamMoB [1y0apkynbCKOro MECTOpPOXKAEHHS, MOKa3aHO, YTO HAMIYYIIME PE3YJIbTAaThl MOJYYEHBI MPU HCIIOIb30BAaHUU
rymara Hatpus. [IpuMeHeHHMe rymaTa HaTpHsI Kak IDIacTH(UKATOpa MO3BOJSIET CO3JaTh BOJOYTOJbHBIC CYCIICH3HH C
MIPOCTPAaHCTBCHHON CeTe00Pa3HOM CTPYKTYPOH, HE paccIanBarONINECs] B TCUCHNUE [UINTEIBHOTO BPEMEHH.
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Kyouu B.U., Yepnema O.I'., IOpoé B.M.

CMII-2 yiikegic MalIMHACBIHAA MAaTepPHAJIAPAbIH aAre3dsIbIK KacHeTTepiHiH NapaMeTpjiepiH aHBIKTay
anicremeci.

JKyMmpicTa MaTepHangapIblH aAre3nsuIblK KaCUETTEpiHIH MTapaMeTpiiepiH aHbIKTay MaKCaTbIHIA TO3Ybl MEH YHKelicke
Marepranaapas! ceiHayabiH CMII-2 craHnapTThl MalIMHACKIHBIH MYMKIHIIKTEpl Typanisl TyciHikTep OepinareH. «40X -
6omar 45», «12X2H4 - Oonar 45», «45XH2M®A - Oonar 45» MarepuainiapblHBIH TPHUOOJIOTHSIIBIK >KYHelepiH
SKCIIEPUMEHTTIK TYple 3epTTey HoTmkenepi KentipinreH. JKaHacynarbl KbICBIMHBIH ©CYIMEH MOJICKYJIAJIBIK
0ailJTaHBICTHIH TAHTEHITHANIBI OCPIKTITIHIH ©3repy 3aHIBIIBIKTAPHI JKOHE 3ePTTEIHETIH MaTepUaIIapIbIH Maiiaychl3
e3apa opekeTTecyi Ke3iHAe OHBIH OepikTimik kodQdummeHTTepi aHBIKTamFaH. HakTel YHKeNic TopamnTapbIHBIH
AKCIDTYaTalUsUIBIK OSTTepiHIH KOHTAKTII ©3apa opeKeTTecyiH KalTa >kaHFeIpTy yimiH CMI] MamrHaChIHBIH IITATTHIK
OpBIHIAPBIHAA OpHANAacKaH TaOuFu (parMeHTTepl MaiganaHy IIapTEIMEH OJIAPIBIH BIFBICYBIH MOJENbIACYTe OOJabl.
byn ke3ge CMII MammHACHIHBIH Kypal->KaOAbIFbl MaMaibl OHICYI Tajam eTefi, OYiI e3 Ke3ekTe OCTTepIiH BIFBICY
KBUIIAMJIBIFBIH MOJICITBACYTE MYMKIHIIK Oepe/i.

Kyouu B.U., Yepuema O.I., IOpo¢ B.M.

Metoanka onpeieJieHHs IapaMeTPOB aAre3HOHHBIX CBOHCTB MaTepHaoB Ha MamnHe Tpenus CMII-2

