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Dear Authors and Readers! Honourable colleagues!

The editorial board of «Eurasian Physical Technical Journal» wishes you a Happy New 2017
Year!

As a rule, at the close of a calendar year, results of the past year are reviewed and plans for the
future are set out. As we have earlier reported, according to the results of the international
examination of «Eurasian Physical Technical Journal» in 2015, its ISSN 1811-1165 for printed
version was confirmed and ISSN 2413-2179 of on line version of the journal was assigned.
Currently, the work on updating the website of the journal is going on.

Taking into account the recommendations of experts and professionals, in order to promote
scientific publications and to involve a wide academic audience, along with scientific articles we
are going to publish review articles, as well as to introduce autobiographical information and
scientific achievements of leading scientists, the members of the editorial board and others to the
authors and readers. At present, the editorial board and the expert group of Eurasian Physical
Technical Journal has been changed.

In this issue, the research objects of the authors’ articles are physical and technical processes
and phenomena in a very wide range of micro and nano size to mega cosmic distances. The research
at the nanoscale is presented in the article of Belarusian scientists, which analyzes "the processes of
formation of nanodiamonds ...". New findings of investigation of nanostructured films and
nanoparticles obtained using the equipment of the Institute of Molecular Nanophotonics, led by
Professor Ibraev N.H., are of great interest. The article by Almaty scientists presents the data on the
studied spectra of "photoluminescence of carbon-nano-structured objects.” In the works of Uzbek
scientists on the basis of the simulation "the condition of the Faraday effect intensification in
multilayer nano-structures” is found.

In practice, problems of maintenance of technical equipment reliable operation, as well as
others, do not depend on geography and state. In the paper of Kemerovo scientists, an «analysis of
roof fall risk assessment method in underground workings» is made. The article of Zaporozhye
researchers presents a methodology for the study of the regularities of the system of coupled
vibrations of component parts of an aircraft engine turbine for the examination of rotor blades wear-
out.

The articles about solving various heat and mass transfer problems, and in particular, the use of
renewable energy sources, are supposed to be of interest. Review articles on «Theory of corrosion
and thermal destruction of metals materials» and «Analysis of developing wind power apparatus in
Kazakhstan» are useful to young researchers.

We hope that in this issue both scientific and review articles addressing the most urgent
problems of modern physics and engineering, will be interesting and useful to readers. But special
attention should be paid to the paper of the academician A.A. Potapov, concerned with the
development and the description "of fractal dimensions of lightning discharges in the ionosphere,”
and "... the analysis and synthesis of ... complex tasks of radio engineering and radiolocation."

We are pleased to introduce this author, Doctor of physical and mathematical sciences,
Professor of V.A. Kotelnikov Institute of Radio Engineering and Electronics of the Russian
Academy of Sciences, the academician of A.M. Prokhorov Academy of Engineering Sciences and
the academician of Academy of Natural Sciences, A.A. Potapov as a new member of the editorial
board of EAPhTJ.

Alexander Alekseevich is a prominent scientist in the field of radio physics and radiolocation,
detecting and processing of images and signals, fractal analysis, fractional operators and
deterministic chaos. Since 1981, the main research area of A.A. Potapov has been the application of
the theory of fractals, fractional operators, scaling and deterministic chaos in radio physics,
radiolocation, radio electronics, antenna theory, electrodynamics, the theory of management for the
creation and development of breakthrough information technologies. A.A. Potapov was the
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initiator and organizer of the earliest research and development work on radiophysical application
of the fractal theory, scaling effects and fractional operators in radio systems in Russia.

The results of the scientific activity of A.A. Potapov.
on fractal processing of information in the high-intensity
noise and on fractal radio systems and fractal radio
elements were published in more than 800 scientific
papers, 23 monographs and 6 textbooks published in
Russia and abroad.

The outstanding scientific knowledge, hard work,
integrity, commitment, and a great sense of responsibility
for the dealt-with matter won him well-deserved prestige
and international fame. Professor A.A. Potapov was
awarded many state medals and honorary signs of Russia
for his outstanding achievements in the development of
radio electronics and communication.

In March 2011, A.A. Potapov was awarded the title of
Honorary Professor of the University of Dzhinan
(Honorary Professor of Jinan University, Guangzhou city,
China). He is the President of the joint Chinese-Russian
laboratory of information technologies and fractal

z processing of signals (2011). In April 2015, at the
international scientific competltlon in Beijing, A.A. Potapov won the Government grant of China
"Leading Talents" for fractal methods of signals and images processing.

A.A. Potapov is the editor in chief of the journal "Nonlinear World" (2003), a member of the
editorial boards of international journals "Electromagnetic Phenomena” (2005) and "Materials
Sciences and Applications” (USA, New York, 2009), a member of the editorial boards of
"Achievements of modern radioelectronics™ (2009) "Nano-technologies: development, application -
XXI1 century" (2009), "Radioelectronics. Nanosystems. Information technology " (RANS,
2009),"Complex Systems "(Moscow State University, 2011)," "The Sky" (Azerbaijan, Baku,
2012),"Bulletin of Kharkiv National University. Radio Physics and Electronics™ (Kharkiv, KhNU,
2012) and "Proceedings of Russian higher educational institutions. Radioelectronics "(SPbETU
"LETI", 2015).

On May 4, 2016 Alexander Alekseevich Potapov was 65 years of age!

On behalf of the editorial board of the «Eurasian Physical Technical Journal» and on behalf of
all our readers our congratulations on the anniversary! We wish you health, prosperity and success
in scientific work!

We hope that the international prestige of Professor A.A. Potapov, as a scientist and a high-
class professional, will make for establishing closer international scientific contacts, which
beneficially will affect not only the quality of our journal, but it will contribute to the development
of physical and engineering science as a whole!

We wish all our authors and readers good health, success and good luck in the research work!

We will be very glad to see you among authors in future issues, and gladly publish and present
the results of your research to the international scientific community.

Respectfully, Chief Editor Saule Sakipova
Karaganda, December, 2016
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UDC 550.388.2

ON FRACTAL DIMENSION SPECTRUM OF NEW LIGHTNING DISCHARGE
TYPES IN IONOSPHERE: ELVES, JETS AND SPRITES

Potapov A.A.
V.A. Kotelnikov Intstitute of Radio Engineering and Electronics of RAS, Moscow, Russia,

Chinese-Russian laboratory of informational technologies and signals fractal processing
of JNU-IREE RAS, JiNan University (JNU), Guangzhou, China, potapov@cplire.ru

Starting from the middie of nineties of XX a new phenomenon became the focus of physicists’ interest —
lightning electric discharge in the middle atmosphere at attitudes from 20 to 100 kilometers which are above the
absolute majority of clouds. It results in rise of absolutely new classes of discharge phenomena. Physical
properties of elves, jets and sprites which are the most interesting types of the high-attitude discharges in the
atmosphere are considered in the work. The results of researches of its fractal characteristics are presented. The
obtained results give grounds for a deeper insight of development, relaxation of such atmosphere processes and
taking into account of action of such kind of strays on functioning of radio systems.

Keywords: fractal dimension, lightning discharge, ionosphere, noise

Introduction

Since the mid 90-ies of XX century a new phenomenon has become the focus of physicists’
interest. It is a lightning electrical discharge in the middle atmosphere at altitudes from 20 to 100
km, lying above the absolute majority of the clouds. This leads to a few completely new classes of
discharge phenomena called elves, jets and sprites.

Physical models of sprites, elves and jets are still a subject of intense debate [1, 2]. Although
the data accumulation phase, characterizing the morphology of these phenomena is not completed,
it is already possible go to the study of finer features of the structure and dynamics of high-altitude
discharges and their role in the global electric circuit and the balance of minor components of the
atmosphere. Methods of study of nonlinear dynamics of high-altitude lightning discharge rely
mainly on classical statistical processing of the obtained data. However, the rapid development of
fractal scaling methods of signal and image processing makes it possible to expand and refine the
obtained data. In particular, the fractal processing provides an opportunity to study topology of the
discharges in space and time.

The paper presents the results of experimental studies of fractal characteristics of the new types
of atmospheric disturbances such as high-altitude lightning discharges. The concept of a global
atmospheric electrical circuit is defined. The obtained data may be of interest when considering the
problems of immunity space radiocommunication and radiolocation to interferences, as well as in
the evaluation of potential threats to the existing spacecraft and probes.

1. A global atmospheric electric circuit

A global electric circuit or GEC (Fig. 1) is a current distribution loop, which is "closed” by
electrically conductive atmosphere [1, 2]. GEC consists of a combination of solid and plasma gas
shells united by the continuity of the electric current density, with lightning generators as the main
sources of electromotive forces and undisturbed regions of the free atmosphere as return current
areas. The physical reason for the formation of GEC in the atmosphere is a sharp increase in the
conductivity of the air with increasing altitude.
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Near the Earth's surface the conductivity of the air is very low and amounts to (2+3)x10™
cm/m, which corresponds to the concentration of light ions of about 10° cm™. With increasing
altitude, due to rise in ionization level, which up to 40 km altitude results from galactic cosmic rays,
and above — from ultraviolet and X-ray radiation of the Sun, the conductivity increases almost
exponentially with a characteristic scale of 6 km. As high as at the altitude H of the ionosphere
layer (about 80 km), it increases by more than 10 orders of magnitude compared to the troposphere.
The conductivity of the earth in the surface layer (and particularly that of ocean water) is also
higher than the conductivity of the atmospheric boundary layer by 10 ... 12 orders.

Fig.1. Diagram of the global atmospheric electrical circuit.

To simplify the GEC description, the earth surface and the lower boundary of the ionosphere
(about 60-70 km) are often considered as coatings of a giant spherical capacitor, which discharges
in areas of fair weather and charges in areas of thunderstorm activity. In these conditions, quasi-
stationary charging currents are not completely closed to the ground near thunderclouds, but partly
"dragged" into the overlying area of high conductivity and spread over the ionosphere. It is believed
that primarily quasi-stationary currents, "bear responsibility” for the maintenance of the potential
difference =350 kV between the ionosphere and the ground. Since the upper part of most
thunderstorm clouds has a positive charge, the potential of the ionosphere is also positive, and in the
areas of fair weather the electric field is directed downward, in that way causing conduction
currents, closing GEC. If the action of the generators stopped, the potential difference between the
Earth surface and the ionosphere would disappear in about 8 minutes.

According to the hypothesis of Wilson, tropospheric lightning generators provide charging the
spherical Earth-ionosphere capacitor and determine the quasi-stationary electric state of the
undisturbed atmospheric regions [3]. The potential difference between the huge plates of the
spherical capacitor is 300...400 kV. Under this voltage, electric current of about 1,000 amperes
passes through the air to the ground. This figure may seem huge, but the current is distributed over
the entire surface of the planet, so that only a couple of microamps is accounted for by every square
kilometer of water or land, and the entire power of the atmospheric circuit is comparable to a
turbine of a large hydroelectric power plant. That's why the idea (which goes back to Nikola Tesla)
to use atmospheric potential differences to produce energy is untenable.
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2. A Dbrief history of the discovery of new dynamic natural structures in the
ionosphere and a their brief characteristics

Every twenty-four hours the sky is traced by 4 million lightnings, about 50 ones per every
second. And over the gunmetal grey thunderstorm fronts, in the upper layers of the atmosphere a
light show of "spectral lightnings™ is set: blue jets, red-purple sprites, red rings of elves soaring in
the sky. Those are very high energy discharges, which are not directed to the ground but to the
ionosphere. Thus, high-altitude electrical discharges (20...100 km) are divided into several basic
types: elves, jets, sprites, halos, etc. — Fig. 2.

The story of their discovery was as follows. On the night of 5 July 1989, an important event
happened in the history of the study of the Earth. John Randolph Winkler, a retired professor, 73-
year-old NASA veteran focused a high-sensitivity camera on thunderstorm clouds. Then,
thoroughly looking through the record, he found two bright flashes, which, unlike the lightning did
not go down to the ground but went up, to the ionosphere. In that way sprites, the largest of high-
altitude discharges in the Earth's atmosphere, were discovered. They clearly confirmed the
existence of GEC on the planet and gave new opportunities for its research. His articles literally
caused a shock among experts on astronomy, atmospheric electricity, radio physics, atmospheric
acoustics, gas discharge physics and aerospace safety.

The shortest-lived high-altitude discharges, elves occur in the lower ionosphere at heights of
80...100 km. Having originated in the center, the glow expands to 300...400 km in less than a
millisecond, and then quenches. Elves emerge in 300 microseconds after a strong lightning having
stricken the ground from a thunderstorm cloud. The channel of the lightning becomes a
"transmitting antenna"”, from which a powerful spherical electromagnetic wave of very low
frequency rate "starts" at light speed. In 300 microseconds it reaches a height of 100 km, where it
"sets in" a red glow of nitrogen molecules.

Height, km

IONOSPHERE
" ELVES

MESOSPHERE Height, km

An extremely powerful
STRATOSPHERE lightning discharge in

BLUE JETS upward direction

\ An ordinary discharge "cloud-to-air
= ) An area in the atmospheric layer

£
==
TROPOSPHERE = ‘
a negatively charged shaft . 4 a postitively charged shaft

"cloud-to-ground" near convection core 3 "cloud-to-ground" with "spider-like lightning"

Distance, km

Fig.2. Dynamic fractal structures in the atmosphere.



Modeling of the Nonlinear Physical-Technical Processes. Engineering. 9

The most mysterious high-altitude discharges are blue jets; they are also a glow of nitrogen
molecules in the ultraviolet-blue spectrum. They look like a narrow blue inverted cone, "starting"
from the upper boundary of a thundercloud. Sometimes jets reach a height of 40 km, their extension
rate is 10 to 100 km/s. Their emergency is not always caused by lightning discharges. Besides blue
jets, "blue starters™ (they extend to a height of <25 km) and the "gigantic jets" (extending to the
lower ionosphere heights of about 70 km) are differed.

Sprites are very bright three-dimensional flashes with duration on the order of milliseconds,
occurring at an altitude of 70-90 km and descend down to 30-40 km. Their top width reaches tens of
kilometers. Sprites flare up in the mesosphere in about a hundredth of a second after the discharge
of powerful lightning "cloud-to-ground”, sometimes at a distance of several tens of kilometers
horizontally from the lightning channel.

The red-purple color of sprites, as well as that of elves, is attributed to atmospheric nitrogen.
The frequency of sprites occurrence is on the order of several thousands of events per day around
the globe. The fine structure of the bottom of sprites is characterized by a plurality of luminous
channels with transverse dimensions ranging from tens to hundreds of meters — Fig.1. The
emergence of sprites is associated with the formation of a high dipole moment of the
uncompensated charge, after particularly powerful lightning discharges cloud-to-ground, usually of
positive polarity.

Halo is a uniform reddish-purple glow at an altitude of about 80 kilometers. Halo is a luminous
disc in the mesosphere just above the area of tropospheric discharge. The reason for the discharge is
probably the same as that of the top of sprites, but unlike them, halo always originates just above
the "cloud-to-ground” flash of lightning.

It is a mystery for scientists that discharges in the ionosphere are fairly numerous; they appear
not only where there are thunderstorm clouds occur, and not over the entire surface of the Earth.
They are not visible above Siberia, oceans and deserts. But a large number of them are recorded
over Australia, Africa and Latin America. It is difficult to register high-altitude discharges and
diagnose their characteristics due to their short lifetime.

3. Some approaches to the modeling of ionospheric structures

Development of physical and mathematical models of sprites, elves and jets is an urgent task of
researchers. Dynamic spatiotemporal characteristics and morphology of sprites may be explained,
in particular, by fractal geometry of discharges and percolation. [1, 2, 4 — 14].We have here another
example of self-organized criticality when the dynamics of the system (in this case, of a high-
altitude discharge) results from reaching the threshold of the so-called directed percolation, which
features the formation of branched (fractal) conducting channels that cover the entire length of the
sprite.

4. The results of fractal processing of a sprite and a jet in the ionosphere

The situation is quite different with the matters of statistical data processing. In this case,
classical methods are traditionally used. They do not make it possible to obtain all the information
about these new atmospheric structures. In other words, in [6-16] the author shows that the use of
the mathematical theory of fractional measure and fractals opens up a whole range of new
methodological principles for physicists and experimenters — for examples, see Fig. 3 and Fig. 4.
There are clearly visible numerous branches and channels in the structures of sprites and jets.

Apropos, these are the first in the world results of fractal processing of such structures (the
initial processing was carried out at the beginning of 2013, the final processing — in 2014). In such
cases it is possible to apply simulation based on fractal mazes, which reflect the physics and
morphology of those ionospheric structures quite well [14, 15].
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Fig. 3. The results of fractal filtering of a sprite
image:

(a) —an initial sprite image (US, NASA [17]),
(b) — a fractal dimension estimate chart with the
average value of the fractal dimension
D =243,

(c) — the section of the chart on the value of
D=D-0.05.

(External, basic and hyperfine sprite structures
clearly differ).

a)

Fig. 4. The results of the fractal filtering of a gigantic jet image (photographed in China, 12 August
2010): (a) —the jet image [18], (b) and (c) — the sections of D fractal dimension
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A complete series of fractal filtering results of an instant frame sprite image based on initial
data from [17] is shown in Fig. 5.

(i)

Fig. 5. A complete series of the results of the sprite image fractal filtering:
(a) —a chart of the fractal dimension with the mean value of D = 2.1; (b) — 2.2;
(c)—2.3; (d) — 2.4; e) — 2.5; () — 2.6; (g) — 2.7; (h) — 2.8; (i) — 2.9; (j) — 3.0.

Conclusion

One of new types of high-power pulse interferences are recently discovered specific discharges
of atmospheric electricity. Fractal scaling methodology applied to describe the morphology of jets,
sprites and elves can be successfully used to evaluate their performance and development dynamics.
This evaluation will be overall and objective as it is based on quantitative estimates of D fractal
dimensions at contouring of related structures; and it is operational since the data processing is
easily performed by computers. Then problems of mathematical physics are solved.

The results obtained in this work provide a basis for more profound effect of interferences of
this kind on the functioning of modern ground and space radio systems. Here are some
characteristics of sprites [4, 5]: typical space 30x 30x 30 km; the spatial extent of irregularities — the
external structure on the order of 10 km, the basic structures on the order of 1 km, the hyperfine
structure less than 100 m; the electron density Ne~10* cm™, the flash duration 7, ~10 ms; relaxation

time of the electron density 7, ~1...10s; the electron temperature T.~2 eV at the flash and T.~0.02eV
during the relaxation period; total current momentum in the discharge ps~100 kA x km.

The obtained results in this paper confirm that the common point of nonlinear electrodynamics
of GEC and the developed global fractal-scaling method has been found [6-16, 19].
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ANALYSIS AND SYNTHESIS OF TOPOLOGICAL RADAR DETECTORS
OF LOW-CONTRAST TARGETS AGAINST THE BACKGROUND
OF HIGH INTENSITY NOISE AS A NEW BRANCH OF RADIOLOCATION
AND THE THEORY OF STATISTICAL SOLUTIONS
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The new kind and approach of up-to-date radiolocation: fractal-scaling or scale-invariant
radiolocation has been proposed. The main ideas and strategic directions in synthesis of fundamentally new
topological radar detectors of low-contrast objects have been considered. The objects detection is conducted
against the background of reflections from the ground, sea and precipitations. The new topologic signs and
methods of detection of low-contrast objects against the background of high-intensity noise are presented.
The methods are based on the textural and fractal analysis and also on the theory of deterministic chaos. The
main purpose of the work is to interpret the main directions of radio physics, radio engineering and radio
location in “‘fractal” language that makes new ways and generalizations promising radio systems in future.

Keywords: texture, fractal, lacunarity, Hurst exponent, signals detector, low-contrast target, radar, fractal -
frequency MIMO - Systems.

Introduction

Radar detection of low observable and small objects near the surface of the earth and the sea,
as well as at meteorological precipitation is an extremely difficult problem [1, 2]. In addition, sea
and vegetation clutters are of non-stationary and multiscale character, especially at 9 shallow
angles. A variety of underlying coverings, radar observation conditions and following the above
mentioned objects very often lead to the fact that the signal to noise ratio g2 for such problems

almost always fills the area of negative values(in decibels), i.e., q2<1 dB [1,2]. This makes classical

radar detection methods and detection algorithms inapplicable in most cases, that is, use of energy
detectors (when the likelihood ratio is determined solely and only by the received signal energy)
becomes essentially impossible.

What is to be done? There is a way! Detection of low-contrast targets against the background
of mentioned above high-intense natural noise inevitably requires to offer, and then calculate some
fundamentally new characteristic that is different from the functional related to noise and signal
energy, and is determined by the topology and the dimension of the received signal.

Introduction of the concepts "texture", "deterministic or dynamic chaos", "fractal" and "fractal
dimension™ to the scientific use in radio physics and radiolocation, enabled the author to be the first
to offer and then apply new dimension and topological (not energy!) characteristics (invariants),
which the author combined under the general concept "sampling topology” [1-12].

The work objective is to give a brief analytical review of the development and improvement
of the author’s methods and algorithms for new topological, including fractal textural detectors of
low-contrast radar targets against the background of high-intense ground and sea clutters, as well as
meteorological precipitation ones.


mailto:potapov@cplire.ru

14  ISSN 1811-1165. Eurasian Physical Technical Journal, 2016, VVol.13, No.2(26)

1. Fractal-scaling or scale-invariant radiolocation and fractal MIMO-radars as a
new kind of radiosystem

For further instantiation of the problems of detection of weak radar signals, we believe initial
information to come from a variety of radio systems in the form of a one-dimensional signal and /
or a radar image (RI) - Fig. 1. The simplified scheme of primary radiosystems and investigation of
radar image and one-dimensional signal in millimeter wave band (MWB) were represented by the
author much earlier. Currently, fractal radar, a MIMO-radar and a fractal MIMO radar as well as
unmanned aerial vehicles (UAVs) are added to the scheme in Fig. 1. The concept of fractal radar is
presented in [1-5, 8, 11, 12], the concept of fractal MIMO-radar is considered in [1-3, 5, 11, 12].
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Fig.1. Radio systems of initial information

In general, the technology of MIMO systems implies that each wireless device involved in data
exchange, has several spatially distributed receiving and transmitting antennas. The basic idea of
fractal MIMO-radars is using fractal antennas and fractal detectors [1-12]. The capability of fractal
antennas to work on several frequencies simultaneously or to radiate broadband sounding signal
provides a sharp increase in the number of degrees of freedom that defines many of the important
advantages of this type of radiolocation and significantly expands adaptation possibilities.

To represent these specifics, in [1-3, 5, 11, 12] a new term «fractal-frequency MIMO systems
(FF MIMO)» was introduced, which reflects their physical properties much better. MIMO
technologies related to the spatial multi-channel systems provide great opportunities for the
application of the author’s global fractal-scaling method for signal processing, various algorithms
and technologies of fractal detectors [1-12] at all stages of the synthesis of information MIMO
systems. The idea of a fractal radar station (Fig. 1 and 2) is based on the concept of fractal radio
systems developed by the author - Fig. 3 [4, 8, 9].



Modeling of the Nonlinear Physical-Technical Processes. Engineering. 15

Radar ‘ /%;
vt 5‘“’
Applications of fractal theory
and fractional operators
¥ L
Fractal signal Fractal Fractal signals v
processing o detectors N and H-signals o
Fractal Fractal Fractal
MIMO-systems i UAVs . modulation i
Adaptive Fractal Fractal
(fractal rule) -+ antennas <+ generators o+
Fractional order Fractal active-passive Fractal
PID-regulators N systems - detectors N
Fractal Fractal Fractal
radioelements il memristors - filters -
Fractal MTS systems Fractal Fractal sensor
(moving target selection) - markers - networks il

' ' '

| 100% Fractal Radar |

Fig.2. A fractal radar

| Fractal Labyrinths, 2008

Radio Signals Fractal Detection |
for Super-Low Signals-to-Moise > l
Ratio, 1987 Fractal Detectors of MNew Topological Detectors,

. 2011 + 2012

Fractal Modulation and Fractal | | Radio Signals, 2005

Signals, 1988 ]
Fractal Generators of
Signals, 2013
A 2

| Fractal antennas, 1930 r'_‘

FRACTAL RADIO

r
Fractal Impedances and SYSTEMS AND
Fractal Elements, 2003 [

FRACTAL

: v 1
Fractal Selective and Fractal ELEMENTS, 2005

g
Absorbing Materials, 2003 "

Fig.3. Fractal radio systems

2. New features and topological methods for the detection of low-contrast
targets against the background of high-intensity noise

All currently existing and used by the author methods and topological features of low
observable objects detection against the background of the high-intensity sea, ground and
meteorological phenomena clutters are compactly represented in Fig. 4. The relationship between a
variety of features and methods are also marked there. The work on the classification of such
methods, algorithms and features started in May 2015 in China during the defense of the project
«Leading Talents of Guangdong Province» and finished at the beginning of 2016 in China. That
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was also when the author essentially completed the work on the book [2], where some of presented
here results were introduced for the first time ever.
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Fig. 4. Topological features and methods for detection of low-contrast targets against the background of
high-intense noise.

Introduction of the concept of textural features ensemble to the US in 1973, [13], in the 1980-
ies made it possible for the author to be the first to calculate complete ensembles of 28 textural
features and to conduct their detailed synchronic analysis for real (optical aerial photography (OAP)
and radar images within MMW range at a wavelength of 8.6 mm), as well as for synthesized
textures based on autoregressive models, depending on the season [1, 2] 4].

Long-term field experiments were carried out by the author in cooperation with "Almaz" CCB
and other leading industrial organizations of the USSR. All investigations were performed at
wavelengths A=2.2 and 8.6 mm (active radiation) and A=3.5 mm (passive radiation). When
extracting a MMW signal scattered by a variety of land covers, back in1985 the author conducted
first experiments on sorting areas of frequency and time scaling, the presence of which imply



Modeling of the Nonlinear Physical-Technical Processes. Engineering. 17

certain fractal properties of the accepted sampling. At the same time, the problem of calculating
textural features with account for the drift of their signatures under alternation of seasons was posed
and solved. The assessments of the impact of window sizes on the accuracy of determining textural
features for images of different land cover types were optimized.

For a long time the works on the study of radar images of the land cover at MMW using
textural information have actually been carried out only in Russia and are of interest so far
(especially now) [1, 2, 4]. After calculating ensembles of textural features based on optical and
radar images, in 1985-1986 the author proposed methods and algorithms for the detection of low-
contrast targets against the background of high-intense noise. Those included the method of direct
use of textural features (1985), the dispersion method based on f-statistics (1985) and a detection
method using linearly simulated patterns, i.e. textures (1986) [1-4, 8, 11]. The created methods of
detection are quite valid at low signal to noise ratio of the order of or less than one (times). To the
author’s knowledge, no textural method for detecting low-contrast target has been proposed abroad.
Moreover, an important advantage of the textural methods of processing is the possibility to
neutralize speckles at coherent images of the Earth’s surface, obtained by SAR.

The methods of deterministic chaos are widespread; they are shown in the right column of Fig.
4. It should be only noted that the algorithms of radar detection of low-contrast targets against the
background of woodlands tor the radar at a wavelength of 2.2 mm were tested by the experimenters
in 2001. It was the first time when a strange attractor was reconstructed. It controlled the radar
scattering of millimeter radio waves. Its dynamic and geometric characteristics were measured; D
fractal dimensions, depending on the value of m embedding dimension were calculated as well. The
most accurate estimate of D can be obtained at the breakpoint of D(m) convex curve, at that paying
no attention to reduction in scale ratio above and below.

Based on the found maximum Lyapunov exponent 4,>0.6 bit/s it has been shown that, when
measuring the current conditions with an accuracy of up to 1 bit, we lose all predictive power over
time during 1.7 seconds. Therefore, the prediction interval of echoed signal intensity is by about 8
times greater than classical correlation time 7 (1=210 ms at a wind speed of 3 m/sec). The prediction
interval provides an opportunity to estimate roughly the amplitude of further samples in the sample
collection and, as noted by the author, it can be used in radar practice. Calculations of Hurst
exponent H showed that in two out of three cases, the scattering process of millimeter waves by
woodlands corresponds to the persistent process with H>0,5, i.e. to the process with maximal rank.

3. Fractal topological detectors of low-contrast targets in high-intensity noise

Currently, great interest is evinced in various fractal and scaling methods (Fig. 4). Those fractal
investigations started almost simultaneously in Russia, the USA and China in the 1980s. [1-12].
And the global problem to detect a fractal object against the intensive fractal background with
additive Gaussian and nongaussian noise and interference was once posed [1-12]. Distinguishing
features and methodology of the author's approach differed so greatly and were unusual for that
time, that it was followed by a number of foreign articles with references to his early works on
fractal processing of signals and radar images (see, e.g., [14-16]), in which it was taken further.

At the same time, the fractal dimension D or its signature D(t, f, ) in different parts of the
surface image is also a corresponding texture measure, i.e. the spatial correlation properties of
scattering of radio waves from the respective surface areas. Moreover, the texture also determines
lacunarity (Fig. 4), which uses second-order statistics for fractal images [1-12, 17-26]. Lacunarity
is small for large dense texture and it is great when the texture is coarse-grained.

Lacunarity A (sensu Mandelbrodt) is defined by the formula

A:<Q/I/<M >:—1‘j>-
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Here, M is a "mass" of a fractal formation, <M> is an anticipated "mass", the brackets <...>
stand for data ensemble averaging.

Lacunarity as a feature of objects detection was considered by the author in 1997. The
introduction of fractional measures and scaling invariant makes it necessary to work with power-
series probability distributions. The basic principles of a fractal detector were discovered and
offered as early as in the 1980s; and for the first time ever (Fig. 2 and 3) the operation of the
working model of fractal nonparametric detector of radar signals (FNDRS) was performed in 2003-
2005. [1-12, 16-25]. In 2005 in the US it was exhibited as part of ISTC project with CCB
"Diamond” and IRE RAS and earned a very high opinion of experts [1, 2]. The authors proposed
unconventional algorithms of fractal-scaling detection, which offered high resistance. Some original
versions of generalized structures of radar fractal detectors are presented in Fig. 5. The schematic
view of the conjectured detector is shown in Fig. 5a. Based on a received radio signal or an image, a
set of textural and fractal features ¢ is determined. Then, in the threshold device at the threshold

value of T and a certain level of false alarm probability F, a decision on obtained signal H; or its
lack Ho is issued. As ¢ features, the value of the fractal dimension D, Hurst exponents 0 < H <1 for
multiscale surfaces, p exponents, lacunarity values, etc. can be used. Hurst exponent is H=3-D for
Rl and H=2-D for a one-dimensional signal.
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Fig.5. The initial (a) and detailed (b, c) structures of the first fractal detectors.
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The integrated structural scheme of the fractal detector of radar signals is shown in Fig. 5 b. It
consists of a circuit filter and a fractal spectrum computer. Further specification of the structural
scheme of FNDRS is shown in Fig. 5c. An incoming signal (RI, a one-dimensional sample
collection) arrives at the input converter.

It is intended to prearrange the analyzed sample collection. This preparation could include either
an induced noise contamination (in the case of low resolving power of an analog-to-digital radar
converter) or, for example, contrast compression in the case of sampling with a high dynamic
range. Crucially, using the schemes in Fig. 5 it is definitely possible to synthesize absolutely all
kinds of other fractal detectors in the future. (The author wishes to emphasize that "new" schemes
of fractal detectors have been recently put forward by the authors who do not understand the fractal
radiophysics and radiolocation at all and, not just knowing the basics of fractal analysis and
dynamic chaos, they lay claim to some originality).

For a long time (over 35 years) the priority in this area in Russia and over the world strictly
belongs to V.A. Kotelnikov IRE of RAS and to the author in particular. The author's concept (Fig.
3) of fractal radio systems and fractal devices makes the synthesis of other types of fractal detectors
possible (Fig. 6 and 7). The detector based on the Hurst exponent works by using one or more
search frequencies of radar (Fig. 6).

Scattered o Frequency . =1 Target
Fourer | iy Ihreshold | =
radar . »  Hurst » .
. transform _ device oy
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F
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F

Fig.6. A fractal detector on the basis of the Hurst exponent.

Hurst exponent H reflects the irregularity of a fractal object. The smaller H exponent, the more
irregular the fractal object is. So when an object occurs, the Hurst exponent grows. Fig. 7 is a
scheme of a fractional detector with an autoregressive estimate of a power spectrum of the ground
clutter. The autoregressive model is a linear prediction model that estimates the power spectrum of
the clutter and forms its autocorrelation matrix.
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Fig.7. A fractal detector with an autoregression estimate of interference spectrum and the Hurst exponent.
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An autoregression equation governs the relationship between the current and previous samples
of a sampled stochastic process. Earlier in the 1980-ies the problem of autoregression on the basis
of canonical system of Yule-Walker equations with transformation of luminance histogram was
solved by the investigators. Thus, the detector in Fig. 7 uses real fractal properties of the power
spectrum based on the autoregressive spectral estimation, used for the detection of low-contrast
targets. Note that schemes like in Fig. 6 and 7 are often studied in China at present [2]. Similar
detectors were used by the author in the texture processing of APS and radar images as early as in
the 80-ies of the XX century. The author emphasizes that the correlation dimension (Fig. 4) that
requires a large sample collection size, which is unrealistic in radiolocation cannot be considered as
detection statistics.

4. Innovative fractal-scaling technologies: creation, development and
application of fractal methods for radiolocation tasks and developing the
foundations of fractal element base

During 35 years of research, the developed global fractal-scaling method completely lived up to
expectations having found numerous applications (Fig. 8). This is a challenge of time. The facts
themselves are in the author’s favour!
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Fig.8. The layout of the author’s development of new information technologies based on fractals,
fractional operators and scaling effects for nonlinear physics and electronics.
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The fundamental principle of "maximum topology with a minimum of energy" for the received
signal that makes for more efficient use of the advantages of fractal-scaling processing of
information has been developed and introduced; and this principle is consistently being put into
practice [1-12, 17-26].

5. Postulates of Fractal Radar

Fractal radar defined in [1-12, 17-26] is based on four main postulates:

1) Intelligent signal processing based on the theory of fractional measure, scaling effects and
fractional operator’s theory;

2) Hausdorff dimension or fractal dimension D of a signal or a radar image is directly
connected with the topological dimension;

3) robust non-Gaussian probability distributions of the fractal dimension of the processed
signal;

4) “Maximum topology with a minimum of energy” for the received signal. It allows take
advantages of fractal scaling information processing more effectively.

The key point of fractal approach is to focus on describing and processing of radar signal
(fields) exclusively in the space of fractional measure with the use of the scaling hypothesis and
distributions with heavy-tailed or stable distributions (non-Gaussian). Fractal-scaling processing
methods of signals, wave fields and images are in a broad sense based on the pieces of information,
which isn’t usually taken into account and irretrievably lost if classical methods of processing are
applied.

This work is concerned with the main radio physical area — radiolocation and it aims to
ascertain what's done and things to do in this field on the basis of the fractal theory. Investigations
carried out showed the correctness of the path chosen by the author (since 1980) to improve the
radiolocation technique.

Is necessary to think about the processing of the input signals with a low threshold at high
levels of false alarm and then a transition to a low level of false alarms. Moreover, the false alarm
probability is never measured in real time. In principle, we need a new metric, and the new
parameters of radar detection.

6. A New Direction in the Theory of Statistical Solutions

Fast development of the fractal theory in radar and radio physics led to establishing of the new
theoretical direction in modern radar. It can be described as «Statistical theory of fractal radar.
This direction includes (at least at the initial stage) the following fundamental questions:

1). The theory of the integer and fractional measure.
2). Caratheodory construction in the measure theory.
3). Hausdorff measure and Hausdorff-Besicovitch dimension.
4). The theory of topological spaces.

5). The dimension theory.

6). The line from the point of view of mathematician.
7). Non-differentiable functions and sets.

8). Fundamentals of the theory of probability.

9). Stable probability distributions.

10). The theory of fractional calculus.

11). The classical Brownian motion.

12). Generalized Brownian motion.

13). Fractal sets.

14). Anomalous diffusion.

15). The main criteria for statistical decision theory in radar.
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16). Wave propagation in fractal random media.

17). Wave scattering generalized Brownian surface.

18). Wave scattering surface on the basis of non-differentiable functions.

19). Difractals.

20). Cluster analysis.

21). Theory and circuitry of fractal detectors.

22). Fractal-scaling or scale-invariant radar.

23). The multi-radar.

24). MIMO radar.

25). Cognitive radar.

This list of studied questions, of course, is supposed to be expanded and refined in the future.

The author has been dealing with it for nearly 40 years of his scientific career.

Conclusion

The author created, developed and applied fractal-scaling methods for radiolocation problems
and forming the foundations of fractal element base [1-12, 17-26]. For the first time ever
approaches to development of a fractal radar and a fractal MIMO- radar were considered. The
author emphasizes that the synthesis of topological (fractal, textural, chaotic, etc.) detectors makes
for a fresh look at the problem of detecting super weak actual signals. As a result of that, the
author’s discovery in the away-back 1980-ies takes the meaning of generalized detection. Thus,
pure energy and pure topological detectors are not contrary to each other and they do not duplicate,
but complement one another.

Due to topological detectors it is possible to see the process of energy detection in a new light
and to find some essential faults in it. Consequently, topological detection becomes not less, if not
more, valuable for theory and practice than energy detection. The theory of topological detection is
formulated in [1-12, 16-25]. It is especially necessary for the purpose of reexamining the former
theory and in that way producing new results that are not available to traditional concepts of
radiolocation.

Thus, topological detection opens the door to a radically new field of statistical decision theory
and provides an opportunity to correct ideas in this field, and even to create new ones, which is of
great theoretical and practical importance. The sufficiently detailed reasoning reported here should
contribute to a better understanding of proposed by the author fundamentally new interpretation of
the problem of radar (and other kinds of) detection. The proposed theory has much in common with
cognitive radar.

Thus, during more than 35 years, almost from scratch, fundamental bases of the theory that
will be applied in the following decades were formed. Not results, not specific solutions are the
most valuable, bur namely the solution method, the approach to it. The created method is presented
in [1-12, 17-26].

The author raised the foregoing problems as early as in 1980 and for more than 35 years he has
been successfully working on their solution and development. Careful bibliographic studies show
complete and absolute world priority of the author in all "fractal” fields of radiolocation and radio-
physics (the list of the author’s works in cooperation with students has about 800 publications,
including 23 monographs).
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THE ANALYSIS OF ROOF FALL RISK ASSESSMENT
METHODS IN UNDERGROUND WORKINGS

Domrachev A.N., Govorukhin Yu.M., Krivolapov V.G., Paleev D.Yu.

National Mine Rescue Centre, Aviatorov av., 54, Novokuznetsk, Kemerovo region, Russia,
nio.ngc2016@gmail.com

This article proves the relevance of the roof fall risk assessment. It bases both in terms of predicting
the possibility of their reuse and keeping the coal pillars stability, and the risk of the origin of closed
unventilated areas, which unavoidably accumulate explosive gas-air mixtures. The most widespread foreign
methods of roof fall risk assessment in mine workings have been considered. They include an algorithm for
calculating the index of the level of roof fall risk (RFRI) and the method of assessing the stability of the
pillars of the New South Wales University (UNSW). The possibility of using of the roof fall risk assessment
methods to improve the efficiency and safety of mining operations in South Kuzbass mines has been tested on
a specific example.

Keywords: a probability of risk fall, factor of probability, weight factor, roof support, expert estimation,
category of risk

Introduction

The probability of the roof fall in mine workings, both in mining operations and in case of
accidents in coal mines depends on many factors: the geological parameters of the mined seams; the
schema and the method of seams opening and preparation, mining technology, and others., and its
determination is quite a challenge, often not having a unique solution. However, the authors think,
that the roof fall risk assessment, and as a consequence, the prospects for their re-use in partial or
complete preservation, as well as the risk of an origin of unventilated closed areas, in which the
accumulation of explosive mixtures is inevitable, is very important.

During the analysis of reference sources [2-8], it was found out that the most frequent use
have expert, probabilistic (statistical) and mixed methods of roof fall risk assessment. The
development of the probabilistic method is in the simulation of the risk of roof fall using the Monte-
Carlo method, but this approach cannot be recommended as a basis for the implementation of a
common procedure.

1. Theoretical part

To perform expert evaluation, we use the index value of the level of roof fall risk (RFRI) [1,
2] by the categories of roof defects for various parameters (Table 1) on the factors given in the
table. RFRI is calculated in accordance with the algorithm shown in table 2. When the value of
RFRI is 7-32 the risk of the fall is considered to be low, 33-66 — average, 67-138 — high. The
numerical value of the roof fall probability can be estimated by the formula (1) as:

_ Z(Avi 'Wi) @

RFRI =
P Z(MAVi 'Wi) ’
where AV — estimate for a given category;
Wi — aweighting factor of this category;

MAV; — the maximum estimate on the i-th category (or =6).
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Table 1 — The categories of roof defects for the assessment of RFRI value

Category Factor AVivalue | Weigh-ting factor W,
interval
1 2 3 4
Geological Large angular discontinues, join 1-5 1
frequency, layer thickness
Technological | Shear rupture surface, joint separation, 1-5 2
strata shifting, strata separation
Roof profile | Roof rock debris on floor, roof shape 1-5 1
Moisture Moisture/groundwater 1-5 1

Table 2 — Algorithm of RFRI index calculation

Vertical sum on all categories Z AVW,

Multiply by 1,1
PR 1 AVW [ ]

Matching micro seismic activity

No micro seismic activity — subtract 5; 11 AVW, -5
Presence of micro seismic activity — add 25. 113 AV, +25
Matching roof deformation intensity
No roof deformation; 11 AVW, -5
Constant _roof deformatlon;_ 113 AVW, +15
Accelerating roof deformation.

11Y " AVW, +30
Index of roof fall. RFRI

Quantitative expert and probabilistic fall risk assessment is based on the classification by coal
mine roof rating (CMRR), which is a number in the range 0 (weak roof) - 100 (maximum strong
roof) [3]. The calculation algorithm [4] is a combination of statistical and expert methods and
includes sequential selection of the parameters, depending on the geological and mining
characteristics with the subsequent calculation of probability based on regressional dependences.
For each j-th module (rock layer) of the roof individual discontinuity rating is determined - (IDR;).
If the module includes only one lithology layer, the IDR is defined once for the whole series.

IDR;=CR;+SP;, )

where CR; is the value of cohesion-roughness parameter;
SP; is the value of spacing-persistence parameter.

Then on the basis of the above data the module rating is determined (unit rating, UR;)
URi=min(IDR;)+MDA;+US;+UMS;, , 3)
where IDR; - is individual discontinuity rating for j-th layer;

MDA, is parameter of multiple discontinuity adjustment;
US; is factor of the unit strength;
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UMS; is factor of responsiveness to water content (unit moisture sensitivity).
On the basis of USi values calculated for each i-th layer (unit), a bed strength parameter SB
(strong bed) is calculated, SB=max(UR;). Further, in view of US;values and bolted interval Bl the
weighted average of the unit ratings RR,, is calculated.

N
> URm,
RR =i 4)
w BI 1
where  UR; — unit rating value (rock formation) for i-th unit;
m;  — rock thickness of the i-th unit;
Bl — bolted interval (bolts length), m.

For certain values of SB u RR,, the adjusted strong bed difference (SBD) of the ground (roof)
rock is determined

SBD=SB-RRy, (®)
where  SB - individual discontinuity rating;
RR, — individual unit rating (massive structure discontinuity parameter).

Strong bed adjustment, SBAJ can be determined as
SBAJ=[(0,72SBDxHSB)-2,5]%[1-0,33(HSB-0,5)], (6)
where HSB — thickness of the strong roof layer, m;

SBD - strong bed difference (adjusted roof rock strength).
The factor CMRR (Coal Mine Roof Rating) is determined as

CMRR=SBD+SBAJ+UCA+GA+SA, @)
where SBD - strong bed difference (formula 5);
SBA — strong bed adjustment (ground (roof) strength factor);
UCA — unit contact adjustment (contact strength factor);
GA - ground water adjustment (water content effect factor);
SA  — surcharge adjustment (roof strengthening effect factor).

To determine the probability of roof fall we use two parameters — the probability factor
(probability factor (PF)) and the weight (value) of each parameter. Examples of the probability
factor and its values for the combination of factors are shown in Table 3.

The probability of a roof fall (retreat mining) during panel (pillar) mining P, % is
determined as

>, PRW, n
P=100 2% — |= 0,33(2 PFiWiJ , @®)
> MPFRW, =1
i=1
where PF; — the value of i-th factor of the fall probability;

W; — the weight of i-th factor of the fall probability.
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Table 3 — Parameters affecting the risk of the workings fall

Ne Parameters Value interval Probability Weight
Factor Factor

1 2 2 3 4

1 | Depth of cover H, m 40-600 1-4 9

2 | CMRR 45 - 85 0-4 10

3 | Floor rock quality week-strong 1-3 4

4 | Overlying massive strata, m 0-20 0-3 5

5 | Multiple-seam interaction/ 0 —60h 0-4 7

Interburden thickness

6 | Panel width Sub-, super critical 1-3 3

7 | Panel uniformity Uniform —non uniform 1-3 1

8 | Entry width, m 5-7 1-3 8

9 | Pillar design Suitable-unsuitable 1-4 6

10 | Roof bolting (density) 1-15 1-3 7

11 | Panel age (years) 1-2 1-3 2

12 | Supplemental support MRS, timber post 1,4 7

13 | Cut sequence Outside lift, left-right, other 1,2,3 6

14 | Final stump Proper, unproper 1,4 8

Currently, the most common probabilistic method of determining the parameters of new
workings protected by pillars and assessing the stability of the existing ones is the University of
New South Wales (UNSW) Pillar Design Method [7] acceptable for rectangular and rhomb-shaped
pillars. According to this method, the strength (resistance) R for R<5

(we)*" (©)
R — 8,6W ,
where w “adjusted” pillar width, w=w;siné, m;
w; — pillar minimum width, m;
6 — angle between adjacent sides (pillar), typically=0;
©® — dimentionless factor (ratio value of width / height of the pillar);
h  — pillar height, m.
For ratio w/h<3 ©=1; on condition 3<w/h<6 the parameter ® makes
R-3
©= {—ZWZ } 3 (10)
(W +w,) |
where w; — pillar minimum width, m;
wy, — pillar maximum width (or pillar length), m.

When the ratio w/h>6 the parameter ® makes
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Y- (12)
(W, +w,) -

The current load on the coal pillar is determined by the indirect method

(w; sin 6?+b1)(wz+ b, j

sin 0
S =pH
p W, W, sin @ ’ (12)
where by — roadway width (with respect to pillar width), m;
b, — roadway length (with respect to pillar length), m;
H — depth of overburden, m;
p — density of overburden, MH/m®.
R and S parameters are defined in the stress units (MPa). The Factor of safety FoS is defined as
R
FoS =— (13)
S

The probability of pillar failure (p,) (and workings fall) can be determined as

In FoS
Py = 1—@( - j : (14)
where o  — mean-square deviation;
@() - standard function of normal distribution.

The standard mean-square deviation is based on the power model of pillar strength using the
University of New South Wales (UNSW) Australian database, thus 6=0.157.

2. Discussion of results

To assess the possibility of this methodology when evaluating the risk of roof fall in the
workings of Kuzbass conditions we have calculated the drift of Sychevsky-IV seam of
“Gramoteinskaya” mine.

In case of the width of the sill pillar up to 30 m, the width of workings 4.5 m, and the bolting
height of 2.5 m, the probability of the fall using CMRR was 0.168, while the calculation according
to the UNSW Pillar Design Method resulted in 0.147, that is an acceptable indicator for predicting
the stability of the stope for the period of its operation. A technological reason of a sufficiently high
probability of the working fall can be a decision to leave in the roof a coal bench up to 0.75 m thick.

Conclusion

The presented analyzes allowed not only to evaluate the methods for determining the
probability of roof fall in mine workings, but also to identify possible areas of the use of the gained
results. The authors presume that the obtained results would have the most importance at working
out the annual and quarterly plans for the development of mining operations, particularly at the
evaluation of the possibility of secondary use of the preserved mine workings, monitoring of the
calculated and actual parameters of interchamber and goaf pillars at short wall mining, as well as
when forecasting possible unventilated mine workings during rescue operations in coal mines.
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The theory of the rotation angle of the plane of polarization in dielectric media has been considered. In
paper the dissipative model resonance Faraday effect in dielectric multilayer nanostructures is proposed.
Found amplification condition of the Faraday effect in multilayer nano-structures. It is shown the possibility
of resonance amplification of the Faraday rotation angle under the influence of an external magnetic field.
The frequency dependence of the refractive indices for right and left polarized light was analyzed.

Keywords: Faraday effect, resonant amplification, refractive index, light field polarization

Introduction

The main problem of designing nano-dimensional structures for various applications is to
increase the value of the angle of rotation of the plane of polarization and intensity of the light
propagating through the multi-layer crystals. This is due to the fact that they play an important role
for the development of magnetic devices of nanoelectronics. They are also important for the design
of radically new magnetic memory elements.

In this paper we investigate the above mentioned problems for nano sized nonmagnetic
multilayer dielectric crystals. This choice is due to the fact that only in a purely dielectric materials
can be excited waveguide modes. At the same time, the metal - dielectric structures are coupled
oscillations of the electrons and the localized electromagnetic field.

Given the presence of absorption in the non-magnetic insulators, we have shown that perhaps
the resonance enhancement of the Faraday effect under the influence of an external magnetic field.
To determine the transmission and reflection coefficients of multilayer systems, we used a method
based on the summation of the Fresnel formulas.

1. Rotation of the plane of polarization in dielectric media

It is known that the permittivity of isotropic and homogeneous media, according to Maxwell's
theory is given by [1]

c=l+c. (1)

It characterizes the polarizability of the medium and determines the resulting electric dipole
moment of electrons per unit volume

p = NaF, = £,0E, . (2)

Where: N - the concentration of the electron, g = —e - electron charge, Eo - the amplitude of

the electric field of light, &, - electrical constant (permittivity of free space), - the amplitude of
the displacement of the electron relative to its equilibrium position.
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Consequently, for a finding of polarizability « dielectric permittivity & and the amplitude of

the electron oscillations 1, should be expressed in terms of the field amplitude EO. Strictly

speaking, in this case one must consider itinerant electron oscillations, so-called polarization wave,
along with the electromagnetic field [2]. But we shall confine ourselves to the case where the
problem can be solved in the linear approximation.

In this case, the electric field of the light can be considered uniform, and assume that the quasi
elastic restoring force and the drag force acting on the electron, too linear, i.e., proportional to the
displacement F and velocity 9. Thus, a linear approximation equation of motion of the electrons
can be written as follows

m%—f:—af+b§+q(l§+|5,l§i. (3)

Where: a - the effective coefficient of elasticity, b - effective coefficient of resistance,
E = (E,,E, 0)- the electric field strength of the electromagnetic wave, B = (0,0, B) - an induction

of an applied magnetic field.
Further recording vector equation of motion (3) in the scalar form we obtain the following
system of equations coupled oscillations

m dd'gtx =-ax—bJ, +qE, +qBY,

4
49, (4)
m m =-ay—-bJ, +qE, —qBJ,
The last set of equations of motion can be solved by taking advantage of its line, believing
E =E.e", (5)

and reducing it to a system of linear equations for the components T, =X,i + Y, ].
However, the use of conversion

x:l(r* +r),y=—i5(r+ -r)

2 | , 6)
E, =%(E+ +E)E, = —%(E+ _E)
It allows us to reduce the system of equations related to the vibrations of mind:
mi* =—ar" —brf" +qE" - iqBr‘*,} -
mi- =—ar” —br~ +qE” +iqBr".

i.e. to a system of independent variables r* and r~.
Now, as usual, considering that
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Eir — Eoieiwt, ri — roiei(ut’ (8)
from (6) we find:

. _ 9E,
(a—mo’FqBw)+ibo

Iy

(9)

Finally, with the help of (2) of the expression (9) determine the polarizability of the dielectric
medium:

N Ne?
o = . 10
£, IaieBw—mw2)+ibw_ (10)

Thus, due to the action of an external magnetic field with induction perpendicular to the
dielectric medium appears toopolarizabiliti media, namely the difference polarizabilities right (« ")

and left (a~) polarized light components. (e =1.6-10"'°C) - the value of the elementary charge, m

- mass of the electron).
Concluding the section is the expression components of the electric field of an electromagnetic

wave believing E; = E; = E, that k = (0,0,k). Then

+ _ iot o —ikn"z _+ *

where n* - the refractive indices of the right and left polarized light component, to k - the wave
vector of the light field.
Further, taking into account (11) and lower expression of the transformation (6) define £, and £,

k™ -k~

E ey, |cos( 2),
Th=E. e e 4 2 (12)
k™ —k*

2).

sin(

It follows that rotates the plane of polarization of the electromagnetic wave- Faraday effect and
the angle of rotation is determined by the difference between the refractive indices of the right (n™)

and left (n”) polarized light components

(2) =2%(n- —n")z, (13)

where: @ - the cyclic frequency of the light field, c - the speed of light in vacuum.
2. The increase in the Faraday rotation angle under the influence of an external
magnetic field

Now we examine the angle of rotation of the plane of polarization in the dielectric layer
thickness d :
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¢=Zﬂc(n-—n+)d. (14)

The expressions for the refractive index difference and the right (n™) polarized waves (n~)

manage to simplify the fact that for dielectric media polarizability much smaller one, i.e. a* <<1.
Then according to the expression (1) and (11) we obtain

n‘—n+z%(a‘—a+). (15)

Further, by introducing features
A" =at+eBo-mo’ +ibo, (16)
refractive index difference we give to the following form

2 _.
N —nt Ne® A —IA

. 2_.2eBw. 17
2e, AP+AS° (7

Here A and A, are the real and imaginary parts of the functions A" and A~ are determined
according to (16), (17) the following expressions

A =m?o* - w?*(2am+e’B* +b?) +a’, (18.1)
A, =2bw(a—mao?). (18.2)

As seen from (17) and (18), the difference in refractive indices n” —n™ is a complex function
of the cyclic frequency of a light wave o . Therefore, further restrict the analysis A, = 0. Then case
of (18.2) it follows that

a)le,a)2=\/%Ea)c, (19)

where o, - cyclic frequency of oscillations of electrons.