B pabote pa3BuBaeTcs npelncTaBIeHHE O BO3MOXKHOCTSX CTaHIAPTHOM MalIMHBI UCIBITAHUS MaTepHUalIOB Ha TPEHUE U
nm3Hoc CMII-2 nns ompeneneHHs IapaMeTpoOB aare3MOHHBIX CBOWCTB MaTepuanoB. [IpuBEIEHBI pe3yJbTaThl
AKCIIEPUMEHTAILHBIX HCCIIEOBAaHNN TPUOOIOTHUECKUX cUCTeM MaTtepHalioB «40X - ctamb 45», «12X2H4 - crams 45y,
@E5XH2M®A - cranp 45». OnpeneneHsl 3aKOHOMEPHOCTH W3MEHEHHS TaHTCHIMAJIbHOUW MPOYHOCTH MOJICKYJISIPHOU
CBSI3M C POCTOM JaBJICHHSA B KOHTaKTe, M KOX((HUIIMEHTH e¢ YIPOYHEHUS MPH B3aNMOACHCTBHH PacCMaTPHBAEMBIX
MaTepuanoB 0e3 cmasku. IlokasaHo, 4TO Ui BOCTIIPOM3BENCHHS KOHTAKTHOTO B3aMMOACUCTBHS SKCIDTyaTAIIHOHHBIX
MTOBEPXHOCTEH pealbHBIX Y3JIOB TPEHHUS, BO3MOXKHO, MOJEIHPOBATh MX CABHT MPH AeHOPMHUPOBAHHN HPU yCIOBUH
HCTIOB30BaHUE HATYPHBIX (parMeHTOB, pa3MeIaeMbIX B ITaTHEIX MecTax MamuHsl CMLI. IIpu sTom obopynoBanne
Mammael CML TpeOyeT He3HAUNTEIbHOW NOPAaOOTKH, YTO ITO3BOJISIET MOJAECIHMPOBATH TAaKKe M CKOPOCTH CIIBUTa
MOBEPXHOCTEN.

Acmanoe C.X., Kacumosa I' K., Illapunos M.3.

THoasipu3auMAIBIK CHIEKTPJIEPi TipKen ajyFa apHaJFaH ONTHKAJIBIK JKyiieaep.

Kenreren »xpuimap 00HBI aHH30TPOIITH MOJIEKYIaJapAblH MMOJIIPU3ANMSIIBIK KACHCTTEPIH 3epTTEy YIIIH KOJAaHBUIFaH
ONTHKAIBIK JXKyHenep kenripinreH. Exi kylie ke3re KOpiHETIH JKOHE YIbTPaKYJTiH CHEKTPJiK aiMarblHA IKaKbIH
oOmpIcTapna SKyMbIc icTeimi. DPpeHenmpaiH KOC TapauIeNIeNUNenTiH pOJIiH TOJKBIHIBK IUIACTHHKACHIHBIH
axpoMaTHKAIBIK TOPTTEH Oipi aTkapansl. Omap ITokkenbe VsmbIFbIHAH KeHlin Jasco-20 quxporpadbiHaa KONIIaHbLIaIb.
Hotwmxecinae acmanthiy, cesrimiri 8 = 10 3rpag: cM™ ! -zen 3 1075 —re meifid ONTHKAJIBIK THIFBI3ABIKTAP aWbIPhIM
[IaMAaChIHA apTaIbL.

Acmanoe C.X., Kacumosa I' K., Illapunos M.3.

OnTuyeckne CHCTEMBI UISI CHATHSA MOJSPA3ANHOHHBIX CIIEKTPOB.

[IpuBeneHsl ONTHYECKHE CHUCTEMBI, KOTOpPBIE pa3pa0dOTaHbl aBTOPAMH M B TEUEHHE MHOTHX JIET MPUMEHSINCH IS
HCCIICAOBAHMS TOJSPHU3ANNOHHBIX CBOMCTB aHM30TPOMHBIX MoKyl OOe cHCTEeMBl pacCUMTaHBl HAa BUIUMYIO U
OJIM3KO K yIbTpadHOIETOBOM CHEeKTpalbHble oOmactu. [Ipu sToM ABOWHON mapamienenunen DpeHens urpaet poJib
axpoMaTHUECKON dYeTBEPTh BOJHOBOW IuTaCTUHKH. OHHM HWCHONB3YIOTCA B auxporpode Jasco-20 mocie sS9IeHKu
Iokennsca. B pesymbTaTe uero uyBCTBUTENHLHOCTH TIpHGOpa BozpactaeT oT O = 10 3rpax: cM™! 10 3+ 1075 Bemuunnbl
Pa3HOCTEH ONTUYECKOH MIIOTHOCTH.

bynkaupoea I'.A., Cmoee M., Xacenos A.K., Kapaoekosa /[.7K., Hypzanuesa /K.I'., Kunuakxoe M.C.
DJIEKTPOruAPONMITYJIbCTI Pa3psaATAPABLIH TA0UFH KBapIl MUHEPAJIbIH YCAKTayFa dcepi.