Consequently, in @, =0 that under the influence of a constant electric field polarizabilities

difference right (™) and left («~) polarized light waves disappear and the Faraday effect will not

occur. However, the frequency of the light field is equal to the frequency of oscillations of electrons
(17) that:

1) first, the difference in the imaginary parts of the complex refractive index of the right (n")
and left (n~) polarized light component is equal to zero;

2) in the second module of the Faraday rotation angle is determined by the difference of the
real parts (n") and (n~) will be expressed as follows:
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Ne?d eB

: . 20
2¢,c b’ +e°B’ (20)

lo(d)] =

From the last expression it follows that the modulus of the Faraday rotation angle is at the
maximum value of the induction of the external magnetic field (called critical) (see. Fig. 1):

b
Bxp Zg . (21)
The maximum value of the modulus of the Faraday rotation angle in this case will be:
Ne’d
= , 22
|¢.r11akc 480bc ( )

‘{rz' —rr'_]

Fig.1. The dependence of the refractive index difference right - and left-polarized electromagnetic
waves from the magnetic field

Further, given that the static polarizability of the dielectric medium is given by (a* when
0=0)

oy = , (23)
£,

the preceding relation can be written as

a,ad

T (24)

[P ()] =
Since usually the cyclic frequency of natural oscillations of the electrons (w, :\/E)
m

. : . : . b .
substantially predominates over the cyclic frequency attenuation of light (@, =—), the maximum
m

difference between the right (¢*) and left («~) polarizations polarized components of the light
field will be equal to
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max(a’—a*):ao-&. (25)
®

3

Thus, if the frequency of the light wave is equal to the frequency of the electron and the
magnetic induction of the external field is equal B, (21), the maximum polarizability difference of
left (o) and right (o) of polarized light components can be increased by two - three orders, as

D5 £107 ~1072[3-4].
w

c

Concluding the section, we present an expression of the maximum modulus of the Faraday
rotation (22) to the following form

(P =200 A =2 S (26)

convenient for applications. Here, Ao - wavelength of light in vacuum.

3. Amplification magneto-optical effects in multi-layer nano — structures

As shown in the previous section, the difference in the refractive indices, as well as the
magnitude of the Faraday rotation angle can be substantially increased when ® = . action of a

small external magnetic field ~ 1.7 -10**Cl /kg. This is due to the fact that the specific charge of an

electron is very large. At the same time the difference between the imaginary parts of the complex
refractive index of the right (o) and left (o) polarized components of the light is zero. Otherwise,

i.e. ifitisim(n™ —n") =0, it is well known, the amplitude of the light field is reduced during the

passage through the medium in an exponential fashion. Thus, even when there is absorption in
dielectric media magnetooptical effects can be enhanced by the above method. But there are also
other ways of strengthening them, including on the basis of multi-layer nano-structures. In the latter
case it used multiple transmission and reflection of light through the media periodically or
multilayer crystals.

Next to consider the specificity of light propagation through the dielectric layer with
permittivity ¢,, and bounded by the planesz =0 that z=d separates the dielectric constants &,

and ¢, the environment. Let this layer normally falls to the surface of the z <0 electromagnetic

wave field. We want to determine when executed, any conditions reflectance dielectric layer is
minimal. It is clear that only in this case, the transmittance is maximized, and may increase the
magneto-optical effects in multilayer structures.

Note that the reflectance of the dielectric layer can be found in two ways:

1) By using the continuity conditions for the electric field and its derivative at the boundaries
of adjacent layers, i.e. z=0 and z=d when. In this case, it is necessary to solve the system of
algebraic equations, which determines the amplitude of the reflected field in the first medium, the
amplitude of the field in the intermediate layer - traveling in opposite directions and the amplitude
of the field in the third medium. When a similar problem is solved for multilayer structures with
finite - dimensional layers (for example, four or five layer structure), this system is much more
complicated, and therefore applied a numerical method for solving the so-called matrix method
propagation [3-5].

2) There is a second method, which is based on the use of the Fresnel formulas for finding and
reflection coefficients of transmission and reflection of the adjacent layers.
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In this case, the resulting reflectance is found as the sum of the amplitudes of multiple
reflections:

R=a,, + ﬂ12a23ﬂ21z I’zlazs exp € 2ik,d, j_l : (27)
51
Here
n, —n 2n, o
Ay = <, B = , Ky =—n,, (28)
n, +n, n, +n, c

describe the partial reflection and transmission coefficients of adjacent layers, k, - the wave
vector of light in the second, ie, in the intermediate layer.

Next, using the formula for an infinitely decreasing geometric progression (since|cr, |, |a,s| <1),

and using (27) - (28), we obtain for the reflection coefficient of the three-layer structure similar to
the following expression [6-7]

~2ikyd,
R— Oy, + 0ye€

= (29)
1+ a0,

Z2ik,d,

Now using (29) we can find the reflectance of the multilayer structure of the reflection
coefficients multiplying successively the following layers:
gt 0‘|+1,|+2e_2ikl+1d'+l
_2ikl+1dl+1

R =

S
(30)
1=0 14_a|+l,l+2e

Where: S - number of the layer from which light is incident on the subsequent layers.
Typically, the dielectric multilayers is located vacuum, or air.

Consequently, the reflection coefficient of a three-layer structure will be zero if the following
two conditions:

, (31.1)

‘al,l+1 = ‘05|+1,|+2

Piiie2 P — 2k ,dy,, =7- Qj +1:- (31.2)

Where: j - an arbitrary integer, ¢, ,, - the argument is a complex partial reflectance.
It is easy to see that the conditions (31.1 - 31.2) lead with | = 1 to the following relations:

(32)

n,(n, —n,)
tg(2k,d) = 21232
9(2k:0) NYs + N3,

Where: ny, n, and ns - the refractive indices of the dielectric medium, ;1 and y3 - uptakes outer
layers, the intermediate layer is considered transparent, i.e. x2 = 0. Obviously, the latter made only
to simplify the final formulas of the system (32).
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Fig.2. Dispersion curves: a) right polarized (+) and b) left-polarized (-) light waves.

Thus, if the partial reflection coefficients of adjacent layers at an arbitrary | satisfies (31.1) and
(31.2) in the light passes without being reflected multistructures, i.e. completely. Naturally, the last
conclusion holds for the right and left polarized components of the light field.

Concluding the section, we give expression the refractive index of the right (+) or left (-)
polarized light component in the frequency range near the resonance frequency, i.e., if

_eB
oF—-w, >0
2m

that follows from (17) in this approximation:
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@ 2 a)ciﬂ_a)
niEl eX/4 . . 33
0.+ B) (0,2 B oy Dy >
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e2

Here: o, = - electron plasma frequency.
el

me,

Thus, in the frequency range near resonance can enhance the magneto-optical effects, including
increasing the Faraday rotation angle, selecting a cyclic frequency @ of the light so that the

refractive index difference right (n*) and left (n~) polarized light waves was greatest (Fig. 2).

Conclusion

In paper studied the Faraday effect in the multilayer dielectric nanostructures and obtained the
following results:

1. In the purely dielectric media, magneto-optical effects may occur under the influence of
external magnetic field.

2. In the light frequency equal to the frequency of oscillations of electrons can maximize the
Faraday rotation angle at the critical magnetic field.

3. The conditions for amplification of these phenomena in multilayer nano-structures near the
resonant frequencies of the refractive indices of the right and left polarized components of the light
field.

4. These results can be used to develop new systems of magnetic nanostructures.
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PLATFORMSWEAR
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The problem of the gas turbine engine turbine blades platforms wear is discussed. The methodology to
solve this problem by defining the processes that occur in platforms is suggested. The object model test and
research methods are described. Describes the object modeling techniques and explore patterns of
oscillations of the system of coupled oscillations of parts of an aircraft engine turbine. An original setting for
the study of the wear of rotor blades was used.

Keywords: wear, platforms, blades, turbines, gas turbine plant.

Introduction

Many compounds of machinery parts in use are under complex loading. This is due to the
mutual movements of the functional surfaces in various directions, vibrations, presence or
combinations thereof. The consequence of this process is the inevitable wear of the working
surfaces of joints. Largely dimensional stability and consistent quality surface determine the
resource of individual parts and machinery in general. Question increase wear of contact surfaces of
the parts are not lost its relevance today. In various branches of engineering it is solved by the use of
more high-quality and expensive structural materials, wear-resistant coatings, and appropriate heat
treatment to achieve a certain surface quality in their manufacture. In recent years, scientists are
placing more emphasis on the relationship surface engineering and operating conditions of parts.
The object of our study are tribomating who work in a complex dynamic loading in combination
with a wide range of operating temperatures and speeds. The study of such a system requires a
comprehensive approach.

1. Formulation of the problem

Design, technological and strength features of the turbine working blades of the gas turbine
engines (GTE) influence largely their gas dynamic characteristics. The turbine blades are the most
loaded, essential parts of the massively produced gas turbine plants. In terms of construction, the
blades consist of a working part (blade airfoil), root designed for mounting a blade on the wheel,
and platforms (Fig.1) responsible for the oscillation stabilization of the blade row and the whole
turbine. To improve the gas-dynamic characteristics of the GTE, the stringent requirements on
elements wear-resistance, cyclic fracture, corrosion resistance at high temperatures, static
resistance, etc. are imposed on the working turbine blades.

In modern aircraft GTE, platform connections of various designs whereby the working turbine
blades are combined into a closed circular system are widely used to improve the reliability and
durability of the blades. It reduces the rotor sensitivity to vibrations, provides the necessary
damping level of vibratory load son the airfoil blade; moreover it reduces the losses of the working
gas through the radial gaps between the rotor and the stator, consequently increasing the turbine
efficiency. The platforms contact surface work under cyclically varying high temperatures,
aggressive gas medium and dynamic loadings. According to the work [1], the platforms are under
contact pressure of forces P, (which is perceived from adjacent platforms), torque M from these
forces, and the frictional force T (see Fig. 2a).
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Fig.1. The working blade of the GTE turbine rotor

However, one cannot claim that the platforms surfaces contact will be kept throughout the
entire operating time. The increase in the operating temperature, blades growth stretching caused by
centrifugal force, the change in the position of platforms contact surfaces with vibrations of various
forms will inevitably lead to the gaps emergence S, collision with power P and the following sliding
(F — force of sliding friction) (see Fig. 2b).

P T

. 0

Fig. 2. Forces acting on the platform during operation

Despite significant preload, compressing platforms of adjacent blades, the latter do not remain
stationary relative to each other at work. The platform displacement, caused by oscillation of the
“shaft-disc-blades” system, leads to a significant wear of their working surfaces.
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The analysis results of platforms wear measurement results (the platforms of shrouded pairs of
the working blades after 2998 test hours (Fig. 3)), shows that the shrouded platforms wear of the
left and right blades is rather uneven. It ranges from 0.005 to 0.130 mm,

1
2
a5 4,6-'*&‘" B X

44 S

43

112 Jeft side
118 — right side
14
/15
/16
/17
‘18

36 1

Fig.3. Actual wear of the contact surfaces of the turbine working blades platforms

Such unevenness is caused by the action of the loads in the system of the mutually
superimposed oscillations of the parts, forming the turbine rotor (turbine shaft, disk and blades
vibration). At the moment of the parts resonant oscillation, the amplitude of the blades oscillation as
the final link, taking the vibrations of the entire system, increases by many times. This will lead to
the amplitude of the platforms displacement and the contact loads, hence the platforms wear will be
maximized.

To date, the decision on reducing the degree of platforms wear is possible due to the usage of
wear resistant coating of the platforms contact surface, as well as to reducing the oscillation
amplitude and reduction of pressure in the contact using constructive-technological methods.
However, the most promising, in our view, could be a resonance oscillation elimination method in
the “shaft-disc-blade” system, due to the natural frequency detuning of the system parts oscillations.

The aim of this work is to simulate the loading condition of the platforms based on the laws of
“shaft-disc-blade” system oscillation and the development of a physical model for the study of the
tribological processes in the contact zone.

2. Object model test and research methods

The modern methods of coupled oscillation calculation are used to determine the patterns of
oscillation of the “shaft-disc-blade” system by means of the three-dimensional model of the GTE
turbine rotor (Fig. 4). Modern GTE turbine rotor is a complex contraction consisting of structural
elements of different stiffness, made from different materials. The considered system includes a
rotor shaft and a blade wheel, equipped with twin moving blades, closed into a ring by means of
platforms. To investigate the vibration stress state of the system under the influence of the forces
applied, with the consideration of the impact of physical and geometrical design parameters,
material properties, rotor speed and operating temperature, the numerical computational methods
such as finite element method (FEM) are used.
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Fig.4. The three-dimensional model of the GTE turbine rotor

The three-dimensional models use allows obtaining accurate displacement amplitudes values of
the nodal points of the moving blades platforms contact surfaces with the consideration of the main
construction loading factors. The construction of the GTE turbine rotor design model, setting of the
loading factors, as well as providing the ability to investigate the design elements concurrent
working in the multiply-connected finite element model and using the contact elements allows
bringing the estimated vibration stress state of the node to the real one.

9

Fig.5. The analysis of the finite element models of the 111 step disc, left and right blades, and the LPT
shaft: a) Disc; b) Blades; ¢) Shaft
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We have created the three-dimensional models of the left and right blades, the 11 step disc and
the low pressure turbine (LPT) shaft. The finite element models of these parts (Fig. 5) were
generated by ANSY'S software environment. The static and modal analysis of the unit assembly and
the parts were held incoming. Independently the displacement amplitude of the platform blades
nodal points was calculated. On analyzing the data, we get a picture of the nodal points’
displacement in the three directions depending on the value of natural oscillation frequency of the
parts (Fig. 6).

ANSYS

NODAL SOLUTION R14.5

STEP=1

SUB =4

TIME=1

ux (AVG)
RSYS=1

DMX =.033078
SMN =-.001685
SMX =.030493

L —
-.001685 .005465 .012616 .019767 .026917
.00189 .009041 .016191 .023342 .030493

File: .\LOPATKA_LEFT-03\\LOPATKA_LEFT_ analiz

Fig.6. The analysis of the finite element models of the assembled turbine

The displacements amplitudes values of characteristic points of the blades platforms contact
surfaces are used to determine the contact pressure in the contact areas, which are the initial load
parameters in the wear analog modeling (Fig.7). The slip in the two orthogonally related directions
is provided by the spring plate clips twist. At the same time, it imposes a constraint conforming the
motion of the samples with different degrees of freedom, so that the ratio rating of these movements
remains constant, due to the elastic properties of the spring clips.

The plant consists of the oscillation amplitude setting unit 1, samples attachment lug 2, and the
load setting unit 3. The load setting unit 3 contains the lever 4, which is pivotally connected to the
thrust rod 5 with the load spring 7 on it, connected to the stepper motor 8 via the thrust washer 6
through feed nut assembly. The samples attachment lug 2 includes cantilever fitted spring plate
clips 10. They have a twist and can contain of the cross-section area a variable height and width.
There are struts 11 parted by the roller 9 on the clips. Also there are samples 12 which are fixed on
the struts. The longitudinal oscillation amplitude setting unit 1 consists of the cam 15 connected by
coupling with the electric motor 13. By dint of the feed nut assembly the stepper motor 14 is
connected through the roller 16 to the samples attachment lug 2. The plant is also equipped with the
electronic unit 18 and the temperature setting unit chamber 19.

The samples are installed in the struts of the samples attachment lug. The constant distance
between them in movable and immovable states is provided by the roller which also excludes the
deflection effect of the spring plate clips on the completeness of working surfaces contact of the
samples.
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Fig.7. The scheme of the wear analog modeling: 1 —the longitudinal oscillation amplitude
setting unit; 2 —samples attachment unit; 3 —load setting unit; 4 —lever; 5 —thrust rod; 6 — thrust
washer; 7 — load spring; 8 — stepper motor; 9 —roller; 10 — spring plate clips; 11 — struts; 12 —

samples; 13 — electric motor; 14 — stepper motor; 15 — cam; 16 — roller; 17 —tappet arm; 18 —
electronic unit; 19 —temperature setting unit chamber.

A movement with the required longitudinal oscillation amplitude is provided by the amplitude
setting unit. The rotation of the cam, carried out by the electric motor, results in oscillatory motion
with the necessary amplitude by means of the tappet arm of the clips, struts and samples. Herewith
there is a collision and sliding of the samples surfaces in the longitudinal direction. The necessary
contact pressure is provided by the load transfer to samples through the lever from the load spring.
It is controlled by varying the degree of compression of the latter by moving the thrust washer along
the thrust rod (load setting unit). To reduce the wear of the cam 15 and pusher-arm rocker contact
the roller 16is used. The wear reduction of the cam 15 contact and the beam tappet arm is provided
by means of the roller 16.

The change in the load and samples displacement amplitude directly during the test can be
provided by the change in the spring compression and the displacement of the cam by using the
stepper motors in accordance with a program set by the hardware control unit (electronic unit).To
carry out the tests at temperatures different from room temperature, the samples are placed in the
chamber with the necessary temperature. The presence of the twist and the spring plate clip areas of
different stiffness gives rise to vibrations of the clips and, consequently to the samples slip in the
cross-section direction. As a result, the three-dimensional loaded state of samples surfaces is
realized: a kick followed by slippage in the two orthogonally related directions.

3. Discussion of results

The determination of fracture patterns upon platforms contact interaction and changing of the
physical and mechanical properties of the surface layers of the samples were investigated by
tribospektrum method during continuous pressing and scanning by indenter of the “Micron-gamma”
device developed by the NAU Ukraine. The scan method is based on continuous registration of
resistance to movement of the indenter on the surface depending on the load applied [2]. The



46  ISSN 1811-1165. Eurasian Physical Technical Journal, 2016, VVol.13, No.2(26)

determination of statistical relationships between the resistance of local micro volumes of material
to the contact deformation allows producing a comprehensive assessment of the state of the surface
layer on the scan track and, in particular, allows evaluating the relative average strength on the scan
track, assessing the dispersion and heterogeneity of the strength properties, and simulating the
elementary acts of friction and wear processes.

The assessment of the surface layer of the materials, largely dependent on their electronic
structure, was produced by a change in the electron work function. This method is one of the most
informative ones for determining changes in the surface layer energy state of the materials that
interact in friction process — the analysis of the value distribution of the electron work function
(RWF) on the surface. This parameter is required in the calculation of the surface energy of solids.
One of the areas of study of naturally complex physical and chemical processes is based on RWF
change. That processes occur in the contact zone of the friction pairs [3].

The research methodology of tribological processes in the platforms also provides methods for
determining:

- oscillation frequency of the individual elements and the entire “shaft-disc-blade” system;

- specific pressures in contact, consisting of static and dynamic components;

- platforms oscillation amplitudes;
temperature loading mode;
way of friction in oscillatory motions of the platforms, that is the basis of determining their
wear rate.

Conclusion

High service life of turbine aircraft engines and power plants is of particular importance for the
safety of human activity. At the same time the possibility of increasing the wear resistance of the
contact surfaces of the parts due to the use of wear-resistant materials are practically exhausted. To
date, no studies that have covered or solved the issue of increasing the wear resistance of
components under the influence of the complex vibrations of complex mechanical systems. Note
that the finite element method in tribotechnology still unused.

The suggested methodology allows establishing patterns of blades platforms wear at the
turbine blade wheel, determining the parameters of contact interaction and their impact on the wear
rate, and ultimately, offering constructive-technological methods of increasing the wear resistance
of the platforms contact surfaces. Similarly, it can be investigated torbosopryazheniya of parts and
components of various branches of mechanics, mechanical engineering, instrumentation, aerospace
and transportation.
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Based on the physicochemical analysis of the carbon phase diagram, thermodynamic conditions for
diamond formation are studied. The possibility and probability of various mechanisms of synthesis of
diamond nanostructured materials under nonequilibrium conditions are considered. It is shown that
nanodiamonds possess catalytic properties and can act as activators of the phase transformation of graphite
into diamond under high pressures and temperatures. Process parameters for obtaining of diamond
polycrystalline materials from detonation nanodiamond powders are defined.

Keywords: polycrystalline materials, nanodiamonds, the phase diagram of carbon, physicochemical
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Introduction

It is possible to investigate structures and phases of materials formed during synthesis and to
determine their amounts by making physicochemical analysis of diagrams, which are geometric
images of system property-to- structure ratios [1]. The bases for the analysis of physicochemical
diagrams are formulated by N.S. Kurnakov two principles, continuity and consistency [2], as well
as the third principle, the compatibility proposed by Y.G. Goroshchenko [3].

Due to non-equilibrium of high-speed processes of material synthesis, their phase diagrams are
metastable [4]. The phase diagrams analysis is complicated by the fact that the processes run in
short periods of time in very limited quantities at high temperature and pressure gradients, in the
presence of active impurities, often acting as catalysts [5]. Therefore, it is necessary to extend the
basic principles of analysis of physicochemical diagrams to study non-equilibrium processes of
structure and phase material formation at macro-, meso-, micro- and nanostructure levels [1]. Phase
transitions in carbon in view of their diversity in high-speed non-equilibrium or metastable
processes of diamond synthesis are insufficiently studied. To actuate them, ultra-high pressures are
usually required; this fact increases the cost and complicates the synthesis of diamond materials.

The work objective is to develop new approaches and process solutions with regard to
obtaining nanodiamond-based polycrystalline materials using physicochemical analysis of the
carbon phase diagram.

1. The phase diagram of carbon

From the viewpoint of thermodynamics of non-equilibrium open systems based on the
principles of self-organization of physicochemical systems [6, 7], we consider the processes of
synthesis of superhard materials [8] through the example of carbon phase diagrams. The synthesis
of diamond from graphite (Fig. 1 a) at high static pressures (greater than 4.0 GPa) and temperatures
(in excess of 1400 K) is carried out in the presence of catalysts, such metals as Ni, Fe, Co, etc. used
as carbon-solvents [9]. However, the determination of the mechanism of diamond formation in the
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presence of transition metals and their alloys at high static pressures was one of the most difficult
problems for a long time.

The study of various physicochemical systems Me-C at high pressures has shown [9] that the
diamonds originate and grow in a supersaturated solution of carbon in a metal, which in a certain
period becomes supersaturated with respect to the diamond concentration, but undersaturated with
respect to graphite concentration. In the study of diamond formation mechanism is necessary to
consider the process of nucleation. In the synthesis of a diamond, a crystal nucleus should have a
certain structure, size and surface properties.
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Fig.1. The phase diagram of carbon (a) and the topological model corresponding to the physicochemical
system (b): 1 — the area of the catalytic synthesis of diamond from graphite; 2 — the area of the direct
transformation of graphite into diamond; 3 — the area of the direct transformation of diamond into graphite; 4
— the area of the direct transformation of graphite into lonsdaleite

When the nucleus emerges, a metastable phase is transformed into a more steady stable phase.
Experiments proved [9] that the graphite crystallites are sources of diamond crystallization centers.
Crystallites are graphite particles with a high degree of order. Being dissolved by the metals, these
particles reach a certain size, and become centers of diamond crystallization.

Therefore, the formation of the diamond at static pressures in the system, dissolving carbon,
represents the crystal growth from the oversaturated carbon solution in the molten metal; and the
crystal growth is carried out by diffusion of carbon atoms through the molten metal. In this case,
graphite crystallites are sources of crystallization centres [10].

At a pressure of greater than 12 GPa and a temperature above 4000 K (Fig. 1a) a direct
transformation of martensite-type graphite into diamond takes place. This transition takes place
when a graphite lattice transforms into a diamond one without a carbon-solvent metal. It would
appear reasonable that under pressures and temperatures lower than those corresponding to
conditions for the direct transition, in the presence of carbon solvent, crystal growth is possible due
to carbon atoms diffusion and graphite microgroups through the molten metal.

2. The topological model of a nonequilibrium system

Based on the experimental data [5, 9], we consider the topology of the carbon phase diagram
(Fig. 1b) according to the model proposed in [10], taking into account the introduction of additional
components and the formation of new bonds in the physicochemical system when the number of
degrees of freedom, stability and equilibrium of system are changed.

The topological model (Fig. 1 b) was developed on a phase diagram (Fig. 1a), based on the
analysis of the number of degrees of freedom of the physicochemical system [10] in metastable
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states, taking into account the stability of non-equilibrium processes in system evolution to a
stationary state.

The analysis of bonds formation in a topological model (Fig. 1b) shows that the addition a loop
covering metastable states (indicated by a dashed line) to the (dark) singular point, provides a
system by three degrees of freedom and the opportunity of transition to a chaotic state, without the
possibility of stabilization of nonequilibrium processes. When introducing an additional component,
the stabilization of the limit state (indicated by a dash-dotted line) at one of the points (the light one)
is not possible as well. Therefore, only considering the new node (the light point) as the formation
of a new chemical compound with the addition of lines that separate it from the solution (dashed
lines), it is possible to make a provision for stability of the system in its evolution to the stationary
state.

Thus, according to the considered topological model, it is confirmed that the synthesis of
diamond proceeds in two ways: direct and catalytic ones; besides, the catalytic and the direct ways
can be combined (transition from one to another). Consequently, depending on the conditions of
formation of diamond, the synthesis of diamond from graphite can be carried out through various
mechanisms:

1) under extreme conditions (conditions of direct transition of graphite into diamond without
the use of carbon solvents) the transformation of a graphite lattice into a diamond one takes place
(martensite-type transition);

2) in the synthesis of diamond monocrystals (at low supersaturation), crystal growth proceeds
due to the diffusion of carbon atoms through a molten metal;

3) in the synthesis of polycrystalline diamonds (at high supersaturation), crystal growth can
proceed simultaneously due to diffusion of graphite microgroups and carbon atoms through a
molten metal [4, 9].

In the case of graphite and diamond crystallites of small sizes, for which the contribution of the
surface energy to the thermodynamic potential is significant, the conditions of graphite-diamond
phase equilibrium differ essentially from the predicted by the stated carbon phase diagram. There
are assumptions confirmed by calculations [11], according to which, for small size of nanoparticles
it is diamond rather than graphite that is a thermodynamically stable form of carbon.

In this case, a diamond stability boundary should be circumscribed by a surface in the
"pressure-temperature-crystallite size" space [12].

When the crystallite size is reduced by less than 10 nm, the phase equilibrium surface deviates
considerably from the plane in the direction of low pressures; and when its size is about 1 nm,
diamond is stable as well in the absence of external pressure to temperatures of about 2000 K. The
size area in which one would expect diamond-structured crystallites to occur at “zero™ pressure, is
in the range of 0.3-1.5 nm.

3. Catalytic properties of nanodiamonds

Diamond possesses high surface energy, which for different facets is from 3 to 10 J/m? [9, 13].
Estimates show that the value of nanodiamond surface energy is in the range of 1100-3900 kJ/kg. In
practice, not individual particles but particle aggregates of nanodiamonds are used, which sizes are
larger than 100 nm and can reach 1 micron. The active surface is reduced respectively (for 0.1-0.5
micron particles which are formed during nanodiamonds sintering under high pressures, their
surface area is by several times less than that of the initial particles).

Detonation-synthesized nanodiamonds represent one of the most chemically reactive of the
known forms of carbon with a highly active surface state with the value of up to 400 m%g; they can
make for breaking m-bonds on the surface of graphite particles under high-pressure conditions. Each
nanodiamond crystallite has a large number of unpaired electrons (3-7)+10* spin/cm?®, and it is a
powerful multiradical [13, 14].
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After chemical removal of impurities and non-diamond carbon forms, on the surface of
nanodiamonds there are 1-2 closed graphene layers [14]. The annealing of nanodiamonds in
vacuum results in an increase in the number of graphene layers and the formation of onionated
carbon globules of fullerene-like structure. Investigation of chemical state of the carbon atoms on
the surface of nanodiamonds using Auger spectroscopy showed that in this case a previously
unknown chemical state of carbon atoms localized in a graphene monolayer is realized. A similar
state in os'c, ' graphite is realized as well, but unlike the graphite in the case of nanodiamonds
there is no overlapping of n-states of carbon atoms. The surface state of nanodiamonds determines
their catalytic activity and makes for sp’—»sp® transition in the graphite particles contacting
nanodiamond crystallites.

In this context, a promising option of obtaining nanostructured polycrystalline diamond
powders is the use of nanodiamonds coated with nanostructured carbon [13]. On the one hand, the
nanodiamond particles are ready centers of crystallization in the synthesis of diamond using metal
catalysts. On the other hand, nanodiamonds themselves may act as activators making for
transformation of graphite particles under high pressures and temperatures.

4. Thermobaric treatment of graphitized surface nanodiamonds

The synthesis scheme when the carbon material is applied directly to the surface of the
nanodiamond particles seems the most preferable. In its turn, it makes possible:

- to increase the contact area of nano-dispersed particles of diamond and graphite (graphite-like
carbon);

- to create conditions for a coherent intergrowth at the "diamond particle-graphite particle”
boundary;

- to provide a direct contact of the surface of the diamond and graphite to increase the
probability of diamond nucleation due to autoepitaxy;

- to minimize the amount of impurities in the obtained diamond particles.

Based on the carbon phase diagram, which is established for ideal structures of perfect crystals,
conditions of possible mutual transformation of graphite and diamond are defined. Besides
thermodynamic conditions of the process probability, the rate of such a transformation is important;
and it may be very slow [9-11]. Thus, although at low pressures and temperatures the
transformation of diamond into graphite is accompanied by decrease in the free energy, and it is
thermodynamically quite possible, this transformation rate is low, and the diamond is remained
unchanged for a long time. Direct transformation of macroscopic graphite into diamond proceeds at
very high pressures up to 15 GPa. So far as the crystal sizes reduce, the energy of facets, edges and
tips makes greater contribution to the total free energy of the system. With fairly small crystallite
sizes, the contribution of the surface energy to the total energy becomes very significant.

Thermodynamic calculations show [14, 15] that thin layers of graphite deposited on the surface
of diamond crystals are especially easy to transform into diamond due to the decrease in the free
energy of the system. Therefore, the use of nanodiamonds coated with thin layers of carbon
(graphite) will make for sintering of nanodiamonds accompanied by formation of diamond particles
of micron range.

Conditions and regimes of synthesis of diamond polycrystalline materials based on
nanodiamond particles modified with non-diamond carbon forms were studied experimentally.
Nanodiamonds, the surface of which was coated with a thin layer of non-diamond carbon of about 1
nm thick, were sintered under high pressure and temperature conditions. The coating was formed by
annealing purified nanodiamonds in vacuum at 10° mm of mercury in the temperature range of
900-1100°C. The resulting "nanodiamond-nanographite” composite powder was a metastable
system, characterized by excess surface energy. The thermal treatment of the powder under pressure
was carried out both in the diamond and graphite stability areas. When processing the obtained
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"nanodiamond-nanographite™ composite powder under high pressures and temperatures, larger
particles of diamond of sub-micron and micron size with retained nanostructure were observed to
form (Fig. 2).

5 . g Xoum 4 Z,nm Lo 48
3 : : : ; e s
L 230

o o1z 14 18 Z,nm
! ; . ! T
L 117

(S
78
1]
L 38

- 18
F-2

L -
L .61
L&
L 101

L -1
Matrix size - 256 x 256 Matrix zize - 236 x 256

a) b)

Fig.2. The structure of the polycrystalline nanodiamonds obtained from "nanodiamond-nanographite”
composite powder: a) at a pressure of 2 GPa; b) at a pressure of 4 GPa

In the material obtained at a pressure of 2 GPa, diamond crystallite sizes increased slightly
compared to the original sizes of the nanodiamond particles and were of 20-30 nm; the
polycrystalline particle sizes were 1-1.5 microns (Fig 2a). In polycrystalline samples obtained at
pressures up to 4 GPa, polycrystalline diamond particles reached the size of 2-3 microns (Fig. 2b).
With increasing temperature up to 2300°C at a pressure of 7 GPa, the formation of polycrystalline
diamond particles up to 10 microns and diamond crystallites of up to 150-100 nm sizes was
observed.

Conclusion

1. According to the considered topological model, it is confirmed that the synthesis of diamond
proceeds in two ways: direct and catalytic ones; besides, the catalytic and the direct ways can be
combined (transition from one way to another).

2. In the case of graphite and diamond crystals of small sizes, for which the contribution of the
surface energy to the thermodynamic potential is significant, the phase equilibrium conditions
graphite-diamond differ essentially from the predicted by the stated carbon phase diagram. The size
area of carbon particles in which diamond-structure crystallites are expected to occur at "zero"
pressure, is in the range of 0.3-1.5 nm.

3. During processing of nanodiamond-based "nanodiamond-nanographite™ composite powder
under high pressures and temperatures, nanostructured diamond particles of submicron and micron
sizes are formed.
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The spectral and kinetic characteristics of the photoluminescence of titanium dioxide films were
studied. At ultraviolet excitation of films the luminescence spectrum characteristic of the anatase structure is
observed. Heat treatment of the samples at temperature of 1273 K leads to a long-wavelength shift of the
photoluminescence band with a maximum wavelength of 850 nm that indicates the formation of the rutile
crystal structure. The current-voltage characteristics of titanium dioxide films were measured. It is found
that the films with the anatase structure have a higher photocurrent than the films with the rutile structure.
The photocatalytic properties of titanium dioxide films were studied. It is shown that titanium dioxide films
with anatase structure have the highest photocatalytic activity.

Keywords: titanium dioxide, anatase, rutile, luminescence, current-voltage characteristics, photocatalysis

Introduction

In recent years the interest in the nanomaterials based on titanium dioxide was steadily growing
due to their unique physical and chemical properties. This is due to the widespread use of TiO; in a
variety of practical problems. Thus, nanomaterials based on titanium dioxide are used in
photocatalysis, solar energy, water and air purification from organic impurities, as well as for
destruction of bacteria [1, 2].

Electronic structure and the structure of energy bands of crystalline TiO, are studied in detail
and results were shown in several papers [3, 4]. Titanium dioxide has a wide band gap and its
photocatalytic properties begin to appear during irradiation in the ultraviolet region of the spectrum.
It is known that powder particles of TiO, (P25, Hombikat UV-100) have the highest catalytic
activity. It is believed that its high activity is due to an effective separation of charge carriers at the
interface of two semiconductors [5]. Despite the fact that the powder particles are highly efficient
and inexpensive photocatalysts the work on producing TiO, with improved photocatalytic
properties is continuing [6]. Therefore, at the present time for expansion of the application of these
catalysts the main focus is on creating of thin films based on TiO,, as in this form it is easier to use
TiO, for conducting photocatalysis in a variety of conditions.

This paper presents the results of a study of luminescent, electrophysical and photocatalytic
properties of nanostructured films of titanium dioxide.

2. Preparation of samples and experimental technique

For obtaining TiO; film the solution containing powder of colloidal TiO, (Sigma Aldrich) was
prepared. The solution was prepared in the following way: colloidal TiO, powder was ground in a
porcelain mortar with a small amount of deionized water and acetone, taken in a volume ratio of
10:1. Acetone was added to prevent clumping of the particles. After the formation of a
homogeneous viscous paste the solution of titanium dioxide nanoparticles was deposited on the
surface of the substrate by the method of doctor-blading. Then, the resulting films were subjected to
heat treatment at a temperature of 773 and 1273 K during 2 hours.
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The microstructure and the thickness of the films were studied on the cleaved samples on a
scanning electron microscope (SEM) TESCAN Mira 3. The measurements of spectral and kinetic
characteristics of TiO, films were performed on an automated spectral and kinetic installation with
the registration in photon counting mode. Stimulation was performed by a nitrogen laser AIL 3
(Agen=337 nm, E=30 mJ, 7jmp=10 ns).

Measurement of CVC films formed by NPs and NTs titanium dioxide with the anatase
structure and rutile was performed using a potentiostat (ELINS, Russia) in a standard three-
electrode cell. The nanostructures of titanium dioxide were used as a working electrode, they were
deposited on the surface of the glass substrate with a conductive layer of FTO. The opposite
electrode was platinum foil and as a comparison AgCI electrode was used. Measurements were
carried out in an electrolyte of 0.1 M NaOH in a quartz cuvette at room temperature. When
registering photocurrent titanium dioxide films were irradiated with light from a xenon lamp of 80
W. The long-wavelength part of the spectrum was cut off light filter UFS-6.

Electrical and transport properties of titanium dioxide films were investigated by measurement
of the photocurrent and impedance of the electrochemical cell. Measurements by the method of
electrochemical impedance spectroscopy were carried out under standard simulated solar radiation
(Air Mass (AM) 1.5) at impedancometry Z-500PRO (Elins, Russia). The amplitude of the applied
sinusoidal signal was 20 mV and the frequency was varied from 1 MHz to 100 MHz. The
absorption spectra of dye of methylene blue films were prepared by a dual-beam spectrophotometer
Cary 300 UV-Vis.

3. Results and discussion

The morphology of surface and cross cleavage of TiO, films obtained at an annealing
temperature of 773 and 1273 K are shown in Figure 1. The figure shows that the surface of the film
has a granular structure. Also it is evident that the film annealed at 1273 K (Figure 1 b) has less
granular structure than the film that was subjected to thermal annealing at a temperature of 773 K
(Figure 1 a). This is probably due to the fact that under the influence of heat some of the particles
sintered. From the cross cleavage of samples it is evident that the thickness of the films was 7-8
microns.

Fig.1. SEM images of TiO, films.

It is known that before heat treatment the TiO, structure is amorphous. Crystallization of the
structure occurs during thermal annealing of the sample starting with the temperature of 553K. At a
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temperature of 773 K the amorphous phase transforms to the anatase structure. At further annealing
to 1273 K anatase structure is completely transformed into the rutile phase [7].

Figure 2 shows the luminescence spectra of TiO, films annealed at 773 K. The measurements
were performed in an optical cryostat which can cool the sample to the boiling point of liquid
nitrogen. Before the measurements the sample was placed in the cryostat, it was pre-evacuated to
residual pressure P=5*10"* mbar. When photoexcitation of TiO, samples with anatase form of the
crystal cell at room temperature luminescence was not observed. After cooling the samples to
T=200 K the luminescence with a maximum spectrum at a wavelength of 525 nm is observed. By
lowering the temperature of the sample to 80 K the luminescence intensity increases.

[, au.
450
90 K
4001 W{ﬂ 2
)
3504 N W 120 K
ol W, 160K

250 -
200
150 -

450 500 550 600 650 700
Wavelength, nm
Fig.2. The luminescence spectra of TiO, films with anatase structure
Measurements of the kinetics of the luminescence were carried out on the wavelength of 530
nm in the temperature range of 90-200 K. The Kkinetic curve is generally non-exponential. Lifetimes

of excited states, calculated from the exponential part of the decay curves are shown in Table 1.

Table 1. The effect of temperature on the luminescent properties of TiO; films with anatase
structure.

T.K | a.u. A nm A;t'}“/m, nm T, Ms
2

90 419 525 114 3.19

120 322 525 120 2.77

160 266 525 133 1.26

200 197 525 237 1.18

Figure 3 shows the luminescence spectra of TiO, films annealed at 1273 K. It can be seen that
the photoluminescence spectra contain a broad band in the region of 750-950 nm that indicates the
presence of multiple emission centers. As a result of thermal effects on the films a phase transition
of the crystalline cell from anatase to rutile takes place. This leads to the fact that the emission band
with a maximum 525 nm disappears, at the same time in the emission spectrum a new band with a
maximum 850 nm appears. According to the paper [8] such behavior of TiO, luminescence
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spectrum is due to the formation of additional emission centers associated with oxygen vacancies in
different charge states.

Lifetimes of the excited states calculated from the exponential curves of the TiO, damping
films are presented in Table 2.
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Fig.3. The luminescence spectra of TiO, films with rutile structure

Table 2. The effect of temperature on the luminescent properties of TiO; films with rutile
structure.

T,K [, a.u. A nm Aﬂ';m, nm T.ms
2
1 90 2653 850 78 7.5
2 120 1886 850 87 3.9
3 160 1509 850 88 2.3
4 200 762 850 96 1.7

The current-voltage characteristics of pure TiO, films with anatase and rutile structure are
presented in Figure 4. The figure shows that for TiO, films the value of the photocurrent for anatase
is 4 times higher than that for rutile.
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Fig.4. The current-voltage characteristics of TiO, films
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The studies of electrical and transport properties of TiO, films were carried out by measuring
the electrical impedance. Figure 5 shows hodographs of impedance in Nyquist coordinates for TiO,
films with anatase and rutile structure.
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Fig.5. Impedance spectra of TiO, films with anatase and rutile structure

From the presented data it is evident that the impedance spectrum is composed of multiple
circles. Using the method described in [9, 10] from a central arc of impedance spectra effective
diffusion coefficient of electrons D, the effective speed of recombination ke , effective lifetime of
electron 7, resistance of electron transport in the film of titanium dioxide Ry, charge transfer
resistance Ry associated with the recombination of the electron were calculated. The results are
shown in Table 3.

Table 3. Electrical and transport options of TiO; films

Films Deft Kett, ) | e, (5) | R, (Ohm) | Rw, (Ohm)
TiO, (anatase) | 9.9*10° 14.0 0.07 22.0 26
TiO; (rutile) 4.7%10° 57.0 0.02 175.0 26

From the tabulated data it is evident that the electron transport resistance in TiO, (Ry) for films
of anatase and rutile structures does not change. At the same time the rate of recombination (Kef) in
films with anatase structure is less than kg films of TiO, with rutile structure. The magnitude of the
recombination resistance shown in Table 3 indicates a high rate of recombination of charges in
films with rutile structure. This is also evidenced by the low efficiency of the electron lifetime in
films with rutile structure.

In accordance with the formula kes=2Ngk, (Ns - density of electrons at the defect levels of
energy (cm™), k. - recombination rate constant (cm®™) into electrolyte of electrons from TiO,
defective levels [10]) it can be concluded that in the rutile films the concentration of defects through
which the recombination processes take place is higher than in anatase.

Photocatalytic activity of TiO, films with anatase and rutile structures was measured in the
model reaction of decomposition of the methylene blue dye under irradiation of UV light from a
xenon lamp (Figure 6). Obtained data indicate that TiO, films with rutile structure have a
sufficiently high catalytic activity in the oxidation reaction of methylene blue. At the same time,
when excited by ultraviolet radiation activity is lower than the activity of TiO, films with anatase
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structure. This may be due to the fact that TiO, contains the defects which can serve as traps and
recombination centers of charge carriers.
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Fig.6. Photocatalytic activity of the samples in the oxidation reaction of methylene blue: 1 - alcoholic
solution of methylene blue; 2 - TiO, film with rutile structure; 3 - TiO, film with anatase structure.

Conclusion

In the paper the luminescence and photovoltaic properties of TiO, films were examined. For
samples annealed at T=773 K, when excited by a nitrogen laser luminescence is observed with a
spectrum characteristic of the anatase structure.

Annealing of the samples at T=1273 K leads to a long-wavelength shift of the
photoluminescence band with maximum at 850 nm wavelength which corresponds to the rutile
structure. For the anatase the duration of films luminescence of NPs was 3 ms. The lifetime of
photoluminescence of rutile films is higher than the lifetime of luminescence of anatase structure.

The current-voltage characteristics of TiO, films of different structures were measured from
which it follows that the films of anatase structure have a higher photocurrent than films with rutile
structure. It is found that the films of anatase structure have higher photocatalytic activity than the
films of rutile structure.
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One of the most important problems in solid state physics is searching new patterns in the performance
of the physical characteristics of metals inthe external radiationon them. This research deals
characteristics of ultrasonic testing on plastic molded metal, based on the connection speed of ultrasound
with elasticity module and the analysis of the stress-strain on the example of steel 20GL brand. According to
the results of the experiment there is a new theoretical basis of a physical model of metal pattern in tension.
It was found that the previously proposed a parabolic response function is not applicable when there is
maximum deformation. It was given an analytical expression for the response function. It is shown that as
the response function fits the function displayed in the form of an ellipse. It was found that exactly that
function describes the experimental data satisfactorily.

Keywords: elastic constants, elastic modulus, plastic deformation, the longitudinal ultrasonic wave, tensile test,
steel 20GL.

Introduction

Today the research and ultrasound technique are used, for example, to detect violations of the
metal continuity, it cracks and weld defects etc. Recently, an interest in it has increased even more,
as a link between acoustic and strength properties of metals.

Currently, methods of non-destructive testing in toughness and elasticity are considered for
structural steels pearlite as a class issued in the form of forgings and rolled [3], for a low-carbon and
low-alloy steels after rolling and heat treatment [4]. In this research was [5] made a special study of
the correlations between the ultrasonic velocity, hardness and toughness in hot-rolled steel 09G2S.
In contrast to the above forgings and rolled, the heterogeneity of cast metal structure reduces the
accuracy of ultrasonic testing, therefore, is urgent search for new methods of ultrasonic cast metal
control. This subject is partially considered in the research [6], which offers acoustic emission
method for non-destructive testing of internal defects in molded parts of rolling stock.

The continuously increasing level of quality requirements for parts involves the development
of new physical models of the metals pattern when exposed to shock and tensile loads. In this sense,
interesting presentation of JF Bell [1, 2], which proves that the function describing the dependence
of the stress-strain in plasticity, is a parabola.

The aim is a relationship of ultrasonic velocity with the plastic properties of cast metal. A new
model of destruction of metal samples after stretching was developed.

1. The methodology of the analysis.

The propagation velocity of longitudinal ultrasonic wave generated by the transducer with a
frequency of 4 MHz, measured on the device UST A 1209 using a calibration mode on a given
metal thickness. For that, we prepared samples with KCU hub, according to GOST 9454 ("GOST”
means in Russian “T"OCT”) [7] with different heats of steel 20GL brand, in the amount of 20
peaces. Then on the sample measured the velocity of propagation of longitudinal and transverse
ultrasonic waves at ambient and low temperatures. Static tensile test cylindrical samples 10 mm in
diameter was performed on the same samples at room temperature in a car one main static
preloading « WAW-600C» with stretching chart entry in accordance with GOST 1497 [8], with the
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measurement of physical yield strength, ultimate strength, relative uniform elongation and
contraction.

2. Results and discussion.

Modulus of elasticity (Young's modulus) can be determined by stretching the diagram and the
propagation velocity of ultrasonic waves in the metal [9]. Generally speaking, the velocity of
longitudinal sound wave has two meanings. If the wave propagates in a solid medium, from Lame
equations an expression for the speed of sound. In fact, the Lame equation is

0w ~ - -
Yo, pre € + u grad divo + pAd

where the vector displacement of the rigid body, 4 and x are Lame coefficients.
In the case of longitudinal wave rot@ =0,a dive #0 and as

grad divo =rot roto + Ao =Ad , so
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It shows that the longitudinal wave velocity in a solid sample is:
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Young's modulus and shear modulus related to the Lame coefficients of relations:

E:,u61+2,u/: N =
A+ u

So to find E is necessary to know the shear modulus. If the wave travels along a narrow rod, then
the equation of wave propagation is:
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and the velocity of the wave is equal to:
1
~
C=€/p:z. (1)

According to formula (1)

E=C*.-p 2)
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According to this formula (2) the elastic modulus was determined. After analyzing a large
number of heats, empirically obtained values with an accuracy of = 12%, were compared with the
calculated data on the chart stretching. It was found that the accuracy of the result adversely affect
the internal defects in the metal, in the form of foreign inclusions, cracks and blowholes, and the
grain size of the structural components. For example, in samples from 9 score scale grain GOST
5639 [10], the measurement accuracy is higher than a score of 8 samples.

Let us return to the physical model tests the tensile rupture. In theory, [1, 2] is apparently not
considered the maximum voltage and to break the sample. For this reason, the response function,
i.e. function in the plastic region is a non-parabola, and an ellipse. Let us consider this statement.
The orientation of the ellipse is shown in Figure 1.

g g

e S —— _

Fig.1. Schematically shows the response ellipse function.

Figure 1 shows that the axes (&'c’"), passing through a point of the ellipse equation is:
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It is also easy to see thata=g, —s,ub=0,. Further,e' =g —¢,; 0'=0. Thus, the

axes (&o) function response equation is as follows:
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Solving this equation for, we obtain
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The meanings &, were found by Bella. Point (8*0'*) is the beginning of a curvilinear
relationship. After the tangent at this point, i.e., extending the linear section, we get the point
(&,0). The value is determined by the formula:
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_Sm +80

(6)

As an example, consider the following diagram of stretching, melting Ne 224 (Figure 2.),
Grain size 8, the values of the stress and strain on the calculations according to the chart:

em=16.3 10" 6,, = 627.0 MPa; g, = -2.74 - 10°°
e =11.7-10" o, = 609.40 MPa;
£3=8.379 - 10°%: 53 = 564.78 MPa;

£1=6.348 - 10 5, = 516.55 MPa.
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Fig. 2. Diagram of the sample stretching 20GL steel, smelting No.224, grain score 8.
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Fig.3. Diagram of the sample stretching 20GL steel, smelting No.226, grain score 9
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Calculations by the formulas (5) and (6) gave the following voltages: o, = 608.65 MPa; g3 =
570.29 MPa; o4 = 534.7 MPa. The maximum error of theoretical value does not exceed 3.5 %.
For sample melting No226 (Fig. 3). The following values were obtained ¢ and &:

em = 14.955%10°%; o, = 615.07 MPa;
&2 = 11.866*10°%; o, = 603.30 MPa;
&3 = 8.758*10°%; 63 = 569.01 MPa;
¢4 = 5.427*%10°%; 64 = 511.44 MPa.

Calculations by the formulas (5) and (6) give: 62 = 597.6 MPa; 63 = 573.3 MPa; o4 = 515
MPa. The maximum error does not exceed the theoretical values of the order of 1 %. It also follows
that the plastic deformation is achieved when the voltage maximum, the response function is an
ellipse rather than a parabola.

Conclusion

In the equations (5) and (6), in coupled methods a camera of speed measuring procedure
longitudinal ultrasonic wave may well be used in evaluating the properties of plastics become
20GL. The parabolic response function is not able describe the dependence fully of ¢ on & when
there is a maximum voltage value. In this case, in our opinion, it is the best response function for
the equation of the ellipse.
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Au nanoparticles were obtained gold target ablation in ethanol second harmonic of solid state laser 215
LQ. The concentration of nanoparticles (NPs) Au was determined to change the target weight before and
after ablation by duration of 30 minutes. Studies have shown that by adding Au nanoparticles by C =5 * 10-
6 mol / | solution of dye, the optical density at the absorption maximum is increased. Fluorescence intensity
at the maximum increases 1.2 times. The provisions of maxima of the bands and their half-widths are not
changed.

Keywords: laser ablation, gold nanoparticles, local plasmon resonance, absorption optical density,
fluorescence intensit v, stimulated emission, the pulse width generation

Introduction

Many researches related to the excitation of local plasmon resonance (LPR) of metal
nanoparticles (NP) [1] are actively conducting now. Among optical appearences of LPR of metal
NP the most noble is gigantic Raman scattering [2]. Fluorescence dye molecules placed near the
surface of metal nanoparticles are also affected by local electromagnetic fields. At the same time,
depending on the distance between the nanoparticles and the molecule, fluorescence of latter either
amplified or damped [3]. At close distances and direct contact of nanoparticles to fluorophores, a
glow is extinguished due to the prevalence of nonradiative energy transfer from the fluorescent
molecules to the nanoparticle.

From a practical point of view, interest in plasmon effect is associated with the possibility to
create a highly fluorescent sensors [4], optoelectronic devices [5], nanolasers, efficient photovoltaic
cells], and others. One of the promising areas of modern laser physics is creating and investigating
of composite media of the laser-active molecules and metal nanoclusters. Addition of metal NP in
the active media of dye lasers leads to a decrease in the lasing threshold [6].

In this paper we conduct a study on the impact of metallic gold on the low absorption and
luminescence Rhodamin C.

1. Experimental part

Gold nanoparticles were obtained by ablation of a gold target in ethanol, the second harmonic
of a solid-state laser Nd LQ - 215 (SOLAR). Au nanoparticles concentration was determined by
weight change of the target before and after the ablation and was 3.5*10 mol/I for 30 minutes
ablation. The average size of Au nanoparticles were determined by dynamic light scattering on the
size analyzer of submicron particles Zetasizer Nano ZS.

Measurements showed that the average size of the nanoparticles is 85 nm (Figure 1) in the test
environment. Register absorption and fluorescence spectra of the samples was carried out by the
Solar SM2203 spectrometer.
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Fig. 1. The average sizes of Au nanoparticles

2. Results and discussion
The absorption spectrum of Au nanoparticles in ethanol (Figure 2) represents a broad band
with a maximum at 535 nm. Rhodamin C absorption spectrum in ethanol has a maximum at A" =

abso
558 nm and a half width of the strip A/layb”: 45 nm.
2
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Fig. 2. The relative position of the absorption Gold nanoparticles (1) and fluorescence spectra of the
Rhodamin C (2, 3)

Photoexcitation of the ethanol solution at Aeci = 530 nm spontaneous fluorescence spectrum
with a peak wavelength Amna= 580 nm and a band-width Ai;“": 38 nm observed. Figure 2 shows
2

that the absorption spectrum of Au NP overlaps with the absorption and fluorescence spectra of
Rhodamin C, indicating that the performance of the plasmon resonance conditions are fulfilled.
Figure 3 shows absorption spectra of dye molecules in the presence of Au nanoparticles at
different concentrations. At low concentrations of nanoparticles slight increase of absorbance of the
dye solution in the maximum is observed.
Adding Au nanoparticles with concentration equal to 5*10°® mol/l in a dye solution (Caye = 10°
mol/l) absorbance grows 1.2 times at the maximum. Further concentration increase of the
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nanoparticles in a solution leads to a drop in optical density at the absorption maximum of the dye.
The position of the maximum and its half-width do not change.
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Fig.3. Influence of Au nanoparticles on the Rhodamin C absorption in ethanol:
1-0:2-2-10 % mol/l; 3—5 10 * mol/l; 4 — 5-10° mol/I.