Tabury KBapl MUHEPAIBIH OOJIIEKTEY JKOHE YCaKTayIblH TEXHOJOTHSUIBIK MPOIECTEPiHAeTi MMITYJIbCTIK 9cep €Ty
KOIIKOMITOHEHTTI CYHBIKTAFbI )KOFaphl BOJIBTTHI AJICKTP Pa3psiITaphIH CHI3BIKTHI €MEC YIIECTIPUITeH cHITaTTaManaps! 6ap
JKOFaphl KBICBIMIBI TMalmanmaHyfa HerizgenreH. CyHBIKTaFbl AJIEKTP pPa3psabl KONTETeH OTaHABIK JKOHE IIETENIiK
TEXHOJIOTHSUTAPAAFEl HETI3Ti opeKeT eTYIli MeXaHu3M OOJbIN TaOblmanbl. CYWBIKTAFBl AJICKTP pas3psAabl Ke3iHae maiaa
OomaTelH OapiBIK KYpHAemi KyOBUIBICTAap KEUICHIHEH JJIEKTP JHEPTUSACHIHBIH COKKBI TOJKBIHAAPH! KBICHIMBIHBIH
SHEPTUsACHIHA TiKeNed aifHamybl KOJMaHBUIAAeL. TaOuFn MUHEpangsl KBapITHIH YCAKTaTy IOPEKECiHIH pa3psaTapIbIH
AIIEKTPTEXHUKAIBIK MapaMeTpIIepiHeH ToYeI AT KenTipuireH. DIeKTpOruAPONMITYIbCTI OHICY Il aijaaana OThIPHII,
TaOWFy MUHEpaAbl KBapLUTHIH €H KapKBIHJIBI YCAKTay IbIH ONTUMAJIIbI IapTTAphl aHBIKTAJIIBI.

bynkaupoea I'.A., Cmoee M., Xacenos A.K., Kapaoekosa /I.’K., Hypzanuesa K.I'., Kunuakxoe M.C.
BansiHust 3J1eKTPOruAPONMITYJIbCHBIX Pa3psiIoB HA TPo0JIeHHe MPHPOIHOT0 MIHEPAJIA KBapua
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HmnynpcHOE BO3IECHCTBHE B TEXHOJIIOTHYECKUX MpoIieccax APOOIICHUS W M3MEIbUeHHs MIPUPOJHOTO MUHepaia KBapra
OCHOBaHO Ha WCIIOJNB30BAHWU BBICOKMX MAaBJICHHUH, COIPOBOXKIAIOMINX BBHICOKOBOJBTHBIC JJICKTPUUECKHE pPas3psabl B
MHOTOKOMIIOHEHTHOHW JKHIKOCTH C HEJIMHEHHO paclpelelCHHBIMH XapaKTePUCTHKAMH. OJIEKTPUYCCKHHA paspsam B
KHUJIKOCTH, SIBJISIETCSI OCHOBHBIM JICHCTBYIOIIMM MEXaHH3MOM BO MHOTHX OTE€YECTBEHHBIX U 3apYOCIKHBIX TEXHOIOTHUSX.
W3 Bcero cioXHOTO KOMIUIEKCA SIBJICHHM, BO3HUKAIOIIUX HPU IIEKTPUUECKOM pa3psle B KHUIKOCTH, HCIOIB3YETCS
HETIOCPEICTBEHHAs TpaHChOpMAIHMs JIICKTPUICCKON SHEPTHH B JHEPTUIO JABJICHUSA YIApHBIX BONH. [IpuBencHBI
3aBUCUMOCTH CTENEHU HU3MEJbUYECHUS MPHUPOJHOTO MHUHEPAJbHOIO KBapLa OT JJIEKTPOTEXHUYECKHX MapaMeTpoB
paspsmoB. OnpeelcHbl ONTHMANBHBIC YCIOBUS Han0oOJee WHTCHCUBHOTO M3MEIBYCHUS MPUPOJIHOTO MHUHEPAILHOTO
KBapIa ¢ MCIOJIB30BAaHUEM JICKTPOTUAPOUMITYIBCHOW 00pabOTKH.

bpenioo U.B., Kasepun B.B., Kenucoekos A.K., /lanuapose H.A., Axmemoexosa A.M.

Kuiniktik-perTesieTiH 3JIeKTp KeTeriMeH KON KO3FAJITKBINTHI MJACTHHAJBI KOHBelepAaiH TapTKbIII-
TacChbIMAJIIay bl OPraHBIHBIH MATEMATHKAJBIK MO/IETi.

Ti30ekTi KOHBeHepIepIiH KYMBICHI OAPBICHIHIA aBAPUSIIBIK Karaaiaap 00Iybl MyMKiH. Ko3FamaTeiH OIiKTEpIIiH TO3Y
KapKBIH/BUIBIFBI, TAPTKBIII LIBIHXKBIPIAPIBIH TOMCATAPhl KaJAaMbIHBIH apTybl ceOenm OOJybl MYMKIH, OYJ TapTKBIII
OpraH/ia COKKbI XYKTEMEJEpiHiH TybIHIaybIHA J)KOHE KOHBEHEePAiH KEKe AJIEMEHTTEPiHIH ICTEH MIBIFybIHA OKEIl COFaIbl.
TapTKpI opraH KaJaMbIHBIH KeiOIp IIEKTi YJIFaroblHa )KETKEH Ke3/e Ti30ekTi OepiiicTiH omaH opi )KYMBICHI KayilTi
Ooiybl, Ti30eKkTepAiH OEpIKTITIK KOPHIHBIH aWTapibIKTall a3aloblHAH, JKYPICTiH OipKajbIIThl OY3bIIyBIHAH HEMece
apablK KETeKTEep.IiH KYJIIbI3IIanapbl MEH KYJIBIPBIKTapbl Oap IIBIHKBIP TOICANaphl iIiHYyiHIH Oy3bUTy cebenTepiMeH
OaianblcTel. [lmacTuHanbl KOHBeWepiepal maiganaHy peXUMIEpPIH 3epTTEyre JKOHE IJKAHFBIPTYFa apHaJFaH
KYMBICTap/a KOIl KO3FAJITKBILITHI TUIACTUHAJIBI KOHBEHEpAE KULTIK-PETTENETIH MIEKTP JKETerl KypanaapbIMeH Oaciibl
JKoHe OacKapbUIATBIH JKETEKTEP apachlHAa JKYKTeMenepAi Oeily MoceNeCiH MIemy TICcUIAepi KapacThIPhLIMAiiIbL.
JKYMBICTBIH MakKcaThl TapTKbIII-TACHIMANIAYIIBl OPraH KYMbBICHIHBIH AWHAMHUKAIBIK IPOIECTEPIH KOHE TapTKBIII-
TachIMAIIIAyIIbl OPTaHHBIH CEPITiHII KaCHETTEPiH €CKepe OTBIPHII, KUITIK-PETTENETIH JEKTP KEeTeri KypaiaapbiMeH
KOIl KO3FAITKBIIITHl IJJACTHHAIBI KOHBEHWEpHiH Oacmibl >koHe OacKapbUIaThIH DJJIEKTP IKETeKTepi apachiHZa
KYKTeMelep i 06y TOCiTiH CHITaTTaHThIH MaTEMAaTHKAIIBIK MOJICTIH 3ipiey.

bpeitoo U.B., Kasepun B.B., Kenucoexoe A.K., lanuapoe H.A., Axmemoexoea A.M.