Reducing optical density of the dye in the presence of metal nanoparticles observed in [7].
Enhancement of absorption of the dye at low concentrations of the nanoparticles connected to the
fact that the dye molecules are in the near field of metallic nanoparticles, plasmons in which are
excited. Since the field near the nanoparticles significantly enhanced compared with the field of the
incident light wave, the dye molecules in the near field absorb more than in the absence of
nanoparticles in solution.

NP get closer with each other as their number increases. This leads to increased interaction
between them and NP clusters are organising when the distance is of the order of their size or less.
Increasing of the size of the nanoparticles leads to an increase in the intensity of scattered light in
the media. This may cause a decrease in the number of particles and excited plasmons and, as a
result, decrease of absorption of the dye. In addition, strong light scattering can lead to the fact that
photons incident on the solution cannot reach dye molecules and translucence will occur.

When photoexcitation wavelength of an ethanol solution of the dye Aeci = 530 nm and
concentration equals 10”° mol/l spontaneous fluorescence is observed (Figure 4). Adding gold NP in
the alcoholic solution as a dye increases fluorescence intensity.

Rhodamin C, fluorescence intensity becomes 1.2 times stronger at the maximum. The intensity
of the luminescence of the dye concentration increases until concentration will equal Ca, = 5*10°°
mol/l, and further increase Ca, leads to quenching of fluorescence (Figure 4). The position of the
band maximum and its half-width does not change.

According to [7], greater fluorescence of the molecules near the metal nanoparticles is an
increase in the fluorescence excitation rate due to local plasmon resonance. At the same time, the
arrangement of molecules near the metal surface or in contact with it, nonradiative energy transfer
from the molecules to the nanoparticles occurs, resulting in reduced probability of radiative decay
of the excited molecules.

At low concentrations of nanoparticles, when they are far from dye’s molecules, increase in
fluorescence due to plasmon resonance occurs because of gold nanoparticles. At high
concentrations of gold nanoparticles due to the decrease in the distance between the fluorophores
and nanoparticles radiationless deactivation of the excited fluorescence state is dominating.

The intensity of fluorescence in solution with silver nanoparticles can be increased due to
additional absorption of exciting emission, scattered by gold nanoparticles. However, at high
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concentrations of nanoparticles non-radiative decay channel of excited molecules is apparently
determining.
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Fig.4. Effect of Au nanoparticles on Rhodamin C fluorescence in ethanol:
1-0:2-2-10 % mol/l; 3—5 10 * mol/l; 4 — 5-10°° mol/I.

Conclusion

Thus a result of the researches gold nanoparticles were obtained by ablation of a gold target in
ethanol. It is shown, that by adding Au nanoparticles C = 5 * 10°"mol/l in a solution of dye,
optical density at the absorption maximum is increased 1.2 times and the fluorescence intensity at
the maximum become 1.2 times bigger. At the high concentrations of nanoparticles observed drop
in optical density at the absorption maximum and maximum of the spectra emission of the dye.
Establishment, enhancement of absorption and emission of the dye at low concentrations of the
nanoparticles connected to the fact that the dye molecules are in the near field of metallic
nanoparticles, plasmons in which are excited.
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It is discussed the possible mechanism of photoluminescence of such objects as carbon quantum dots,
layers of amorphous hydrogenated carbon, and the natural biopolymer — native collagen. Recently in some
researches were observed the interesting features of photoluminescence of carbon quantum dots . The
features were discovered in comparison of photoluminescence in layers of amorphous hydrogenated carbon
and in natural biopolymer — native collagen. This article describes a method of experimental study of the
absorption spectra, excitation and photoluminescence characteristics of collagen with using modern
measuring devices. Fixed excitation of photoluminescence was carried by an argon laser. A nitrogen laser
was used for pulsed excitation. It is found that some properties of the luminescent radiation may be
explained by assuming the nature of excimer photoluminescence collagen.

Keywords: quantum dots, carbon, excitation, photoluminescence, collagen.

Introduction

Recently [1-4], there has been discovered an interesting feature of photoluminescence (PL) of
carbon quantum dots (CD): a broad structure less band in the visible spectrum whose half width,
photon energy at a maximum, and short-wave edge depend on the energy of excitation quantum.
The long-wave edge of the band depends neither on the size of a quantum dot [1] nor on the energy
of excitation quantum [1-4]. The decay of the luminescence typically follows first-order Kinetics.
Four respectable PL mechanisms have been confirmed: the quantum confinement effect or
conjugated m-domains, which are determined by the carbon core; the surface state, which is
determined by hybridization of the carbon backbone and connected chemical groups; the molecule
state, which is determined solely by the fluorescent molecules connected on the surface or interior
of the CDs; and the crosslink-enhanced emission (CEE) effect.

The similar behavior of photoluminescence spectra has been observed earlier in layers of
amorphous hydrogenated carbon and in natural biopolymer — native collagen [5-6]. The present
work proposes a unified mechanism for the photoluminescence characterized by the properties of
spectrum established in [1-6].

In previous studies [5] the main properties of photoluminescence (PL) of a-C: H films were
investigated. The investigation in [5] demonstrated that the spectra of PL of amorphous
hydrogenated carbon depend on the position of the energy of the quantum of excitation and show
that the temperature dependence of photoluminescence in those matters reveals anti-Stokes
radiation at high temperatures. The kinetics of the decay of the luminescence typically is
fluorescent. In [5] it was shown that all remarkable PL features, such as, a high emission quantum
efficiency which is independent of temperature, electrical field and energy of the exciting light, and
an extremely rapid exitonic —like PL decay which is also nearly independent of temperature and
energy of both exciting and emitted quanta, are connected with micro- inhomogeniety of the
materials. It was suggested that there exist light emitting nanograins of sp2 phase inside a wide gap
sp3 and polymer matrix.
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Earlier O’Reilly and Robertson [7, 8] have theoretically shown that @ - bonding in a-C:H
favours aromatic 6 - fold rings and clustering of separate rings into compact graphitic sheets. It is
also well known that similar aromatic rings are contained in natural polymers. Hence one has to
expect similar PL properties. From a-C:H and from such polymers, provided the sextets are the
main centers of radioactive recombination.

1. Experimental technique

For the research of absorption spectra, excitation and characteristics of photoluminescence was
used spectral, versatile and computing complex KSVU-23 spectro-fluorometer "Hitachi". PL
measurements of spectra were performed in two excitation modes: in stationary and pulsed.

The sources of radiation which were used to investigate the photoluminescence excitation
spectra were: d - lamp in the region of 250-350 nm, ultrahigh pressure mercury lamp DRSh-500
with lines of emission (254, 303, 312, 365, 405, 436, 546 nm). Stationary excitation of the PL was
carried out by lines of an argon laser (459.2 nm, 476.9 nm, 488.2 nm, 496 nm, 502.02 nm,
514.5nm), He-Cd-laser (325 nm, 416 nm) Kr (645, 8 nm and 677.5 nm) and He-Ne (632,6 nm).

To designate the necessary band of the radiation lamps DDS-30 and DRSh-500 and to
eliminate the stray light entering into the registering device were used filters: UFS 1-4. Isolation of
excitation light lines was produced by using a double monochromatic prism DMR-4.

When measured spectra and kinetics decay of photoluminescence for pulsed excitation was
used a pulsed nitrogen laser with a line at 337 nm and a pulse copper laser (510.3 nm and 579.4
nm). PL samples were carried out at three constant temperatures: 300, 70, 4.2 K.

When measuring the photoluminescence excitation spectra was registered the integral intensity
of PL in the range of 1.6 to 2.0 eV. To excite the photoluminescence emission line was used a
mercury lamp that stood with double prism monochromator DMR-4. Excitation spectra
measurements of photoluminescence were performed at 78 and 300 K.

For measurements was used glass helium cryostat at 4.2 K. A sample was placed directly in
liquid helium. To study the samples was used a nitrogen cryostat at 77 K: the sample was placed in
liquid nitrogen. Experimental determination of the relative position of the photoluminescence
spectra, excitation of photoluminescence spectra and absorption spectra is usually give opportunity
to establish the nature of the energy levels that form these spectra. To this end, we measured the
excitation spectra and absorption spectra.

The absorption spectra of native collagen is difficult to measure because of its optical
heterogeneity. Therefore, according to the conventional approach, the absorption spectrum was
measured with a model of collagen analogue - gelatin films, which is optically uniform material.

2. Results and discussion

Identical features of PL are characteristic of all objects investigated in [1-6]: shape of structure,
dependence of position of a maximum of PL and of half-width of a PL band on energy of quantum
of excitation (see Figures 1 and 2).

These features of PL as is well-known are inherent in an excimer luminescence [6, 9, 10].
Excimer in these objects can be formed in the sandwich structures of benzene rings, such as, in
crystals of pyrene or naphthalene [9, 10]. In [6] are investigated the PL of the biopolymer —
collagen. It is shown the anti-Stokes tail of spectra at high temperatures. The spectra are structure
less at all temperatures. The kinetics of decay of PL has fluorescent behavior.

Fig.3 illustrates the spectra of absorption (1) of PL of collagen at excitation by quanta with
hvexc = 3.68 eV (2) and excitation of PL (3) at room temperature. Overlapping of spectral bands of a
photoluminescence and excitation of PL of collagen in a wide interval of wavelengths of light
demonstrate that the energy levels determining transitions of electrons in case of light absorption
are at the same time levels between which there are radiating transitions.
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Fig. 1. The dependence of the position of the maximum of spectra of PL of different objects on the
energy of quantum of excitation observed in [1-6]. Objects: G-GQD, M- GQD, CF- GQD, C- GQD, GQD
are grafen quantum dots performed by different technologies, a-C: H films, collagen.

= G-GQD
1 ¢« M-GQD
0.9 A CF-GQD .
1 v C-GQD
0.8 1 ¢ GQD
¢ *
1 4 collagen
0.7 » a-CH . : n
| e GQD (a) L] v
=N A
© 0.6 1 A B A ®
4 1 » - ’ ’. v
-
0.5 1 « v
] ., *
de
0.4 «
‘ »> .
034 ¢
{ir
02 4
I ' I ' 1
2 3 4
hvexc: eV

Fig. 2. The dependence of the halfwidth of spectra of PL of different objects on the energy of quantum
of excitation observed in [1-6]. G-GQD, M- GQD, CF- GQD, C- GQD, GQD are grafen quantum dots
performed by different technologies, a-C: H films, collagen.

This circumstance in a complex with the found and described properties of luminescent
radiation can be explained within the assumption about excimer in a complex with the found and
described properties of luminescent radiation can be explained within the assumption of the excimer
nature of PL of collagen.
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Fig.3. The spectra of absorption (1), of PL of collagen at excitation by quanta with hve, .= 3.68 eV (2)
and excitation of PL (3) at room temperature.

Excimer is the dimer which exists only in an excited state [9, 10]. The main condition of such
couple is unstable as in case of distance between molecules of an order of the size of an excimer of
force of interaction have repulsive character. For the excimer-forming connections a characteristic
sign is that circumstance that features of optical absorption correspond to monomers (molecular
bands), and in a range of fluorescence wide structure less bands are found.

Hamiltonian of dimer of two sandwich benzene rings is expressed as [10]: H=H+H,+<V>,.
<V>j, is defined by Coulomb interaction. For ground state of dimer the Coulomb interaction is
negative (repulsive interaction) and for excited state of excimer the Coulomb interaction is positive
(attractive interaction). Fig.4 illustrates the dependence of ground state of dimer and of excited state
of excimer on distance between a benzene rings.

The shape of a band of a luminescence and fast kinetics of decay are caused by nature of
electronic terms of the initiated and main conditions a dimer which are schematically represented in
the figure 4. Optical transitions in case of absorption and radiation of light in such system happen
between two terms.

R,

Fig.4. Energetic levels E of dimer-excimer complex as a function of R: 1 — transition of electron at
absorption of light, 2 — anti Stokes transition, 3 — Stokes transition; a — termoactivation, r — relaxation.
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On fig. 4 the value of R is a distance between two benzene rings. Eo and E; are the terms of
graund and excited states of dimer. Excimer radiation of systems of aromatic molecules is well
known to [10]. The experiments described in these reviews showed that almost all flat aromatic
molecules are formed by excimer. Experiments were conducted in different systems: solutions,
liquids, organic crystals, solid polymers.

Mainly eximer in system of flat aromatic molecules spatially represent sandwich structures (see
a figure 4 insert) which in case of a crystal are formed along the plane of sliding of dislocations
[10], and in case of liquids and solutions are created in case of absorption of light in one of aromatic
rings, accidentally appeared at a short distance, sufficient for forming of an excimer.

Conclusion

The features of PL of native collagen are observed: structure less shape at high and low
temperatures, great values of halfwidth, and fast kinetic of decay. Experimentally observed the
overlapping the spectra of excitation of PL and spectra of PL gave possibility to propose the
excimer model of PL. In frame of this model it is shown the create of the anti-Stokes tail of spectra
at high temperatures [6]. It is proposed the excimer model of luminescence. Given mechanism will
have possible relation to the nature of PL of objects observed in [1-5].
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In this work the model of combined energy analyzer consisting of electrostatic mirror fields was studied
by numerical calculations. A trajectory analysis of the motion of charged particles in the given electron-
optical system was held. The instrumental function of the device for a case of a point source was first
developed in order to optimize the size of output aperture and crossing windows of energy analyzer, what
allowed estimating the energy resolution of the instrument. The spectrometer enables to analyze charged
particles beams leaving the source at angles about 90° at the instrumental energy resolution of 2%.

Keywords: hyperbolic mirror, cylindrical mirror, charged particles, the instrumental function, the energy resolution.

Introduction

Earlier [1] we calculated electron-optical characteristics of the electrostatic energy analyzer
combined of successive hyperbolic (HM) and cylindrical mirrors (CM). The novelty of the
proposed device is a new mutual arrangement of electron mirrors in the two-stage energy analyzer,
that allows input charged particles beam to the field of hyperbolic mirror at angles close to a right
angle.

The scheme of mirror energy analyzer of combined successive HM and CM is shown in Fig.1
[1]. The figure shows the cross-section of the system by a plane r, z. The analyzer consists of a
point source (1), arranged in series with mirrors with hyperbolic (2) and cylindrical (3) distribution
of fields and the detector. HM is formed between two conical electrodes (4), which are under the
zero potential, and an electrode of a hyperbolic shape (5), having a potential of the same charge as
particles.

1. Modeling of electron-optical scheme of combined energy analyzer
composed of successive electrostatic HM and CM

In this work the electron-optical scheme of energy analyzer combined of successive
electrostatic HM and CM was analyzed, with the using of the "Focus™ modeling program of axially-
symmetric systems of corpuscular optics [2], in order to validate results obtained by analytical
calculation formulas.

Fig. 2 demonstrates the distribution of the electrostatic field in the energy analyzer combined
of successive electrostatic HM and CM. Fig.3 shows a three dimensional image of cross section of
the electrostatic field in the combined system of mirrors. Here we calculated values of potentials at
nodes of the mesh of the partition area and also painted the output field with colours, corresponding
to value of potential at each point - the greater the potential, the "warmer" is the colour.

Fig. 4 presents trajectories of charged particles in the electron-optical scheme of combined
energy analyzer of successive HM and CM. The total length of the electron-optical system is equal
to 12.1. Radii of inner (3) and outer (4) electrodes of CM are equal to 1 and 2.5 respectively.
Potentials of hyperbolic electrode (2) and the outer electrode CM are equal to 1. The inner electrode
CM (3) and conical electrodes (1) are at a zero potential.
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1 - the source of charged particles beam, 2 - HM, 3 — CM, 4 - conical transparent electrodes,
5 — the hyperbolic electrode, 6 - image of source, 7 - inner cylindrical electrode,
8 — the outer cylindrical electrode

Fig.1. Scheme of energy analyzer combined of successive HM and CM
(in cross section by plane r, z)

Fig.2. The distribution of the electrostatic field Fig.3. Three-dimensional image of cross
in the combined energy analyzer section of the field in the combined energy
analyzer

Asymptotes of hyperbolic electrode have an angle f=arc tan V2=54.4°. All dimensions are
expressed in relative units. Marked parameters are crucial to setting geometric parameters of
electrodes.

Main elements of CM are two coaxial cylindrical electrodes with different radii. To correct the
boundary field at butt ends of cylindrical electrodes corrective rings under potentials (in fractions of
the outer cylinder’s potential V) are placed in accordance with logarithmic law of variation of a
cylindrical field with radius. For example, in the case of three pairs of adjusting rings their
potentials have the following values are 0.25V, 0.5V and 0.75V. Thus, the analyzing field is formed
between cylinders. Widths of input and output slits in the inner cylindrical electrode are equal to 0.5
respectively. By changing the potential V we can analyze the whole spectrum of energy E of
charged particles. Electrodes of HM are chosen to be transparent for passing of charged particles.
Opague segments of electrodes are coloured in red in the program.
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1 - conical electrodes , 2 - hyperbolic electrode, 3 - inner cylinder,
4 - outer cylinder, 5 - charged particles, 6 - point source,7 - input window of CM,
8 - output window of CM, 9 - circular output aperture, 10 — the detector

Fig.4. Trajectory of charged particles in the electron-optical scheme of combined
energy analyzer of successive HM and CM

Fig. 4 shows the case characterized by large values o =90°. The energy of the particle or
rather the ratio of the energy of a charged particle to the potential of the electrode is 1. A point
source is located on the symmetry axis of the energy analyzer in a distance from the hyperbolic
mirror equal to x=1.13. Referring to Fig. 4, charged particles (5) from the point source (6) through
the conical transparent electrode (1) of HM are reflected from hyperbolic electrode (2), then enter
the field of CM. Charged particles, which passed through the output aperture (9), fall onto the
position-sensitive detector (10), and thus are recorded. As a result of the focusing effect of two
mirrors on the charged particles beam, a point image of source on the symmetry axis of the analyzer
is produced. Thereby, the "axis -axis" type focusing is performed in the system.

The instrumental function is one of the main characteristics of both axial electrostatic energy
analyzers and many other electron and ion-optical devices [3-5]. Instrumental function
(transmission curve, instrument line, apparatus function, response function) of axial electrostatic
energy analyzer is proportional to dependence of monoenergetic electron beam passing through the
exit slit of the energy analyser from energy of electrons [3,4]. If instrumental function is known, it
is not difficult to identify a resolution and transmission capabilities of a device. In electron optics
there is a method called “trajectory”. Applying of this method can give you new basic
characteristics of studied energy analyzer.

The following algorithm can construct instrumental function for the energy analyzer based on
axial-symmetric fields. Firstly, the range of variation of the charged particles’ initial angles and
energies are determined. The instrumental function of energy analyzer is determined by calculating
a large number of charged particle trajectories for initial conditions, varying in width (radius) of
circular output diaphragm. To simplify calculations, it was considered a motion of charged particles
in one of planes passing through the mirrors axis, i.e. the device’s instrumental function was
determined excluding non-axial trajectories of charged particles. Thus, in the numerical calculations
additional "broadening” of the instrumental function by non-axial energy analyzer "rays" was not
taken into account. Motion trajectories of charged particles in this energy analyzer were found by
numerical solution with the "Focus" program.
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2. Results and discussion

For calculation of the instrumental function of electron-optical system in the case of the point
source, initial conditions are given in the program, i.e. charged particles with the initial angle of 90°
and having initial energy within the emission range (more precisely E/V) equal to 0.9-1.1 eV/V are

launched from the point source.
Figures 5.1 and 5.2 present instrumental functions of the combined energy analyzer in the case

of a point source with a small (R4 = 0.025 Rj,; 0.05 R;,) and large (Rq = 0.075 Rjn; 0.1 R;py) radii of
the output aperture.
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Fig. 5.1. The instrumental function of analyzer with small radii of the output aperture.
The radius of the output aperture: 1 —0.025 Rj, ; 2—0.05 Rj,
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Fig.5.2. The instrumental function of analyzer with large radii of the output aperture.
The radius of the output aperture: 1 — 0.075 R, ; 2 - 0.1 Rj,
On graphics of instrumental functions for combined energy analyzer with small (Ry = 0.025
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Rin; 0.05 Rjp) and large (Rq = 0.075 Rjp; 0.1 Rj,) radii of the circular output aperture (Fig. 5.1 and
5.2) can be seen that the width at half-height increases with increasing of the output aperture radius.
Fig. 6 shows the dependence of the width of the instrumental function AEy, at half-height from the
output aperture radius. Fig. 6 shows that it is a linear relationship.

AE12, relative unit
0,14

0,12 -
0,1 -
0,08 -
0,06 -
0,04 -

0,02 ~

Ra, relative unit
0 T T T T T |

0 0,02 0,04 0,06 0,08 0,1 0,12

Fig.6. The dependence of the instrumental function width at half-height
from the radius of the output aperture

From results of numerical calculations it was determined that the optimal radius of output
aperture is Rg=0.02 Rj,. Fig. 7 shows the instrumental function of the combined system based on
electrostatic HM and CM with optimal radius of output aperture.
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Fig. 7. The instrumental function of the combined system of successive HM and CH
at optimum output aperture radius Rq = 0.02 Ri,

Graphics of instrumental function (Fig.7) shows that the instrumental function is the combined
energy analyzer at the optimal radius of the circular output aperture is a symmetrical curve close to
an isosceles triangle. As it seen in Fig.7, only charged particles with energy E/V=1 eV/V pass
through the output aperture and reach the detector. The aperture truncates particles of the same
energy differing by 1% or more.

Thus, the relative energy resolution at half-height of instrumental function of the combined
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energy analyzer with optimal output aperture radius 0.02 R;, is 2% of the case of a point source.
Conclusion

Thereby the numerical model of the combined energy analyzer of electrostatic mirror fields has
been obtained. The instrumental function of energy analyzer in the case of a point source at
different radii of the circular output aperture was calculated. The dependence of instrumental
function width for combined energy analyzer at half-height from the radius of the output aperture
has been studied. The optimum radius of the output aperture was determined.

The spectrometer allows analyzing beams of charged particles leaving the source at an angle
close to 90° and the instrumental energy resolutions of 2%.
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On the basis of the statistical approach to the formation of corrosion spots obtained an expression that
shows the logarithmic dependence of the corrosion spot area of "defects" of the metal surface or coating. On
the basis of a thermodynamic model obtained relationship between corrosion rate, the surface tension of a
metal surface and their melting point. A method for determining the thermal stress in the coating on the basis
of experimental values of microhardness, measured along and across the sample. On the basis of
thermodynamic model derived relationship between the heat resistance of coatings and surface energy. A
formula that is suitable for qualitative analysis and forecasting of metal fracture rate and coatings
deformation and thermal influences.

Keywords: corrosion, thermal stability, metal, metal coating, a statistical model, thermodynamic model,
microhardness

Introduction

Issues of metal corrosion devoted a huge amount of work, of which only work note [1-7],
where an extensive bibliography. Despite this, in the field of corrosion theory continues to grow
with the growth of various types of structural metallic materials used in various areas of industrial
production.

In the most general case, corrosion of the metal can be present as the nucleation and growth of
the new phase (oxidized metal). A critical new phase nuclei are formed sequentially in a series of
random acts of attachment and detachment of atoms (molecules) from each other. Therefore,
nucleation - random process in time and space. It determines the probabilistic nature of the
parameters that describe the kinetics of formation of nuclei in the process of corrosion, or crystal
growth [1]. A quantitative description of random process is given by its distribution function
satisfies the kinetic equation. In general, the kinetic equation is a complex integral-differential
equation, which cannot be solved. However, when viewed as a Markov random process, the kinetic
equation becomes a differential, which has a simple form [2].

In the particular case of a Poisson process, birth and death with a finite number of states, a
system of differential equations [8, 9]:

dp, (Zdt =—AoPo (J\lel (;

de (Zdt = )\‘K*lpK*l - ('K + HK ,\DK (:J'_ “'K+l pK+l (: (1)

dpn (zdt = 7\’n—lpn—l (:

Here Ao — is the likelihood of transition from state Eq to Ej, etc.; p; — is the probability of
transition from the state E; to Ey, etc.
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The probability of transition from E, to E,; is assumed to zero (u, = 0), I. €, E, condition for
such a system - an absorbent; p; (t) - the probability of finding the system in state E;. The system of
equations (1) is a system of Kolmogorov equations [10]. The general solution is so cumbersome
that does not allow for even the numerical analysis methods.

In this paper, we make a generalization of our work on some issues of corrosion and thermal
resistance of metallic materials and coatings [11-16].

1. Statistical model for the formation of corrosion spots

The most common case of metal corrosion is its interaction with the oxygen molecules. It is
obvious that this interaction begins with a "weak" places the metal surface or its defects. We present
our model for the formation of corrosion spots from a position of statistical physics.

Consider the number of the metal surface defects m. Let the distance between the defects and
the same is equal to R. We describe around each defect O circle of radius R. Let the number density
of defects in the circle is equal to ng, then the probability Wo(r) the fact that the nearest particle of
oxygen gets to the distance r from the particle 0, it is easy to get on the basis of statistical physics,
and it is equal to:

W, (r) = o r® exp[-mn,r?]. 2)

The probability of finding the particle No oxygen defect in the area of radius r is equal to 0, it is
obvious:

No
Wi, (1) = TWi () = (7ng) ™ r2™ exp[-nNgnor?]. 3
k=1
The probability of (3) define on the other hand as the ratio of the number N of the defect
particles to the total number of particles in the selected circle - Qo:

N
Po =—>= ()" r*™ exp[-mnyr?]. 4)
0
For a system of m defects we have:

N
Po = (nno)NO r#Ne eXp[_TCNonorz] =2,
0

B, = (mny)™ 12 exp[—aNn,r2] = 1

Q ()

N
P, =(mn YN N exp[-nN, n r?]=—",
m

For all of the metal to the number of defects 0,1,2, ..., m, we have:
m m H Ni
P:Hpi :1_[(7mi)Nir2Ni eXp[_nNinirz]:i;o—- (6)
i=0 i=0
Q;
[

The system of equations (5) and (6) is a system of transcendental equations that can be solved
only by numerical methods or approximate.
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Therefore, it is possible to make a numerical estimate based on the actual situation of the
system 1 and equation (5):

INnN, —InQ, =N, In(nn,) + 2N, Inr — N n,r’.

An assessment shows that the first term on the left side of the equation and the first two terms
of the right - are negligible. The result:

N =1 Q0 @)

mn,r?

Given that r® = S - the area of corrosion spots and noNp = const, (7) we have:
S=cost-InQ. (8)

The last expression shows the logarithmic dependence of the corrosion spot area of "defects” of
the metal surface or coating. The probability of (3) can be determined, on the other hand, as the
ratio of the binding energy of oxygen molecule E, to the metal atom to the total energy of formation
of corrosion spots E. Given that [5]:

E . =AGT =-RT2303lg K, (9)

where Kp - the constant of chemical equilibrium.
For the area of corrosion spots get:

S=cost-InK, (10)

Despite the simplicity of the formulas (8) and (10), they may be useful for the study of the
processes of any corrosion of structural materials, because include easily experimentally determined
parameters.