MareMaTn4eckasi MojeJb TATOBO-HECYIIEr0 OPraHa MHOTOJBHUIATEIbHOT0 ILUIACTHHYATOr0 KOHBeiiepa ¢
YaCTOTHO-PEryJIMPYEeMBIM 3JIeKTPONPHBOIOM.

B mporecce paGoThl IEMHBIX KOHBEHEPOB, BO3MOXKHBI aBapUIHBIC CUTYallWH. [IpUYMHAMH KOTOPBIX MOTYT CTaTh
WHTCHCUBHOCTh W3HOCA MABIDKYIIUXCS YaCTCH, YBEIMYCHUE INara MIAPHUPOB TSATOBBIX IENEH, YTO HPUBOIUT K
BO3HHKHOBCHHUIO YIAPHBIX HArpy30K B TSATOBOM OpPIraHE W BBIXOLY M3 CTPOsI OTACIbHBIX 3JEMEHTOB KOHBeiepa. Ilpu
MOCTHYKEHHUH HEKOTOPOIO IMPEACIbHOTO YBEIMYCHHMS Iara TACOBOIO OpraHa JajibHEHInas paboTa LEMHON Iepeaadu
MOJKET OKa3aThCsl HEBO3MOKHOM M3-3a 3HAYMTEILHOTO YMCHBIIICHHS 3aaca MPOYHOCTH LIEICH, HAPYIICHUS IaBHOCTH
X0J[a WJIM HapYIICHWS 3aleIUICHUS MIApPHUPOB IEHHM CO 3BE3M0YKAMH W KyJaKaMH IPOMEKYTOUYHBIX NPHUBOIOB. B
PacCMOTPCHHBIX PabOTax MOCBAIICHHBIX HMCCIICAOBAHHIO M MOICPHHM3AIMK PEKUMOB SKCIUTyaTAlMH IUIACTHHYATHIX
KOHBEHEpPOB HE pPacCMaTPUBAIOTCS CIOCOOBI PEIICHHS MPOOIEMbI PACIpPEACICHHS HArpy30K MEXKAY BEIyLIIMM U
BEJOMBIM MPUBOJAMU B MHOTOJIBUTATEIBHOM IUIACTUHYATOM KOHBEWEpE CpPEICTBAMHU YaCTOTHO-PETYIHPYEMOIO
anektponpuBona. llens paboter: Pa3paboTka MaTeMaTHUECKUX MOJCIICH OMUCHIBAOIIUX JTHHAMHUYECKHE IPOLECCHI
paboOTBl TATOBO-HECYHIETO OpraHa © cmoco0a pachpeleNicHHs HArpy30K MEXIy BEOYIIMM H  BEIOMBIM
ANIEKTPONPUBOAMH  MHOTOJIBUTATEIBHOTO IUIACTHUHYATOTO KOHBeliepa CpeACTBAMH  YaCTOTHO-PETYIHPYEMOrO
ANEKTPOIPUBOJIA C YUSTOM YIPYTUX CBOWCTB TSATOBO-HECYIETO OPraHa.

Camuioanoun A.JK., Kapaoexosa /I.7K., Xacenoe A.K., Aumnaesa 3.K., Cenvorozaes O.b.

Kpicka umnyabcri pa3psiATaApABLIH KeMeriMeH MyHaii achanbTeHin AeCTPYKUHUsLIAY MeH
TUAPOPJIeyiH KBAHTTHIK-XUHMHSIBIK eceodi.