2. Thermodynamic model of corrosion and mechanical failure of metals, alloys
and coatings.

Considering the elementary carriers of corrosion or mechanical damage as a subsystem of non-
interacting particles immersed in a thermostat, it is possible on the basis of quantum statistical
thermodynamics to obtain the response function of this subsystem to the external action [13]. If the
response function to take the area of corrosion spots S, we obtain:

KT

s-20 g-ﬁ-t, (11)

where A is the work of "external forces" and T is temperature, G° is Gibbs potential of a bulk
sample of metal - the average number of points of corrosion, t - is time of corrosion, k - is
Boltzmann constant, C - is constant.

The work of "external forces" equal to the change of the standard thermodynamic potential
AGr, which is the basis of thermodynamics and corrosion can be determined through the chemical
equilibrium constant Kp according to the formula [5]:
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AG? =-RT2,303lg K, (12)

Corrosion starts from the surface layer and therefore in the formula (11) to make the
substitution G° =c-S,- where o - the surface tension, S, - specific surface. As shown in [17], the

surface tension of the metal is related to its melting point ratioc =10~ - Tp.
Taking as a response function in (11) the thickness of the corrosion layer h, for corrosion
rate €/, =h/t , which is determined experimentally, we finally obtain the following expression:

T?lgK T?2lgK
v, =C, 9 P=C. g i (13)
cS T

1.

where the constant C includes all the constants of the previous formulas.

Formula (13) can be used to predict the corrosion rate of newly synthesized coating and
selection of their elemental composition. For thin films and coatings surface tension value is the
value of ¢ and additive may be determined experimentally as described in [17]. Similarly, the speed
of the mechanical or thermal destruction of the coating will have the following relationships:

E
v =o?i. (14)

p

p

v =c,- & (15)
(¢)

Equation (14) is valid for pure metals. Using the experimental values of the Fermi energy Er,
melting and corrosion rates for ten metals Au, Ag, Al, Cu, Fe, Ni, Pb, Pt, Sn, Zn, we calculated the
constant C. Up to 20% of it was constant and equal to (2,5-3,0) 10™. Equation (15) is valid for
multiple and multi-coatings. In this case, better experimentally determine the corrosion rate and the
amount of tension as described in [17].

3. The corrosion resistance of components of mining equipment.

To determine the corrosion resistance of the coatings used the method of anodic polarization
initiation defects (APID). For quantitative evaluation of the integral quality coatings using the
integral quality parameter K = (Q-Q1) / Qo, wherein Qp and Q; - amount of electricity passed
through the cell when electrical polarization uncoated surface of the sample and in the potential
range covering from the start of the dissolution potential of the substrate material to the potentials
on the (10-40)% less capacity starts dissolving coating material

Typically, the upper limit is selected from the interval (3-5) B. The parameter K is
dimensionless and normalized. Higher quality coverage corresponds to the value K =1and K =0
the lowest. The coating is applied to the following items of mining equipment: rod (steel 40X); pin
12 (steel 35); with sleeve 12 (steel 35); RU11.008-01 coupling (steel 35); cork GVU 30.002 (steel
35); gon 10NG12 (steel 35); right cheek G9.00.18 (steel 3).

However, the calculation of economic efficiency of the entire production cycle of the
application of titanium nitride coatings showed that the price of the above items of mining equipment
increased by approximately 20% compared to the galvanized coating applied electrolytically factory
RGTO Coal Department of JSC "ArcelorMittal”. It should be noted that despite the increase in the
cost of coverage, galvanized coating plant RGTO obtained substandard.
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Table 1 - The corrosion rate of titanium nitride coatings technological environment

: : concentration | temperature, | corrosionrate
technological environment o
(mass)% C mm / year
nitricacid 80 20 0.01
sulfuricacid 52 20 0.03
hydrochloricacid 80 20 0.05

Nitriding was conducted for parts described above. Table 2 shows the comparative analysis.
From Table 2 that the technology of vacuum nitriding, though inferior in corrosion resistance of
titanium nitride coatings, but is much greater than the zinc coating. At the same time, the cost of
nitrided parts on (10-15) % lower zinc.

In the case of small lots of parts, and also to make better use of critical parts of titanium nitride
coatings which enhance corrosion resistance in addition have high strength. Vacuum nitriding is a
cheaper way to increase corrosion resistance. It has distinct advantages over electrolytic zinc and
chrome finish. We applied the method of ion plasma coating Fe-Al-Ti, Zn-Al-Ti, Zn-Cu-Al-Ti.
Table 3 are represented by their corrosive characteristics.

Table 2 - Characteristics of various coatings

namedetails anti-corrosioncoating coefficient K
Coupling RU 11.008-01,steel 35 Zinc 0.15
Coupling RU 11.008-01,steel 35 Nitrated 0.40
Coupling RU 11.008-01,steel 35 Titaniumnitride 0.75

Table 3 - Characteristics of various coatings

namedetails anti-corrosioncoating coefficient K
Nipple 12, steel 35 Fe-Al-Ti 0,47
Coupling 12 c, steel 35 Zn-Al-Ti 0,57
CorkGVU 30,002, steel 35 Zn—Cu-Al-Ti 0,61

As can be seen from Table 3, the proposed coating are second only to the titanium nitride
coating, but they are much cheaper than all the coatings shown in Table. 2. The manufacture of such
cathodes without difficulty. The coating thickness is from 2 to 4 microns, so that a cathode is
enough for about 12 thousand. Parts such as coupling 12 c.

4. Anti-corrosion wear-resistant coatings on parts of oilfield equipment

The problem of corrosion and protection against oil and gas and oil field equipment is
becoming more urgent and acute. This is due, primarily, the increase in the number of acceding to
the development of oil, gas and gas condensate (especially sea), containing corrosive components,
and secondly, the increasing intensity of work of oilfield equipment under intensive production
methods, transport and processing.

The high efficiency of the existing corrosion protection technology makes introduce other,
more efficient technologies to reduce the corrosive wear and thereby increase the terms of use and
other downhole oilfield equipment.
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At present, all industrial countries are not on the path of anticorrosive steel and alloys and
application technology developed by modern anti-corrosion coatings for cheaper grades of steel
[18-25].

In recent years, attracted the interest of researchers high entropy alloys and coatings based on
them [26-29]. In this case, the coating obtained with high performance.

This paper discusses the results of a study of the structure and properties of coatings Cr-Mn-Si-
Cu-Fe-Al and Cr-Mn-Si-Cu-Fe-Al + Ti. We used methods Cr-Mn-Si-Cu-Fe-Al, produced by
induction melting. The coatings were deposited by ion-plasma method on the vacuum unit HHB-
6.611 on a sample of steel 12X18H10T. Coatings Cr-Mn-Si-Cu-Fe-Al+Ti were obtained while
spraying a cathode Cr-Mn-Si-Cu-Fe-Al and a titanium cathode. Electron microscopic study was
performed on a scanning electron microscope MIRA 3 firms TESCAN. Research carried out at an
accelerating voltage of 20 kV and a working distance of approximately 15 mm. Each sample was
done by 4 shots at 4 points on the surface at different magnifications: 245-fold, 1060-fold, 4500-
fold and 14600-fold. And power dispersive analysis conducted at 4 points each specimen. The
thickness of the coatings and their elemental composition is measured using an electron microscope
200 Quanta 3D. The phase composition and structural parameters of the samples was performed on
diffractometer XRD-6000 X in the CuKa-rays. An analysis of the phase composition, the size of
coherent scattering regions, the internal elastic stresses (Ad/d) carried out with use of databases
PCPDFWIN and PDF4 +, as well as programs POWDER CELL 2.4. For samples nanohardness
coatings was determined using the method of Oliver nanoindentation system and headlamp using a
Berkovich indenter with a load of 1 g and a dwell time of 15 sec. The corrosion resistance of the
coatings was determined in accordance with GOST 9.908-85.

On the stainless steel substrate was coated with Cr-Mn-Si-Cu-Fe-Al in gaseous nitrogen for 40
min. Fig. 1a shows an image of the coating obtained in an atomic force microscope. Fig. 1b shows a
cross section of 1 micron coating produced a focused ion beam.

Fig.1. AFM image of the coating Cr-Mn-Si-Cu-Fe-Al (a) andcross section (b)

The results of the study of the phase composition of the sample are shown in Table 4. It was
determined on the hardness of the coating Cr-Mn-Si-Cu-Fe-Al nitrogen gas, which is equal to 7.413
GPa. It was determined: modulus of flow coating which is equal to 169.5 GPa, fluidity is 0.68%,
and the coating is 0.05% relaxation.
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Table 4 - Phase composition of Cr-Mn-Si-Cu-Fe-Al in nitrogen gas

Coating Phase Phasecontent, | Thelatticepara | The size of | Ad/d
detection vol.% meters, CSR, nm *10°3

Cr-Mn-Si-Cu-Fe-Al FeNg.o324 60.6 a=3.598 103.4 3.46
TiN0_3100,31 39.4 a=4.211 25.6 5.14

To determine all the above parameters were determined by Poisson's number to coating the Cr-
Mn-Si-Cu-Fe-Al nitrogen gas equal to approximately 0.30. The corrosion rate in sulfuric acid (53
wt.%) was about 0.02 mm/year. Coating structure Cr-Mn-Si-Cu-Fe-Al+Ti, while spraying the
resulting composite and titanium cathodes is shown in Figure 2. It is similar to the structure of the
coating Cr-Mn-Si-Cu-Fe-Al. Nanohardness coating Cr-Mn-Si-Cu-Fe-Al+Ti equal to 14.2 GPa. The
corrosion rate in sulfuric acid (53 wt.%) was less than 0.01 mm/year.

Z,nm
X:S5.0um Y:5.0um Z:125.3nm [4.0:1) ’

Ra: 13.6rm Rg: 17.2Znm

Fig.2. AFM image of the coating Cr-Mn-Si-Cu-Fe-Al+Ti under nitrogen

Figure 1b shows that the coating Cr-Mn-Si-Cu-Fe-Al is a columnar structure, which is
characteristic of single-phase coatings and described by the model Thornton [30]. Single-phase
structure observed in the coatings V-Zr-Nb-Hf in [31]. However, in this case there are two phases
(Table 1). This suggests that the mechanism of columnar structure is not described by the model of
Thornton. Below we will look at different mechanisms of such structures. It is interesting to
compare the results with the known data on the nanoindentation other materials. These data are
presented in Table 5.

Comparing the result obtained by us (7.413 GPa) with Table 2 shows that the nanohardness
coating Cr-Mn-Si-Cu-Fe-Al almost 2 times higher nanohardness titanium and close to the Ti/a-C:H
multilayer film. However, the preparation of such a film is much more difficult than coating Cr-Mn-
Si-Cu-Fe-Al composite cathode via. Nanohardness coating Cr-Mn-Si-Cu-Fe-Al+Ti (14,2GPa) is
nearly amorphous ribbon nanohardness Zr-Cu-Ti-Ni (14,5 GPa) or silicon (100) (14.8 GPa).Thus,
the connection between the coating reveals the structure and its hardness. For ordered structures
coating hardness increases. The relationship between the hardness of the coating and its structure
was discussed in [33].
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Table 5 - Properties of the materials according to the calculated nanoindentation [32]

Material H, GPa E,GPa | R,%
Copper 2.1 121 14
Titanium 4.1 130 19
The multilayer film Ti/a-C:H 8.0 128 34
The amorphous ribbon Zr-Cu-Ti-Ni 11.5 117 42
Silicon (100) 11.8 174 62
Thin film Ti-Si-N 28.4 295 62

5. The thermal resistance of multi-coating

Under the thermal resistance means the ability of a material to resist chemical degradation at
high temperatures. Already in the 80s of the last century it became clear that you must not go
towards the creation of special heat-resistant alloys and application technology to create various
heat-resistant coatings on parts of machines and mechanisms operating under extreme conditions
[34-36]. In subsequent years, interest in the thermally resistant materials and coatings continued to
grow with the development of rocket and space technology, energy, etc. [37-39].

This paragraph is not intended to produce heat-resistant coatings. Using multi-element
coverage, we would like to show the relationship between the thermal resistance and the surface
energy of the coating, as well as to the method of calculating the surface energy (surface tension) of
the deposited coating, using the results obtained in our work [17].

Thermal stability tests were carried out in electric furnaces resistance type G-30 in an
atmosphere of air, with automatic temperature control to within £ 10 © C. In tests we used special
ceramic crucibles. The samples were placed in a crucible, which is then sent to the furnace.

Heat resistance was evaluated by weight of oxidized material. Weighing the samples before
and after heat treatment was carried out on an analytical balance to the nearest 0.1 mg. Table 6
shows test results for heat resistance of the coatings.

Table 6 - The weight loss of the coating after heat treatment at 600 ° C for 100 hours

Coating Oxidized coating weight, mg
Uncoated sample 56.8
Cr-Mn-Si-Cu-Fe-Al 4.2
Zn-Al 5.6
Mn-Fe-Cu-Al 6.8
Fe-Al 14.2

From Table 6 it follows that the highest thermal stability of the investigated coatings has a
coating Cr-Mn-Si-Cu-Fe-Al, and the lowest - Fe-Al. However, any of the above coating greatly
increases the thermal resistance substrate (metal substrate). If the response function F from [15] to
take the thermal resistance y, we obtain:

KT A
“c e (1o
1
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where A - work of "external forces”, T - temperature, the G° - Gibbs potential bulk metal
sample (pure metal - is the Fermi energy Eg), k - Boltzmann constant, C; - constant.

The work of "external forces" for surface and thin films is equal to the energy of their
destruction, i.e., A = o'S, where o - surface tension, S is the specific surface. Thus, the thermal
resistance is greater the greater their surface energy (surface tension). Table 7 shows the values of
the investigated surface tension coatings obtained as described in [17]. CorrelationbetweenTables 6
and 7 there.

Since Gy = a + bT + cT?, the temperature dependence of  can be neglected and the record (16)
for one-component coating in the form of:

r=C-ol/E, 17)

where C - a constant.
For a multiple-coating, when there is no separation of the individual phases, we have:

X:C.[in -Gi/EE], (18)

where X; - the mole or atomic fraction of the respective element in the coating.

Table 7 - The surface tension of multi-coating

Coating The surface tension, j/m*
Cr—Mn-Si—Cu—Fe-Al 1.019
Zn-Al 0.594
Mn-Fe—-Cu-Al 0.446
Fe-Al 0.314

Multi-element, single-phase coatings are obtained, for example, in [31]. In the case of the
individual phases in the coating (nitride, sulfide, etc.), the formula (3) can not be used. In this case
we can use in our work [40], where the values of surface tension for nitrides, sulfides, oxides, etc.
most of the elements of the periodic table. Determination of the surface tension of solids - a difficult
task, so you can use a universal relation [17]:

c=07-T, . (19)

where T, - the melting point of the metal, which is defined with great precision for all
elements.

These formulas allow purposefully synthesize coating with desired thermal properties. The
main problem is the generation of multi-element plasma flows. In most cases, this problem is not
fundamental problems.

6. Thermomechanical destruction of metals, alloys and coatings

The destruction of the metal at the supply of thermal energy is accompanied by the
accumulation of thermal stress, leading to an increase in the dislocation density, various defects
(dilatons, frustrons etc.) [41-44].

Most of the existing mechanical systems in nature with the free movement of scatter ordered
kinetic energy of its movement and turn it into a random thermal motion of the molecules. Such
systems are usually called dissipative systems. Sometimes the flow of energy supplied to the system
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can reach such intensity that the old dissipation mechanism cannot cope with it. The system
threatens the destruction. Then it can produce an internal reorganization of its elements in such a
way that the energy dissipation process would go more intensively. This internal change occurs at
phase transitions in the volume of metals and alloys [45], at the grain boundaries [46], on the
surface [47]. On the basis of the theory of phase transitions attempt to combine different
mechanisms of destruction processes [48]. In [49] proposes a mechanism of destruction of solids,
not associated with the presence of defects in their original condition.

The theory of thermoelasticity of thin plates, and in this case coatings, as well as the
corresponding isothermal theory is based on the hypothesis of the immutability of the normal
element, and on the assumption of a two-dimensional stress state, a similar plane stress. The most
complete questions thermoelasticity of thin plates described in [50].

In the formation of thermal stresses are distributed coating on some periodic (autowave) law
[51]. Experimentally, it is shown in a periodic variation of the coating microhardness measured the
length and breadth of the sample. Here we want to show the methodology for calculating the
thermal stress on the experimental values of the microhardness. For this we use the heat equation
for an infinite plate (cover), obtained in [52] for the radial p, and axial p, microhardness
components:

or 2 AT 2r
—A =S | 2 20
ur rar 7 ,_71: 1(RJ ( )
oT RA,T, (2r
—A, —=——zo 2| 21
HZ Zaz /7'[22 O(Rj ( )

In these expressions A is a constant value with small thermal strains. The metal bodies of the
effect of connectedness strain field and temperature field usually has little effect on the thermal
perturbation and distribution of thermal stresses. In this case, you can use the known solutions for a
circular plate of constant thickness [50]. And the stress component record:

10T

=-2G-—. 22

c, e (22)

o, =-2G g. (23)
0z

Here G is the shear modulus is given by:

6= E
1+¢

(24)
where E - Young's modulus, € - Poisson's ratio.
We experimentally determined the radial component of the microhardness. Comparing (20)
and (22) we obtain:

1
=-2G—p.. 25
c, L (25)

r

Formula (25) is the basis for calculating the thermal stress in the coating on the experimental
values of the microhardness.
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Conclusion

Based on the analysis of the current state of destruction theories, corrosion, thermal and
deformation of metals loading and coatings, as well as based on the proposed model, we can draw
the following conclusions:

- in the most general case, corrosion of the metal can be present as the nucleation and growth
of the new phase (oxidized metal). This is the approach used in the present study when discussing
theoretical aspects of metal corrosion;

- formal description of the probabilistic nature of the new phase of the process as a random
Markov stationary or non-stationary Poisson process requires a rigorous justification, as a number
of assumptions (no aftereffects, ordinary, etc.) Does not stem from the physical picture of the
phenomenon of corrosion;

- on the basis of a statistical approach to the formation of corrosion spots obtained an
expression that shows the logarithmic dependence of the corrosion spot area of"defects” of the
metal surface or coating;

- on the basis of non-equilibrium quantum statistical thermodynamics of a formula for the
defects of the system response function (corrosion centers) to the external field;

- on the basis of a thermodynamic model obtained relationship between the corrosion rate, the
surface tension of a metal surface and melting them;

- the theory of thermoelasticity of thin plates, and in this case coatings, as well as the
corresponding isothermal theory, based on the hypothesis of the immutability of the normal
element, and on the assumption of a two-dimensional stress state, a similar plane stress;

- proposed method of determining the thermal stress in the coating on the basis of experimental
values of microhardness, measured the length and breadth of the sample;

- on the basis of thermodynamic model derived relationship between the heat resistance of
coatings and surface energy;

- obtain a formula which is suitable for qualitative analysis and forecasting of metal fracture
rate and coatings deformation and thermal influences.
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HEAT TRANSFER IN THE PRESENCE OF TRANSITION INDUCED
BY WAKES OF HESITATING CYLINDER
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Experimental investigations of a flat plate heat transfer in the presence of transition induced by wakes
after still and hesitating cylinder were carried out. Analysis of distributions of local heat transfer
coefficients, temperature and velocity profiles, their fluctuations and other characteristics of boundary
layers permits to determine the length of wake-induced transition and its location. On the basis of study of
wakes characteristics in the free-stream the reason of heat transfer intensification in pre-transitional
boundary layer was determined. Under influence of periodic unsteady wakes transition region shits
upstream in comparison with the case of steady wake.

Keywords: heat transfer, laminar-turbulent transition, wakes, hesitating cylinder, dynamic and thermal boundary
layers

Introduction

Unsteady flows after moving and still obstructions are widely spread in various technical
applications such as turbomachinery, thermal power installations, and internal flow in technological
equipment. Unsteady flow initiates special type of laminar-turbulent boundary layer transition:
wake-induced transition. Successful prediction of transition induced by wakes would help in
designing efficient equipment. It concerns first of all gas turbine engines. The aerodynamic
performance of turbines is dependent on the nature of boundary layer development on the blades. It
is known that a considerable area of the blade surface can be covered by transitional boundary layer
(BL). This is especially true at the low Reynolds numbers typical for the low-pressure stages in gas
turbines. The blade boundary layers are subjected to a combination of variables including free-
stream turbulence, pressure gradient, unsteady periodic wakes of the upstream blade rows. These
conditions have a significant influence on the BL transition process.

During the last years many researchers experimentally and theoretically investigated the effect
of unsteady wakes on the characteristics of thermal and dynamic BL transition. The unsteady wake
exhibits mean velocity defect with a high level of turbulence intensity. Just the last is primarily
responsible for transition under the influence of periodic unsteady wakes [1, 2]. So such transition
has common features with bypass transition at Tu >0 as noted in [3].

The present investigation focuses on the effect of periodic unsteady wakes on heat transfer and
internal structure of the thermal and dynamic boundary layers in the presence of laminar-turbulent
transition. In order to study the influence of periodic instability experimental investigation with still
cylinder situated on the distance from the plate equal to the amplitude of hesitating cylinder was
conducted.

1. Experimental technique

The experiments were carried out at velocity 9 m/s in a wind tunnel T-5 of IET NASU with
working section 120x120x800 mm. A heated flat plate (2) was mounted in working section (3)
asymmetrically at h=90 mm from top wall (Fig.1). For generating periodic unsteady wakes single
hesitating at f =4.4 Hz cylinder (1) d =3 mm was located upstream of the plate at x =-15 mm. The
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amplitude of cylinder motion was 20 mm from the axis of the leading edge of the plate. Steady
wake was produced by the same still cylinder which is situated also at x =-15 mm and y,=20 mm.
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Fig. 1. Sketch of the experimental installation

Heat transfer was explored by electrocalorimetry. The parameters of the internal structure of the
dynamic and thermal boundary layers and external flow were measured by DISA-55M hot-wire
system with 5p and 1p probes. It is necessary to remark that in periodically disturbed flow total
turbulence intensity was measured including periodic and turbulent fluctuating components.

2. RESULTS AND DISCUSSION
Heat transfer

For estimating the influence of the wakes on the characteristics of the thermal transition the
results of heat transfer investigation without cylinder with natural transition at Tu =0.2-0.4% were
used (Fig.2, symbol 3). In case of steady wake generation after still cylinder (Fig.2, symbol 4) the
distribution of local heat transfer coefficients along the plate is changed: the start of wake-induced
transition is shifted upstream relatively natural transition which occurred without wakes and heat
transfer in the pre-transition boundary layer is increased.

In the presence of hesitating cylinder (Fig.2, symbol 5) the distribution St = f ReX: became

smoother than in previous case but remained non-monotone. Intensification of heat transfer in the
pre-transition boundary layer in cases of steady and periodic wakes was correspondingly ~20% and
38% at Re,=4-10" relatively laminar boundary layer (Fig.2, line 1).

The increase of heat transfer in the pre-transition boundary layer allows one to treat the latter as
an analog of the pseudolaminar boundary layer [4]. The reason of pseudolaminar boundary layer
origin consists in the presence of elevated free-stream turbulence. As shown in [5] under influence
of other moving obstructions organised by still and rotating “squirrel cage” the distribution of local
heat transfer coefficients along the plate is also changed relatively natural transition: the start of
wake-induced transition is shifted upstream which occurred without wakes and heat transfer in the
pre-transition boundary layer is also increased. But after still and rotating “squirrel cage” the
distribution St = f e, _ became monotone and approach to the turbulent BL from “above”. In this

case the existence of wake-induced laminar-turbulent transition of upper type is confirmed.
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Characteristics of wakes

The analysis of distributions of time-averaged velocity (Fig.3a, 3b, symbol 1) and its

WU, % U/,

3 9 0 0 0-0-0-0-0-0-9
ecco0000® 10
x=600 MM

Pooo6000000%0s,
[ Au/U ®os Z
e ..oooooooooﬁ&& 10
/ ®0o00°°® 150MM
/
000 00
/o 009 oo
o
417 o |
IU()*UeOOO UO Un 4
1#.. o .oooooo%%@@@@%%@lo
o %e e® 50 MM
o0
o ¢
(o]
&
] ] 0000680600606 000
0.2 0.4 0.6 0.8 1.0 2y/h 1.2
a)

longitudinal fluctuation (Fig.3a, 3b, symbol 2) in the free-stream (y >¢ ) showed that wakes change

the uniformity of the velocity distribution because of the presence of defect and generate a
nonuniform turbulence field.
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Fig.3. Characteristics of wakes after still (a) and hesitating (b) cylinder
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However the interaction between shearing motion in the wake and boundary layer leads to
formation the region close to BL with the uniform field of the velocity U, =const in cases of still

(Fig.3a) and hesitating cylinder (Fig.3b). The value U, is taking as a velocity of free-stream at
forming of BL. In the region U, =const at x <150 mm longitudinal fluctuations of velocity changed
substantially (for example, from uj/U_=1% up to 85% (Fig.3a, x=50 mm) and from
us /U,=15.8% up to 12% (Fig.3b, x =57 mm), where U, - maximal velocity out of the wake. As

seen from Fig.3a and 3b, total intensity of turbulence in case of hesitating cylinder is higher than for
still one. Such increased level of turbulence in free-stream causes the increase of the local heat
transfer and friction coefficients in pre-transitional boundary layer.

Features of dynamic and thermal boundary layers

The analysis of dynamic and thermal boundary layers characteristics in the presence of still and
hesitating cylinder confirmed the origin of pseudolaminar boundary layer before wake-induced
transition. The profiles of velocity and temperature in BL that precedes wake-induced transition are

characterized by the elevated gradients at the wall. At the same time the BL thicknesses & and &

increase at conservative displacement thickness 6", what leads to reduction of shape parameter H
in comparison with laminar BL. Distinguishing feature of pseudolaminar BL is also the appearance
of maximum of turbulence Kkinetic energy at y/&=0.2-0.3. Distributions of the longitudinal

velocity fluctuations in BL disturbed by the wake of still cylinder (Fig.4a) demonstrated such peak
at x=50 and 150 mm. This peak shifts in direction of the wall in the process of transition.

One of the important features of longitudinal velocity fluctuations in BL disturbed by the
wakes of hesitating cylinder is appearance of two peaks (Fig.4b). The amplitude and the location of
these peaks vary with the development of transition.

Thus, the amplitude of the first near the wall peak increases upon approaching the transition
and its location is shifted to the wall. The location and amplification of this peak is similar to that
observed in bypass transition. The second peak located closer to the outer edge of the boundary
layer arises as a result of wakes interaction. The energy of secondary peak decreases with distance
from the wake generator. The observed features of velocity fluctuation profiles are in good
agreement with results of investigation carried out in Institute of Fluid-Flow Machinery PASci.
(Gdansk), when boundary layer affected by the wakes of two different wake generators: single
moving cylinder [3, 6] and rotating “squirrel cage”.

At the same time profiles of temperature fluctuation have only one peak near the wall (Fig.4b,
dashed line 1) like the first peak in velocity fluctuation profiles but located closer to the wall.