COHFBI KBUIAAPHI MAaTEPUAIIFA YHEPTETHKAIBIK 9CEP €TY KBI3BIFYIIBUIBIFBI OJIApIbIH CHITATTAMACKIHBIH 63Trepyi ce0ebine
OailJTaHBICTHI TYPAKTHI TYPJE JKOFAphl OOJBIN Kaima OepeTiHairi ce3ci3. MyHail MaTepHabIHBIH JKEKe epeKIIeTIKTepiH
ecenTey aca aWTapibIKTail CBHIPTKbI HEPTETHKABIK MIBIFBIHAAPCHI3 COKKBI OCEPiHIH KOMETIMEH KYPBUIBIMIBI KaXkKETTI
OarbpITTa ©3repTy MYMKIHJIrIH KepceTeai. MyHaal acep peTinae, MaTeprail KYpbUIBIMBIH 0acKapy VILIiH ayblp MyHaiira
ANEKTPOTHIPOUMITYIIBCTIK ocep KoMmaHbuiambl. OCBI OCEpPIiH KOMETIMEH PETTENCTIH MOJICKYIANBIK KYPBUTBIMIBI
apTITBIPyFa OHaWl KOJ KETKi3yre Oojanmel, CcoHOai-ak KapaxanOac KCH OpHBIHBIH ayblp MYHANBIHBIH
JIEMETHJLTU3AIMSICHIH 3ePTTCY HOTIDKEIIEP] YCHIHBUIFaH.

Camuioanoun A.JK., Kapaoexosa /I.7K., Xacenoe A.K., Aumnaesa 3.K., Cenvorozaes O.b.
KBaHTOBO-XHUMHMYECKHU pacyeT pa3pylleHHs] W THApOreHanuu achaiabra HedTH MOA BJIUSHHEM KOPOTKO-
HMIYJIbCHOTO pa3psaa
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B mocnennue roasl HHTEPEC K SHEPTETHYECKOMY BO3ACHCTBUIO Ha MaTepHall C IETbI0 M3MEHEHHUS MX XapaKTePHCTHK
ocTaeTcs CTaOWIBHO BBICOKMM. PacdeT MHIMBUAyaTbHBIX OCOOCHHOCTEH HE(TSIHOTO MaTephayia MOKa3bIBaeT, 4TO
MOXXHO H3MEHSTH CTPYKTYpy B HY)XHOM HaIpaBJICHMH, HCIIOJB3YS yIapHOEe BO3JEHCTBHE Oe3 3aMETHBIX 3aTpar
BHEIIHEH »Hepruu. B kadecTBe Takoro BIMSAHUS Ui KOHTPOJS CTPYKTYyphl MaTepuana HCIOJB30BaIU SIEKTPO-
THAPOUMITYJIbCHOE Bo3zeiicTBue Ha HedTh. C moMomupio 3Toro addekra MOKHO JIETKO YBEIWYHUTh YHOPSAOUYEHHOCTh
CTPYKTYpHI sinpa. [IpencraBieHsl pe3yabTaThl HCCIIEAOBAHUS CBOMCTB TsKelIoH HepTH Mectopoxnenus: Kapaxkanobac,
MOJBEPTHYTON 3IEKTPO-THAPO-UMITYIbCHOMY Pa3psAy C LENbIO JeMeTaIU3alUu.

Ecoaee A.H, Ecenoaesa I'.A., Ecenbaeea I'.A., Pamazanoe M.H.

Kbl1yoTKIBriTIKTIH MaHBI3ABI KYKTeJreH TeHAeyi 0ap Mogedb YIIiH HMHTErpajabl TeHJey SIAPOCHIHBIH
KaCHeTTepi TypaJbl.