Coordinates of wake-induced transition

The analysis of mentioned above specific features of pseudolaminar BL and bypass transition
permitted to determine coordinates of wake-induced transition using special diagnostics methods
developed in IET NASU [7]. At presence of still cylinder the start and the end of transition are
located at Re ,,=9-10* and Re ,q =2.65-10° correspondingly; for hesitating cylinder Re ,=8.5-10*

and Re .4 =2.4-10°. In both cases wake-induced transition transformed into turbulent boundary

layer (Fig.2, line 2). Thus the start and the end of wake-induced transition were shifted upstream
relatively natural transition which occurred without wakes (Re , =2:10°, Re ,o,q =4.5-10°).

As mentioned above total turbulence level in free-stream for hesitating cylinder was higher
than for still one (Fig.3a and 3b). So comparison of heat transfer distributions in cases of steady and
periodic unsteady wakes showed that when total turbulence intensity increases intensification of
heat transfer in the pre-transition BL also increases. Region of transition induced by hesitating
cylinder shifts upstream relatively steady case.
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Comparative length of transition (Re .4 /Re ) in both cases is practically constant (+ 5%).
At the same time the absolute length of wake-induced transition (Re,, —Re,;) for periodic
unsteady wakes decreases in comparison with the steady ones.

Conclusion

Experimental investigations of a flat plate heat transfer in the presence of laminar-turbulent
transition induced by wakes after still and hesitating cylinder were carried out.

It has been shown that wake-induced transition shifts upstream relatively natural transition
without wakes. In both cases of wake-induced transition pre-transitional BL was pseudolaminar and
characterized by substantial heat transfer growth in comparison with laminar boundary layer.
Taking into account that under influence of hesitating cylinder total turbulence intensity of free-



98 ISSN 1811-1165. Eurasian Physical Technical Journal, 2016, VVol.13, N0.2(26)

stream is higher than in the presence of steady wakes, intensification of heat transfer in pre-
transitional BL at Re, =4-10* increased from ~20% for steady wakes to 38% for periodic ones. Due

to increasing turbulence intensity wake-induced transition shifts to lower Reynolds numbers, its
comparative  length  (Re,.4/Re,) remains unvarying and absolute length

(Re,enqg —Re ) decreases.

Obtained results of experimental study of thermal transition induced by wakes should provide
test cases for improving the heat transfer modelling and enhancing the accuracy of thermal load
prediction.
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The article is devoted to problems of wind energy. Data growth rate of the installed capacity of wind
power plants in the world are shown. The authors analyzed the technical and economic performance of wind
power systems developed by Kazakhstan scientists. The technical characteristics of Darrieus type wind
turbines have been described. The advantages of the Bidarrieus wind turbine were studied.
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Introduction

Today one of the most promising directions in alternative energy is - wind energy. In recent
years, wind energy has become a truly thriving industry of "pure”, or as it is called "green" energy.
Means of converting the kinetic energy of the wind flow into the mechanical, thermal and electrical
forms of energy are taking a greater share in the global energy industry.

Based on the report of the development of the global wind energy industry for 2016 by the
World Wind Energy Association (World Wind Energy Association - WWEA) [1], it is shown that
the power of the global wind power industry has reached 456,486 MW in 2016 (Figure 1). 21,714
MW from total were added during the first six months of 2016. This increase was added similarly as
in the first half of 2015, when 21.6 GW. All wind turbines installed worldwide by the middle of
2016 could generate about 4.7% of the world's electricity demand.

Total Installed Capacity 2012-2016 [MW]
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Fig.1. Worldwide power of wind energy installations 2012-2016 years

Overall, 103 countries and regions use wind energy for electricity production. Kazakhstan
became the eighty-fourth country in the world using 2 MW wind energy technology in 2014[1].
According to estimates of experts [2, 3] the potential of renewable energy resources (hydro, wind
and solar energy) in Kazakhstan is very significant and estimated at over $ 1 trillion kwWh / year.
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1. Overview of the wind turbine developed in Kazakhstan

Depth study of the problems of wind energy in Kazakhstan started in the last 15-20 years by
works of academician of the National Academy of Sciences of Kazakhstan Sh.A. Yershin (Kazakh
National University, Almaty) academician of the National Academy of Engineering A.V. Bolotov
(AUPET, Almaty), prof. N.S. Buktukov (Institute of Mining, Almaty), Doctor of Technical
Sciences (DofTS), H.zZh. Bayshagirov (Scientific Production Association-Wind Energy Apparatus
with Diffuser(WEAD), Kokshetau), O.Bayaliev (IE “Innovative bureau of Bayaliev”), prof. A.K.
Kusainov (Asiamontazhengeneering, Almaty), M.M. Maylibaev (Almaty), DofTS, prof M.B.
Koshumbayev (Kazakh Research Institute of Energy of Sh.Ch. Chokina.), DofTS, prof. G.B.
Nurpeisova (Kazakh Research Institute of Energy mechanisation and electrification of agriculture),
Ph.D., prof. K.Kussaiynov (Institution of Applied Math, Karagandy ) et al. with the lack of financial
support from government and UNDP [4 - 16].

The first development and use of wind power plants owned by professor of Almaty University
of Energy and Communications A.V. Bolotov, the foundation of which was model of the device
Savonius based on the principle of the sailing type wind turbines [4]. Kazakhstan has about 50
stations with wind rotor turbine. Vertical Axis Turbine rotor consists of several individual modules
(Figure 2) and the power can be increased by the increasing of their number. The parameters of
Bolotov Wind Rotor Turbine (BWRT): weight is 750 kg, temperature range of is (-40) - (+40)
Celsius, power is 3-10 kW, nominal speed is 12.3 m / s, features are high security (no vibration
open moving parts), available resources, reliability, endurance is more than 10 years, does not
depend on wind direction, works in conditions of turbulence, modularity, low operating costs, a
synergistic effect in combination with solar panels.

Unfortunately, this type of wind turbine has low technical and economic indicators with high
costs of material and cannot compete with modern wind turbines. Wind turbine developed by M.M.
Maylibaev has the same features with some changes. Such wind turbine with some changes and
development relates M.M. Maylibaev (Figure 3). Apparatus of professor N.S. Buktukov (Institute
of Mining MES) can work in any wind direction and speed, from 3 m/s up to 60-80 m /s, all 300-
330 days in a year, and its price is only 50003.

Fig.2. Wind rotor turbine of A.V. Bolotov Fig.3. Wind turbine of M.M. Maylibayev

Additionally, in contrast to the expensive foreign wind plants it has a complete generator,
multiplexer equipment control device, charging and battery protection device [4, 5]. There is no
tower in Buktukov’s apparatus and it is easy to produce. Furthermore, the invention simultaneously
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can be as a beacon in the steppes of Kazakhstan, as well as in the islands. Another advantage is that
with increasing of wind speed blades are compressed and acquire a tubular shape. This invention of
professor N.S. Buktukov has not found sufficient development and application yet (Fig. 4).

Fig.4. N.S. Buktukov’s wind turbine Fig.5. Wind energy apparatus with diffuser
(WEAD), developed by professor H.Zh. Bayshagirov

Professor H.Zh. Bayshagirov (Director of LLP Research and Production Association, WEAD)
uses the original proposal to increase wind energy utilization, (Fig. 5) [4, 15]. The idea of creating a
device called WEAD s in the fact that the wind turbine installed in the narrow part of the
considerable dimensions of the diffuser. It is expected that improvements in energy efficiency of
ratio propeller of wind turbines will be determined by the ratio of the sizes of the wide input portion
of the diffuser and narrow output portion of this system by accelerating the wind flow in a diffuser.

Prototype of wind energy plant with a diffuser (WEAD) created by professor H.zZh.
Bayshagirov gave positive results. WEAD made from fiberglass is environmentally friendly, easy to
use and portable power source. Tests have shown that WEAD is twice more powerful than the wind
turbine without the diffuser. Main theoretical idea that diffuser is effective was confirmed.
Parameters of WEAD: weight is 95 kg, height of the tower is 4 m, design capacity is 1 kW,
temperature ranges from -50 °© C to + 80 ° C, the duration of operation is 20 years, produces a
current at a wind speed of 4-25 m/s. Installation (dismantling) can be done by the 3 employees in 2-
3 hours without lifting devices. Core nodes and the diffuser were manufactured from fiberglass with
the use of resource-saving technology of the processing of composite materials; through this
method increases the duration of turbine’s operating mode and the geography of its use. High
mobility, ease of maintenance, increased serviceability, resistance to various manifestations of
climate, security in the broadest range of use, quiet operation, small metal content, design appeal,
the absence of interference can be highlighted as well. WEAD covers costs of building in 4-5
months when it is used in conjunction with the pump "Vodoley-3" to supply drinking water from
the well (Fig. 5).

Professor M.N. Kambarov (LPP “Ecowatt”) proposed new model of wind turbine called
“Kazkanat” (Fig.6) [4]. Assumed parameters are the following: power is max.15 kW, nominal is 5
kW, wind speed is (3 —40) m /s, the voltage is (380 — 200) V; the number of blades is 2, the bottom
chord of the blade is 1m, the upper chord is 0.5 m, radius of the blades is 1.8 m, the number of poles
IS 2, height is 2.4 m, height above the shaft ground is 2.4 m. It orientates to the wind through vane
blades effects and 4 flat supports (without special arrangements); the angle of attack of the blades is
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8 degrees (without regulation). The effort to develop a sailing type machine specifically for the
Zhungar Gates ended unsuccessfully.

Fig.6. «Kazkanat» wind turbine, developed by professor M.N. Kambarov

Professor M.B. Koshumbaev from Kazakh Research Institute of Energy developed vortex wind
power apparatus with flow concentrator [16]. Improving the efficiency and reliability of wind
machine is achieved by generation of swirling motion of the air flow, which occurs due to the
curved guiding walls and the tangential air supply to the exhaust pipe. The curvature of the walls
and the blade are described by a logarithmic dependence. Furthermore, concentrator consists of a
marquee and a cone, which is located between the curved guiding walls. The outer parts of the
marquee and black exhaust pipe are heated by solar energy, which also increases the exhaust thrust.

Another feature of the Wind Energy Plants (WEP) is wind wheel, designed as shell of
generator which on the outer side curved blade is installed, wherein one end of the generator’s shaft
fixed in the center of the cone, and another end to the top of the chimney. After entering of airflow
to the concentrator it is heated; due to curved guiding walls it receives a rotational movement. An
increase in temperature and decrease in effective cross-section of flow also contributes to its stable
accelerated rotational motion. The swirling airflow causes the rotation of the blades and generator;
additionally, when the blades return, they do not experience resistance. The new WEP allows
achieve the technical result that gives increased efficiency by eliminating the heating system,
optimization of tangential flow entering to the pipe, assembly reliability by eliminating the effect of
the flow on the return stroke of the blade, improving aerodynamic operation [16].

In Figure 7 schematics illustrate the structure of the proposed wind machine. In Fig.7a is
shown a side view and a section along A-A, sectional view of an image of the propeller blades of
the generator is reflected. In the center of the tent (1) the exhaust pipe (2) is installed. Inside of the
tube wind wheel generator (3) is placed, on the outer side of which is rigidly fixed curved blades
(4). Shaft generator (5) is fixed on the center of the cone (6) and on the top of the tube. In flow
concentrator between the tent and cone curved guide walls (7) are arranged, which curvilinear
tapered air passages provide a tangential inlet air flow in the chimney.

Since 90s Kazakh Research Institute of Mechanization and Electrification of Agriculture has
been actively working on the development of wind power plants and water lifting machines by
wind. The result of researches are standard series of apparatus such as VV-3T, VV-5T, VE-2T,
VGE-2.7T, VE-5T, VGE-5T and VE-5T-2M, according to the wind characteristics in Kazakhstan
they are slow multi-bladed settings (Fig. 8).
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b)
Fig.7. Structure of the wind machine:
a) scheme of wind turbine; b) sectional view of an image of the propeller.

In the laboratory (Institute of Applied Mathematics, Karaganda) professor K. Kussaiynov
conducted a research named "Development of a wind turbine for small wind speeds based on
variable cross-section of the rotating cylinder” (Fig. 9) [4]. In the wide range of the incoming flow
rate (3 - 15) m/s and changes in geometrical parameters the lifting force was generated by the
Magnus effect is investigated.

%‘ 3
' " " '] L 2 e e »
@ Ll L4 i
Fig.8. Slow multi-bladed installation of Kazakh Fig. 9. Wind turbine model, developed by
Research Institute of Mechanization and professor K.Kussaiynov

Electrification of Agriculture
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The dependences of the coefficients of aerodynamic lift force from the wind speed, from the
speed of rotation of the cylinder with spherical ends, from the diameter of the test body were found.
The range of optimum parameters, providing a stable maximum lift force coefficient, was
determined. Sample model of two-bladed wind turbine with car generator as a source of 700 watts
was designed and manufactured.

2. Wind turbines Darrieus and Bidarrieus

Last years The Kazakh National University developing promising two-rotor machines (Bidart,
HBI-rotor, etc.) under the leadership of Sh.A. Yershin [6-14]. Design of Darrieus apparatus with
two coaxial shafts was named Bidarrieus. To some extent, this wind turbine can be considered as
unit of two Darrieus rotor deployed in 90°, so that swings perpendicular to each other. Carousel
wind turbine can operate in normal Darrieus mode and Bidarrieus mode (Fig.10). The shafts are
separated by a bearing and they can work autonomously and independently from each other. There
is a special correcting device (retainer) which supports an angle a = 90° between the swings of the
Bidarrieus.

The rotational energy is transferred to the two different current generators, in other words,
each shaft runs in its own generator. Then electricity produced by them is summed. Design of semi-
industrial sample of Bidarrieus allows coaxially disposed shafts to rotate in the opposite directions.
In this case, a dual circuit electric generator can be used. Thus, the advantage of this design is
increased obtain of wind energy by the two independent shafts with the same swept area. Therefore,
efficiency value of the wind energy in high production can be increased to 0.65.

Bidarrieus Wind Turbine provides power generation at a speed of 5-15 m/s. The total height
of the wind turbine is 10.6m, weight is 800 kg. The turbine mounted on a lightweight foundation
and additionally secured by a rope. Size of rotors: swing of the outer rotor - 2 m, the length of blade
- 4.5 m, swing of inner rotor - 1.7 m, the length of blade - 4 m. Profile of blades is NASA-0021,
chord of blades is 0.3 m. Testing of Bidarrieus wind turbines showed that utilization of wind
energy & is 40% higher than the Darrieus wind turbine with the same capacity (shaded area in
Fig.11). Thus, the value & reaches the max of the value limited by Betz postulate. The invention
protected by patents of the Republic of Kazakhstan.



Thermophysics, Hydrodynamics, Energetics 105

T fPmm— ,
F77 ™
g o "7{ ridy .-‘}\
Qb fg’{;/:{!!‘f"j;/i\
i oy ; »
e b )‘Bi-namc
g% \f"( i
" Ideal airfoils
windwheel
o4
A multiblade A high-speed
/ american windwheel two-blade windwheel
62 Darrie windwheel
il‘?. Savonius rotor
A four-blade
__ Holland windwheel
B3
| y=W/U |
& : . : - — i
1) 1 2 3 & 2 & 4

Fig.11. Dependencies of wind energy utilization factor & for different types and constructions of wind
turbine on their degree of their specific speed y [7].

Conclusion

In recent years, wind energy has become a truly thriving industry of "pure”, or as it is called
"green" energy. Based on the report of the development of the global wind energy industry for
2016 by the World Wind Energy Association, it is shown that the power of the global wind power
industry has reached 456.486 MW in 2016.

Due to lack of wind machine industry and import substitution, all devices that created by
scientists from Kazakhstan have not found its application yet. It seems that the most promising
invention from Kazakhstan’s scientists is twin-rotor machines carousel developed in the Kazakh
National University under the leadership of Sh.A.Yershina. Twin-rotor wind turbine with high
technical and economic indicators Bidarrieus does not have analogue.
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The paper is considered practicalities of the electro-hydraulic drilling. The basis of this method is a
unique phenomenon - a method of directly transforms of electrical energy into mechanical energy of the
shock waves that accompany electrical discharges in conditions a limited spatial volume of water in the
bottom of the well. The power a shock wave is allows to effectively disruption is not only the solid rocks but
also influences the condition of the drilling system. Study the structure and quality of the surface of the
electrode system of the drill, and the character of the changes after the electrohydropulse of processing.
Conducted spectral analysis of the microstructure of the melted portions of the surface drill electrodes
resulting from the impact of underwater spark discharge. Experimentally are installed regularities of erosive
of wear the metal electrode from the energy parameters and the number of electro-impulses.

Keywords: electrode, electrohydraulic pulse, energy, discharge.

Introduction

Electrohydraulic drilling is a basically new method that has not been used in industry as of yet.
The electric-pulse treatment developed here is based on the Yutkin electrohydraulic effect [1-3].
The main advantage of the proposed technology is its reliability due to the absence of friction and
wear parts in the equipment, as well as the simplicity in operation and maintenance. However, the
wide implementation of this technology in practice is hampered by undesirable effects and
consequences. The processes occurring on the surface of the electrodes subjected to erosion and
action of high-power underwater spark discharges require additional investigations. In
electrohydraulic well-drilling, the cable of the positive electrode is also subjected to wear (is
consumable). Melted regions appear on the surfaces of the positive and negative electrodes; their
effect on the strength of the electrode system has not been studied comprehensively. In this
connection, this study aims at experimental investigation of the degree and rate of electrode wear
depending on the energy parameters and the number of electro hydraulic pulses.

The electrohydraulic setup with a working cell for testing and studying various processes
accompanying electrohydraulic drilling was designed and assembled at the Laboratory of
Hydrodynamics and Heat Transfer of the Buketov State University (Karaganda). The operation
principle of the electrohydraulic drill can be described as follows: first, the pulse capacitor is
charged from a high-voltage generator. When a preset voltage is attained, the breakdown of the
discharge gap occurs, and the entire energy stored in the pulse capacitor is transferred to the
working gap via the cable-electrode. A pulsed electric discharge occurring in a fluid is a source of
high-intensity mechanical shock waves, which are reflected from the bore bit and produce a focused
action on the medium being processed, crushing it into small pieces [4-7].

In the system for well-drilling, RK-75-9-12 bared cable core connected to the positive terminal
of the pulsed current source is used in the working cell for the central electrode, while the negative
terminal is connected with the electrohydraulic bore bit. Such a design of the electrode is
convenient in well-drilling for installing heat-exchange pipes. As a result of the redistribution of
velocities, the forces emerging during the discharge due to a hydraulic shock and the hydrodynamic
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force facilitate self-centering of the cable-electrode. During prolonged operation, the central bared
core of the cable-electrode becomes shorter due to erosion, and the insulation of its end part is
damaged. The insulation is mainly cut along the central core, and efficiency of drill operation
becomes lower. For this reason, after electrohydraulic crushing of hard rocks, it is necessary to
replant insulation by baring the working end of the cable-electrode from the insulating layer.

3. Experimental technique

To form a pulse with a short front of the voltage applied to the discharge gap in a liquid the
authors used a discharge gap in the air that is an air discharger; and to generate a pulse of certain
energy they used energy storage electrical capacitor. In the laboratory the authors have developed
and tested an electro-hydraulic plant and a working area for drilling (Fig. 1).

4

o

2

Fig.1. Scheme of electro-hydraulic apparatus—and electro-hydraulic drill
1 — power supply, 2 — high-voltage generator, 3 — pulse capacitor, 4 — discharger, 5 —
electrohydraulic drill, 6 — centre electrode

As a result of the experimental study the authors defined the optimal values of time and the number
of spark discharges in electro-hydraulic drilling the stones, and determined the time at which
destruction of stones and hard rock occurs during the drilling.

Forces caused by discharge due to hydraulic impact and flow force, as a result of
redistribution of velocities, stimulate self-centering of the electrode cable. During continuous
operation the central bare cord of the electrode cable is shortened due to erosion, and the insulator
of its end breaks down. Insulation is basically breaks down along the central cord and the device
loses its efficiency. In this case, after the solid rocks fracture it is necessary to periodically tinker
the operating tip of the electrode cable giving it original shape.

4. Results and discussion

During operation, each discharge is accompanied with erosive wear of the electrodes, which
depends on the voltage and energy per pulse, the electrode material, etc. As a result, the cable-
electrode of the electrohydraulic drill fails.

It is well known that during electrohydraulic drilling, spark eroding occurs, which is associated
with emission of particles from the metal surface by the electric discharge pulse [8, 9]. If the
distance between the electrodes immersed into a liquid medium is preset, the decrease in the
spacing between the electrodes initiates the breakdown, and the electric discharge occurs with the
formation of a high-temperature plasma in the discharge channel. This property is used in
electroerosive processing of materials, which is usually carried out by electric pulses with a
duration not exceeding 0.01 s so that the released heat has no time to propagate to the bulk of the
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material. In addition, the pressure of the plasma particles during their impacts against the electrode
facilitates erosion of not only the melted, but also of the heated substance.

The electric breakdown always propagates via the shortest route; for this reason, the closest
regions of the electrodes are first to erode. The nature of changes and the quality of the surface after
the treatment depend on the duration, frequency, and energy of electric pulses. It was found from
the results of experiments change of the length wear of the working electrode the depend on the
number of pulses and various discharge energies (Table 1).

Table 1 - Change of the length wear of the working electrode at discharge energies from 600 J
to 1350 J.

Voltage, kV Energy, J Change of electrode’s length, mm Number of electropulses
0.1 55
20 600 0.5 98
1.0 121
15 225
0.5 50
25 938 1.0 100
1.5 150
2.0 254
1.0 50
30 1350 1.5 102
2.0 154
2.5 255

It can be seen from the curves that with increasing discharge energy, the working electrode is
worn faster for the same number of pulses. Figure 2, 3 show the microphotographs of the central
cable-electrode before and after electrohydraulic treatment, obtained using the MIRA3 TESCAN
microscope.

SEM HV: 20.0 kV WD: 9.22 mm SEM HV: 20.0 kV ‘WD: 9.23 mm LA T MIRA3 TESCAN

View field: 185 ym Det: SE 50 ym View field: 55.4 ym Det: SE 10 ym
SEM MAG: 1.50 kx Date(m/dly): 10/16/14 Performance in nanospace SEM MAG: 5.00 kx  Date(m/dly): 10/16/14 Performance in nanospace

x 1.50 kx x 5.00 kx

Fig. 2. Microphotograph of the central cable-electrode obtained with different magnifications
before electrohydraulic treatment
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Fig.3. Microphotograph of the central cable-electrode obtained with different magnifications
after electrohydraulic treatment

The photographs obtained with the help of the electron microscope with different
magnifications help to trace in detail the changes in the microstructure of the positive electrode.

Analysis of the photographs of the surface of the cable-electrode obtained after
electrohydraulic treatment shows that the microstructure of the entire surface changes significantly,
and large melted regions including spots with different densities and structures as well as voids are
observed. However, investigation of longitudinal and transverse metallographic sections using a
microscope with 20000-fold magnification showed no traces of cracks in the metal.

Conclusion

In our experiments, we studied erosion in the metal part of the electrode system of the
electrohydraulic drill. We investigated melted regions of the surface by analyzing the
microstructural changes of the electrode surfaces before and after electrohydraulic action for
various parameters of electric discharges. Analysis of characteristic changes in the cable-electrode
during electrohydraulic well-drilling shows that erosive wear of metals occurs in different ways
depending on the electric parameters, frequency, and duration of discharges.

The inner surface of the tubular shell of the electrohydraulic drill serving as the negative
electrode is not torn and is not subjected to mechanical wear. Substantial wear occurs only in the
central cable electrode, which is the only consumable material.

Thus, the electrohydraulic pulsed method of well-drilling for heat-exchangers makes it possible
to attain high efficiency of crushing with low energy expenditures as compared to mechanical
methods.
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STUDY OF AERODYNAMIC CHARACTERISTICS OF THE MODEL
OF AWIND TURBINE WITH ROTATING CYLINDERS
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The paper discusses problems of alternative energy sources uses, particularly wind energy utilization.
The results of an experimental study of the aerodynamics of wind turbines using Magnus effect are
considered. To carry out testing, a model of a three-blade wind turbine with rotating cylinders of various
cross-sections was made. Aerodynamic testing of the wind turbine model at various airflow conditions was
performed. Dependencies of drag force, tractive force and rotation frequency of the wind wheel on the flow
rate at different yaw angles of the flow were found. It is shown that the use of rough-surfaced rotating
cylinders of various cross-sections makes it possible to use an additional moving force resulting from the
Magnus effect.

Keywords: wind turbine, aerodynamics, Magnus effect, rotating cylinder, drag force, traction force, angle
of attack.

Introduction

One of the most important features of the modern world is the increased attention of the
international community to the problems of expediency and efficiency of energy utilization, the
implementation of energy-saving technologies and search for renewable energy resources. The
increasing demand of the humanity for energy resources necessitates search and increased use of
alternative sources of energy supply. Therefore, the development of methods and technologies using
renewable sources are important and relevant not only in Kazakhstan, but also throughout the world
[1-3].

Issues of meeting the ever-increasing demands for all types of energy, the natural resources
depletion, the harmful environmental impact, the danger of global warming, etc. are increasingly
discussed at highest national and international levels. In Kazakhstan, these issues become even
more urgent in view of preparation for the world exhibition of science and technology achievements
"World Expo-2017", the main topics of which are "Energy of the future” and "Ecologically clean
energy" [4].

The potential of renewable energy resources such as hydro-energy, wind and solar energy is
very significant in Kazakhstan. It should be noted that wind energy does not pollute the
environment and it is possible to produce clean, inexhaustible energy in local areas or sites remote
from centralized electric networks using the wind. Despite all the advantages, in Kazakhstan the
share of wind energy conversion is only 0.4% of the total production of electricity. On the one hand,
this is due to the fact that the major part of Kazakhstan are the areas with low annual average wind
speeds in which the use of industrially-produced wind turbines is economically unsound. In this
regard, construction of wind power plants, effectively operating in low average wind speeds, is
highly relevant and meets the basic priorities of the development of science and technology in
Kazakhstan.

The paper presents the results of experimental research of aerodynamic characteristics of a
three-blade wind turbine with rotating cylinders of various cross-sections at different airflow
conditions.
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1. The application of Magnus effect in wind turbines

The developed plant makes use of the Magnus effect, i.e. the physical phenomenon that results
when fluid flows past a rotating body. The main point of this phenomenon is in the fact that in the
flow past a rotating body there arises a force acting on the body and directed perpendicularly to the
flow as a result of combined effects of the Bernoulli effect and the formation of a boundary layer in
the medium around the streamlined object [5]. The rotating object makes a turbulent motion in the
environment around it. On the one side of the object, the vortex direction agrees with the direction
of the streaming flow and, respectively, the medium motion rate increases on this side. On the other
side of the object, the direction of the vortex is opposite to the flow direction and the medium
motion rate decreases. Because of the rate difference there is a pressure difference causing a lateral
force on that side of a rotating body where the direction of rotation and flow direction are opposite
to the side where the directions are the same [5-8].