JKorapbl TOKTHI @XKbIpaTaThIH KYPBUIFBUIAP/IBIH 3JIEKTP JOFACHIHIAFb! KbUTYy(DU3UKAIBIK MPOLECTEPi MaTeMaTHKAJIBIK
MOJENBACY MAaHBI3IBl JKYKTEITeH IKBUIYOTKITIMTIK TEHACYl VIINH IIeKapalblK ecenrepre okememi. MyHaai
KYOBLUTBICTAP/IBIH KBUIJAMIIBUIBIFBIH €CKEpE OTBHIPBIN, OipKaTap KaFmaiiapia MaTEMaTHKAIBIK MOJENb OJIAP.IbIH
JMIUHAMUKACHI Typajbl aJcKBaTTHI akmapaT Oepe amanpl. lllekapanblk ecen TYpiHIETi MaTeMaTHKAJIBIK MOICTh CKIHIII
Typaeri BonbTeppiiH WHTETpalIIbIK TCHICYIHE PEAYKIUSUIAHANBI, COHBIH HOTIXKCCIHJC IMICKAPabIK CCENTIH eIyl
PEAYKIVSUIAaHFAH WMHTCTPANABIK TEHACYMIH INemIinyiHne SkBuBalcHTTI. COHBIMEH, PEOYKIUSIAHFAH WHTCTPAIIBIK
TEHJCYAlI 3epTTey KaKeTTUNrl TyblHAaWmpl. byn 3eprreynid HoTmkenepl (Kaimel Karnaiga sapo >KacalThIH
(YHKIUSHBIH Op TYPJl KOPIHICTEpI MEH KAaCHETTEpi JKOHE KEKE KaFJaiiapia MHTETPAIIBIK TCHICYNIED SAPOCHIHBIH
TypJiepi) ochl Makaiaga OepiareH. Makana GU3UKTep MEH WHXKEHepJIepre, COHIal-aK KYKTelreH auddepeHnanibK
TEHJICYJIEP/IiH NPAKTHKAIBIK KOCHIMIIATAPBIMEH aifHAIIBICATHIH FRUIBIMU 3ePTTEYLIIEPTe apHAIFaH.

Ecoaee A.H, Ecenoaesa I'.A., Ecenbaeea I'.A., Pamazanoe M.H.

O cBoiicTBax si/[pa HHTErpajJibHOTO YpPaBHEHHUs JJs MOJEIU C CYIIeCTBEHHO HArpy:KeHHbIM ypaBHeHHeM
TeIJIONPOBOHOCTH.

MareMaTiyeckoe MOJICTHPOBAHUE TCIUIOPU3MUCCKUX TPOIECCOB B  JJICKTPUUCCKOH Jyre CHIBHOTOYHBIX
OTKITIOYAMOIIUX AaNllapaToB MPHUBOAWT K KpaeBoOM 3amade s CYIIECTBEHHO HATrPYKCHHOTO ypaBHCHHUS
TEIUIOTPOBOAHOCTH. YUHTHIBAass OBICTPOTECYHOCTh TAKHX SIBICHHM, B PsJC CIyJYacB JIMIIb MaTeMaTHYECKas MOJCNb
crocoOHa JaTh aJeKBaTHYI0 HH(poOpMaImio 00 WX JAWHAMHUKe. MaTeMaTHuecKas MOJCNb B BHIC KpPacBOW 3aladd
peayuupyeTcsl K MHTErpalbHOMY ypaBHEHHIO BoibTeppa BTOpOTo poia, B Pe3ylbTaTe Yero pa3pelruMOCTh KpaeBoit
3aJa4d SKBUBAJICHTHA Pa3pElIMMOCTH PEIyLUPOBAHHOTO HWHTErPAbHOTO ypaBHEHHs. TakuM 00Opa3oM, BO3HHKAET
HEOOXOAMMOCTh HCCIIEIOBaHHS PEIYIHPOBAHHOTO WHTEIPAbHOTO YpaBHEHUs. Pe3yiabTaTbl 3TOr0 HCCIEIOBaHUS
(pa3n4HBIe TIPEICTABICHUS W CBOKWCTBA 00pa3ylomieil sapo GyHKIMH B OOIIEM cliydae W BHIBI sJIpa WHTETPAITLHOTO
YpaBHEHHsI B YaCTHBIX CIIy4asx) MPEACTaBICHbI B TaHHOW cTaThe. CTaThsi OPHEHTHPOBAaHA HAa (PU3UKOB U MHIKEHEPOB, a
TaKke Ha HAydyHBIX  HCCIEAOBATeNiei, 3aHMMAIONIMXCS  NPAKTHYECKUMH  HPHIOKECHUSIMUA  HArpyKEHHBIX
nuddepeHaIbHBIX YpaBHEHUH.
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