It is the Magnus effect that causes curved motion of a rotating sphere. It is established that the
effect of force action of air flow on the rotating cylinder is almost 10 times greater than that on the
sail of the same streamlined surface [5, 6]. This phenomenon of the origination of great force action
on the rotating cylinder is used in some aircraft. In the invention of Bolotov A.V. et al., the Magnus
effect made it possible to increase the capacity of wind engines with rotary turbines. [9] The papers
of Japanese scientist N. Murakami [10, 11] show that the Magnus effect makes for effective electric
power generation at wind speeds over a wide range of the incident airflow rate. A scientist from
Novosibirsk Professor N.M. Bychkov developed a wind turbine, each rotor of which is made of
non-rotating root and rotating end portions, and a disk at the end [12].

It is not possible to describe all devices and wind turbines using the Magnus effect in a single
paper. However, studies show that origination of an incremental lift due to the Magnus effect
reduces induced drag, providing higher efficiency relative to traditional bladed wind machines.

2. Test technique in awind tunnel T-M-1.

The authors made experiments to study the effect of the rate and direction of air flow on
aerodynamic characteristics of a three-bladed wind turbine model with blades in the form of rough-
surfaced rotating cylinders of various cross-sections. Wind tunnel experiments were based on the
principle of reversibility of motion positing that displacement of a body relative to air can be
replaced by the motion of the air incident to a motionless body [5, 6, 13]. The testing was conducted
on a big open-jet wind tunnel T-1-M, Fig. 1b. Details of the characteristics of the working section of
T-1-M are described in [6]. An air flow with a uniform rate field ranging from 3m/s to 25m/s is
formed in the working part of the wind tunnel T-M-1.

For aerodynamic testing, a model of a wind turbine with rotating cylinders of variable cross-
sections was developed and made, Fig. 1. A wind wheel is designed as a system of three rotating
impermeable rough-surfaced cylinders with horizontal axes of rotation. The authors had previously
found that the use of cylindrical blades of porous material with end discs at the tops could increase
the efficiency of wind energy conversion into mechanical energy of wind-wheel rotation by (15-
20)% [8].

The aerodynamic testing showed that the porous surface of the cylinder makes for active
trapping of the air. In order to reduce excessive flow turbulence due to the partial migration of the
air current into the pores, and accordingly, reduction in aerodynamic drag, in the test model the
cylinder surface was covered with impermeable rough layer.

The wind wheel diameter was D=0.4 m, the length of each cylinder was L.=0.15 m, the
cylinder base diameter was d;;=0.08 m and the neck diameter of the cylinder was d.,=0.05 m [14].
The shaft speed of the wind turbine was (40-60) r/min, the axial rotation frequency of cylinders was
(500-900) r/min, and the minimum threshold of operating wind speed was equal to 3 m /s.



114 ISSN 1811-1165. Eurasian Physical Technical Journal, 2016, VVol.13, No.2(26)

Fig.1. The model of the wind turbine with rotating cylinders of various cross-sections:
a) a general view; b) in the working section of the wind tunnel.

To measure the components of the aerodynamic forces and moments acting on the model, a
three-component aerodynamic balance of mechanical type was used. Through special-purposed
tailings, the mechanical aerodynamic balance was attached to a rigid cubic frame, within which the
model of the wind turbine was placed. The flow of air coming on the frontal part of the cylinder
exerted forcing, so that the balance indicator deviated from equilibrium. Independence of
measurements of the aerodynamic balance in mutually perpendicular directions made it possible to
measure the value of the lift force F, and drag force Fq4 at various flow regimes. Using a special-
purposed device the wind turbine model was turned by predetermined angle o relative to the
direction of air flow, thus providing flow past the model at different angles of attack (yaw angles of
the flow). The traction force F; at different rates and directions of air flow was measured using
dynamometers. Measurements of aerodynamic forces were repeated at least 5 times, the
measurement error did not exceed (4-5) %.

To measure the angular rate of the rotating cylindrical blades, a contact-contactless digital
phototach AT-8 was used, which provided measuring frequency in the 0.1 r/min to 10,000 rev/min
range.

3. Discussion of tests results

Figures 2 and 3 show the curves obtained by measuring dependencies of drag forces on the rate
of flow at different yaw angles. The yaw angle of the flow a is the angle between the direction of
the air flow rate and the direction perpendicular to the plane of the wind wheel.

Fig. 2 shows that the drag force increases with growing air flow rate, however, the greater is
the yaw angle of the flow, the less are the values of drag forces.

Figure 3 shows that within the range of yaw angles of the flow a=(0+15) degrees the drag force
of the wind turbine remains substantially constant; in the 15 degrees to 40 degrees range the drag
force reduces, and then within the range (45-60) degrees an increase in drag force is observed. This
change in the drag force value is due to the fact that with increase in deviation of the flow direction
from perpendicular to the plane of the wind wheel the mid-section area reduces. When the angle of
attack is over than 60 degrees, all flow rates grow due to the flow past the wind wheel at the
backside.
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Fig.3. Dependence of the drag force on the yaw angle of the flow a at different flow rates.

Fig. 4 shows the results of experiments on the effect of flow direction on the rotation rate of the
streamlined wind wheel with rotating cylindrical blades of variable cross-sections. From these
graphs it follows that with an increase in the yaw angle of the flow the rotation frequency of the
wind wheel of a three-bladed wind turbine model decreases, which can be explained by the decrease
in the total pressure on the wind wheel due to reduced mid-section area, and consequently, lowered
rotation rate of the wind wheel. The tractive force generated by the wind turbine is considered a
useful effect in the conversion of wind energy.

Figures 5 and 6 show dependences of the tractive force of the wind turbine model with
cylindrical rotating blades on the air flow rate at different yaw angles of the flow. Fig. 5 shows that
with the rise in the air flow rate the value of the tractive force of the wind turbine model grows. At
the yaw angle of 0 degrees when the air flow rate is 15 m/s, the maximum tractive force of 612.6 H
is achieved. However, with increasing yaw angle of the flow the value of the tractive force of the
three-bladed wind turbine model decreases, Fig.6. With the increase in air flow rate, the value of the
tractive force of the three-bladed wind turbine model increases, this is also due to an increase in the
pressure force on the wind wheel. This is explained by the fact that with rise in the flow rate,
pressure force on the wind wheel increases, and when the yaw angle of the flow increases it
decreases with reduction in the mid-section area.
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Conclusion

The present level of technological development and high technology makes for the use of a
rotating cylinder to generate arising incremental lift force directed across the flow. As a result of the
aerodynamic testing of a wind turbine model with blades in the form of three rotating cylinders of
variable cross-sections, dependences of drag and tractive forces on the flow rate at different yaw
angles of the flow were found. The frequency of rotation of the wind wheel of the model at different
flow conditions was studied.It had been previously found that by using porous cylinders with end
discs at the tops it’s possible to increase efficiency of wind energy conversion into mechanical
rotation energy of a wind wheel (15-20)% [8]. In the experiments cylindrical rough- surfaced blades
were used. Aerodynamic testing showed that the model of the wind turbine also carried out active
trapping of the air flow due to the rotating cylindrical rough-surfaced elements. Obviously, that was
caused by the additional force arising due to the Magnus effect.

A further analysis of the aerodynamic characteristics of three-blade models with rotating
cylinders of porous material and coated with an impermeable rough-surfaced layer at different flow
conditions will be carried out. Various cross-sections of the cylinders provide the rotating elements
optimal aerodynamic drag and sufficiently high tractive force within a wide range of rates.
However, when a yaw angle of the flow is above 45 degrees the value of the tractive force sharply
drops. In practice, it is desirable to use a special-purposed device to keep the angle of attack from
rise over 45°. The quoted results valid for the above mentioned model of the wind turbine at the
indicated conditions of aerodynamic testing are quite applicable and can be used in practice.
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SUMMARIES TYCIHIKTEMEJIEP AHHOTAIIUHN

Ilomanos A.A.

Honochepanarpl Halizarali 3j1eKTp pa3psATapAbIH (GpaKkTandIbIK eJuIeMaep CHeKTPiHiH kana TypJepi
TypaJibl: b, J5KeT MEH CIIPANT.

XX racwIpaelH opTackiHAa 90-mIBl KBUTHAH Oactanm (U3MKTEp Ha3aphlHA JKaHA (PEHOMEH Maijga OOJmel - O
a0COITFOTTIK KOMMIUIiK OyITTapaslH skorapbeina OomateiH, 20-maH Oactam 100 kM-Te meiiin OwmikTikTepaeri oprta
aTMocdepana Hanzarail dMeKTp pas3psabl. byn paspsn KyObUIBICTapIsIH OipHeIIe MYJIEM jKaHa KiacC pa3psaTHIK
TypiepiHe okenenmi. by skyMmpIcTa 37b(Q), IKET NMEH CHPANTTHIH (U3UKAIBIK CHIaTTaMajlapbl MEH MOHOC(hepagarsl
OmiK pa3psaaTapsl €H KbI3BIKTHI TYpiepi KapacThIppUIFaH. DpaKTangslK CHIIaTTAMaJaphlH 3€pTTEY HOTIDKEIepi
kepcerireH. byn HoTmwxkenep atMocdepaiblK IMPOLECTEp MEH pPaAUuOXKYHeIepHIiH KYMBIC ICTeyiHE OCBI TYpIeri
TaOUFU OY3BUTYBIH 9CEPiH TOJBIK TYCIHY YIIIH Heri3zuepai oepeni.

Ilomanos A.A. O cnekTpe ()paKkTAIBHBIX Pa3MEPHOCTEH HOBBIX BH0B IPO30BBIX 3JIEKTPUYECKHX Pa3psioB B
HOHOoC(epe: JIbPbI, 1KEThI H CIIPANTHI.

Haunnas ¢ cepenunbt 90-x rogoB XX Beka B IEHTpe BHUMaHUs (PU3MKOB HOBOE SIBIICHHE — IPO30BOM 3JIEKTPUUECKHIA
pa3psn B cpenHeit atmocdepe Ha BbicoTax oT 20 mo 100 kM, Jekamux BBIIIe aOCOTIOTHOTO OONBIIMHCTBA 00JIAKOB.
OTO TPUBOANT K BO3HHUKHOBEHHIO HECKOJBKHX a0COJNIOTHO HOBBIX KJIACCOB pa3psAAHBIX sIBIeHHMH. B paborte
paccMOTpeHBI (PU3NUECKHE XapaKTEPUCTUKH Mb(OB, IKETOB U CIPATOB — HAaHOOJIee MHTEPECHBIX THUIIOB BHICOTHBIX
paspsnoB B moHocdepe. [IpuBeneHsl pe3ysnbTaThl UCCIEAOBaHMN MX ()paKTalbHBIX XapakTepHcTHK. IloxydeHHBIC
pe3yJIbTaThl TAIOT OCHOBY s OoJiee TIyOOKOTO NMOHHUMAHHS TaKUX aTMOC(EpHBIX MPOIECCOB M ydeTa JACHCTBHSA
TaKOTo poJia ECTECTBEHHBIX MOMeX Ha ()YHKIIMOHUPOBAHUE DPaJAUOCUCTEM.

Tlomanos A.A.

PaamosioKamusiIbIK KOHE CTATHCTHKAJIBIK NIeNIiMaAepi TeOpHsACHl KaHa cajachl peTiHAe KAPKBIHIBI Iy
asICHIHIAa TOMEH KOHTPACTTHI MAaKCATTAPFA TOMOJIOTHSUIBIK PATHOJOKANMSIIBIK JAeTEKTOPJIAPABI TAJIAAY KIHE
CHHTe3/Iey.

Xana, aran aiitkanma, ¢pakrtanabik-MaciiTabtay HeMece CalMaKThIK-MaclITaOThIK-MHBAPUAHTTHI JKOHE Kasipri
Ke31HJeTl PaauoIOKAIMIIBIK SIiCTepiHiH Typiepi OepinreH. JKaHa TOMONOTHSIIBIK paAloOKANUSIIBIK IETEKTOpIIap
TOMEH KOHTPACT O0BEKTLIEPIH CUHTE3 ey HETi3/Ieri Ko3rapac MeH CTPATETUsUIBIK OaFbIThl KApacThIpblIFaH. HeicaH bl
aHBIKTAY JKep, TEeHI3 JKoHEe >KaHOBIpAAaH KapKbIHIBI OcifHe asiChIH/A )Ky3ere achlpbiianbl. KeiOip skaHa MYMKIHIIKTEp
MEH KapKbIH[IbI 11y asChIH/a TOMEH KOHTPACT 3aTTap/ibl aHBIKTAY YIIiH TOMOJOTHSUIBIK djicTepi kepceTinreH. by
QJ1iC KYPBUIBIMJIBI XKaHEe QPAKTAIIBIK TAIay, COHIAi-aK IeTEPMUH/ICIITEH Xa0C TEOPHUSCH HOTHIKECIHIE HeTi3/AeNe/i.
JKYMBICTBIH HETi3ri MakcaThl - paauo(pu3UKa, PAIUOTCXHHKA JKOHE pAaIHOJIOKAIMSIIBIK MOCEIEPAiH HErisri
0arpITTaphlH  «(GPAKTANIBIKY TUTIHAE TYCIHAIPY JKaHA KOJJAPbIH jKacay  JKOHE OoJallak MepPCIeKTUBTI
PaIuOCHUCTEMAaHbl KOPBITHIH/BIIAY YIIIiH.

Ilomanos A.A. AHAIM3 U CHHTe3 TONMOJOTHYECKHX PATUOJIOKANMOHHBLIX OOHApY:KHUTeleil MaTOKOHTPACTHBIX
neJieil Ha poHe HHTEHCUBHBIX NTOMeX KaK HOBasi BeTBb PA/IMOJIOKAIINU U TEOPUH CTATHCTHYECKHX PellleHui .
[IpennoxeH HOBBIM BUA W HOBBII METO/ COBPEMEHHON paJMOJIOKaliH, & UIMEHHO, (PaKTaIbHO-CKEHINHIOBas HITH
MaclTaOHO-MHBAapUaHTHAsl paJuoyiokanus. PaccMOTpeHBl OCHOBHBIC HJEM W CTpaTerM4yecKHe HaIpaBlICHHUS B
CHHTE3€ HOBBIX TONOJIOTHYECKHX PaJMOIOKAlMOHHBIX 00HApYKUTEIel MaJIOKOHTPACTHBIX 00bekTOB. OOHapykeHHe
00BEKTOB NPON3BOJIUTCS Ha (POHE MHTEHCHUBHBIX OTPa)KEHHH OT 3eMJIM, MOpsl M ocajnkoB. IIpeacTaBieHsl HOBbIE
TOIIOJIOTUYECKHE TPHU3HAKK M METOJbl OOHAPY>KCHHSI MAJIOKOHTPACTHBIX OOBEKTOB Ha (pOHE MHTEHCHBHBIX ITOMEX.
MeToapl OCHOBAaHBI Ha TEKCTYPHOM H (paKkTaJbHOM aHAlIM3e, a Takke HAa TEOPUH JAECTEPMUHHPOBAHHOIO Xaoca.
OcHoOBHas 1eIb paboThI - HCTOJIKOBAHIE OCHOBHBIX HANPaBICHUH panino(pu3uKy, PaJHOTEXHUKH U PaTUOTOKAIIUH Ha
“(pakTanbHOM” S3BIKE, YTO CO37A€T HOBBIE IIyTH U 0000IIeHNs Ha Oy Xyiue MepCneKTUBHBIE PaIHOCHCTEMBI.

Jompaues A.H., I'osopyxun FO.M., Kpusonanos B.I"., Ilanees J[.1O.

JKepacTbl Tay-KeH Ka30ajJapblH bIIbIPAFAaHHAH TIyeKeJAepai 0arajay aicreMecid Tajiaay.

Byn makamama Tay-KeH KyWpey Toyekenuephi Oaranay e3eKTUNriH nonenpaeimi. Herizgey kaiita mnaiimamany
a3ipiemMernepai MYMKIHIITIH OoJDkay TYPFBICBIHAH J>KOHE KeMip OaraHalap/blH TYPaKTBUIBIKTBI CakTay, eKi
aTKApbUIFaH, JXQHE JKAOBIK JKEJICTHJIMEIeH KOJIEMIiHIH TOyeKeNl JKapbUIFBIII TIa3-aya KOCBIHABICHIH CO3CI3
JKMHAKTaymsl Oousbln TaObutafpl. Tay-keH KyHpey €H KeIl TaparaH INeTENJiK Toyekenaephl Oaranay omictepi
kapactelppuiran. Ocwl oxicTepnid iminHge, Tebeci komtanc wuuaekci (RFRI) sxone JKama Omnrycrik Yoanbsc
yausepcuretinig (UNSW) Tiperi TypakThUIBIKTHI Oarajay SiCiH ToyeKel ICHIeHiH ecenTey YIiH anroputMi. HakTel
Meicanga, OHtyctik Ky30acc miaxrtamapbslHAa Tay-KeH MXYMBICTaphIH THIMAUITIH oHE KAayilCi3OiriH apTThIpy,
ToyeKennepai baranay oficTepin Ka30anapbIHBIH KOJIIAIC MaiJaiaHy MYMKIHIITIH TeKCEepiIi.
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Hompaues A.H., I'osopyxun FO.M., Kpusonanos B.I"., I[lanees /I IO.

AHaJIN3 METO10JI0THH OLIEHKH PUCKA 00pyLIeHUs N0/13¢MHBbIX TOPHbIX BLIPA0OTOK.

B nmaHHOW cTaThe OOOCHOBaHa aKTYyaJbHOCTh OLICHKM PHCKAa OOpYIIEHHS TOPHBIX BBIpaOOTOK. OOOCHOBaHHE
BBINIOJHEHO KaK C TOYKU 3PEHUS MPOTHO3UPOBAaHHMS BO3MOXKHOCTH MOBTOPHOI'O HCIIOJIB30BaHUS BBIPAOOTOK W
COXpaHEHMs] YCTONYMBOCTH YrONBHBIX IEIMKOB, TaK M ONACHOCTH BOHUKHOBEHHUS 3aMKHYTBIX HENPOBETPHBAEMBIX
00bEMOB, B KOTOPBIX HEM30E€)KHO HAKOIUIEHHE B3PBIBOOIACHBIX ra30BO3MYyLIHBIX cMmeceil. PaccMoTpensl Hamboiee
pacnpocTpaHeHHbIE 3apyOeXKHbIE METOJIbI OLIEHKH pHCKa OOpYLICHUS TOPHBIX BBIPaOOTOK.Cpenu AaHHBIX METOJ0B
ITOPUTM BBIYMCIICHHS MHJIEKCA yPOBHS prcka oOpymenus kposiau (RFRI) u MeTon olieHKM yCTOHYHMBOCTH LETTMKOB
yauBepcureta Hosoro IOxxmoro Vamsca (UNSW). Ha KkoHKpeTHOM mpuMepe IIpoBepeHa BO3MOXKHOCTh
WCIIONB30BAaHUsI METOMOB OIEHKH pHUCKAa OOPYIICHHS BHIPAOOTOK [UIS IOBBIMICHUS YPOBHS A(PQPEKTHBHOCTH H
TIPOMBIIIJICHHONW O€30MTaCHOCTH BEICHUS TOPHBIX padboT Ha maxTax rora Kysbacca.

Kymaee M.P., llapunoe M.3.

JumaiekTpitik KenKadaTThl HAHOKYPBUIBIMAapAarsl apajieii dcepi pe30HAHCTHIK AMCCHIIATHBTI MoJIeJIi.
JlManexTpIiik opTaaa MoJsipu3alysl JKa3bIKTHIFBl aifHATy OYpBINIBIHHBIH TEOPHSCHl KapacThIpbULAbL. By makanana
JIDJIEKTPIIIK KONKA0aTThl HAHOKYPBUIBIMAAPIAFbl MOJIEIN TMCCUIIATUBTI pe3oHaHCThl Dapaseil ocepiH YChIHBUIAIBL.
Ken kabarThl HaHOKYpbUIBIMAapnarsl Papaneil acepiH KylleiTy sxaraaibl TaObuAbl. CHIPTKBI MarHUT OPICiHIH
ocepinen Qapaneil aifHamy OypBILBIH PE30OHAHCTHIK AapTTBIPY MYMKIHIIr KopceriireH. OH JKoHE cOJl
NOJISIPU3aLUSITIAHFaH JKapbIK CHIHY KOPCETKILITEPiHIH KHULTIK TOYESIALIIr TalaHbUIIbI.

Kymaee M.P., lllapunos M.3. Pe3oHaHcHasi AuccunatuBHas Moaenab 3¢ dexkra dapanesi B AUIEKTPHUECKHX
MHOTOCJIOHHBIX HAHOCTPYKTYypax. PaccmMoTpeHa Teopusi yrila BpalleHHsS IUIOCKOCTH TOJISIPHU3AlMUd B
JVJIEKTPUYECKUX cpeaax. B pabore mpeanokeHa MOJENb IMCCHIIATHBHON pe3oHaHCHOTO 3ddekra Papanes B
JIVIIEKTPUYECKIX MHOTOCIIOMHBIX HAHOCTPYKTYp. Haiineno ycnosue ycunenus apexra Papanest B MEHOTOCIOWHBIX
HaHOCTPYyKTypax. Iloka3zaHa BO3MOXXHOCTh PE30HAHCHOTO YCWJICHHS yria BpameHus Papazxes mox neicTBHeM
BHEIIIHETO MarHUTHOTro mnois. Ilpoananu3upoBaHa 4acTOTHAs 3aBUCHMOCTH MOKa3aTeIel MpeIoMICHHS AT IPaBo U
JIEBO MOJISIPU30BAHHOTO CBETA.

Hewenxo JLU., Ilpubopa T.U., Komoukun H.C., Caxaniox H.B.

I'a3 - TypOMHAJIBI KO3FAITKBIIITAFBI TAHFBIII COPeJIep KATAKTAPBIHBIH TO3YbIH 3€PTTEY JaicTeMeci TypaJibl.
a3 - TypOWHAJBI KO3FAITKBIIITAFBl TYpOWHAHBIH TAHFBIII COPEIEP KAIAKTAPBIHBIH TO3Yy MPOOJIEMACHI
Kapactelppuirad. OcCbl MOCEJEHI INemyre JJicTeMe TAHFBII CoOpeJepleri MNpOLECTEPiH AaHBIKTAY APKBLIBI
YCHIHBUTABI. HBICaH yITici ChIHAY 9IicCi KOHE aBHAISUIBIK KO3FAITKBIIITApAaFsl TYpOrUHa OemeKTepiniy OalnaHbIc
TepbOenic JKyHeciH 3aHiapblH 3epTTey OAICTeMeCi CHMATTAAbl. POTOp KadakrapiblH TO3YbIHBIH 3€pTTEy YIIiH
TYITHYCKA Xa0/IbIK YCHIHBUIIBI.

Heswenxo JLU., Ilpubopa T.U., Komouxun H.C., Caxaniox H.B.

K Merogosorum uccae10BaHMS W3HAIUMBAHMS OAaHAAKHBIX IOJOK JIONATOK TYPOMHBI Ta30TypOHMHHOrO
ABHUTaTeNs.

PaccmarpuBaercss mpoOrneMa H3HAIIMBaHHUA OaHJAXKHBIX IIOJNIOK JIOMATOK Ta30TYpOWHHBIX IBUraTeNeil TypOWMHBEI.
[Ipemmaraercss MeETOMOJIOTHS PEUICHHUS 3TOM MPOOJIEMBI MyTEM ONPENEICHUS MPOIECCOB, KOTOPhIE MPOMCXOIAT B
G6aHgaXHBIX ToJKaX. OMUCHIBAIOTCS METOABI UCTIBITAHNI MOJIe 00BEKTa M METOANKA M3yUCHHS 3aKOHOMEPHOCTEH
CHCTEMBI CBS3aHHBIX KOJIcOAHMH jerayedl TypOWHBI aBHAllMOHHOTO JBUrarens. IlpexcTaBieHa OpHTrHHalIbHAS
yCTaHOBKa JJIS1 HCCIIEIOBAHMS M3HAIIMBAHUS PaOOUMX JIOTIATOK.

Xetigpey M.JI., Bumszo I1.A., Centoms B.T.,Koamaxos A.I'., Knumenxo C.A.

Hanoanmasgap HerisgejJreH NOJHKPHCTANAbLI MAaTepHANIAPAbl KAJBINTACTBIPY HNpouecTepai ¢usnka-
XHMHSUIBIK TaJAay.

OMUKO-XUMUSUTBIK,  TaJay HeTi3iHAe (a3anblk auarpamMma KeMIpTeKTI KyHiHAEe KaJBIITACTBIPY aiMa3gapblH
TEPMOJMHAMHUKAJIBIK JKarmaimap 3epTTesNreH. Teme-TeH eMec JKarJaiblHAa HaHOKYPBUIBIMABI MaTepHajiap
anMa3[blK CHHTE3AEY op TYpJi TETIKTep MYMKIHIIT J>KOHE BIKTUMAJIBIFBI KapacTeIpbuirad. HaHoanmMazmap
KaTaJIMTUKAJIBIK KACHETTEpre He YKOHE JKOFaphl TeMIIepaTypaja MeH KbICHIM acThIHIA anMas imriHe rpaduT ¢a3aibik
alHANIBIPY aKTHBATOPA PETIHIE OPEeKeT MYMKIH €KEHIr KepceTuireH. JleToHaMoHABIK HaHOAIMa3 YHTAKTaphIHAH
JKacaJIbIHFaH MMOJIMKPUCTAILT aJIMa3/IbIK MaTepuaiapbl OHIIpy TEXHOJOTHIIBIK ITapaMeTpliepi aHbIKTaJIFaH.

Xeiigpey M.JI., Bumsizo I1.A., Centomo B.T.,Koimaxos A.I'., Knumenxo C.A.

DU3AKO-XUMHYECKU aHAIM3 MponeccoB (GopMUPOBAHUS MOJMKPHCTAIIHYECKNX MATEPHAJIOB HA OCHOBE
HaHOaJIMa30B. Ha ocHOBe (HU3MKO-XMMUYECKOTO aHamu3a (pa3oBoii [uarpaMMbl COCTOSIHUS YTiIepoia UCCIICTOBAHbI
TEPMOJMHAMHYCCKHIE YCIOBUS OOpa3oBaHMs aiMa3oB. PaccMOTpeHa BO3MOXKHOCTh M BEPOSTHOCTh Pa3IMYHBIX



120 ISSN 1811-1165. Eurasian Physical Technical Journal, 2016, VVol.13, No.2(26)

MEXaHN3MOB CHHTE3a aJIMa3HbIX HAHOCTPYKTYPHBIX MaT€pPHUaJIOB B HEPABHOBECHBIX YCIOBUAX. HOKaBaHO, qTo
HaHOaJIMa3hbl 06HaI[a}OT KaTaIUTUYECKMM CBOHCTBaMU U MOT'YT BBICTYIIaTb B POJIM AKTHUBATOpa (1)&30B01"0
IMpEBpaIicHUs Fpa(bI/ITa B ajiMa3 B YCJIOBUAX BBICOKHUX JaBIICHUM U TeMIIEpaTyp. OnpeueneHbI TCXHOJIOTHYCCKHEC
rnapaMeTpbl NOJTYUCHHUA aJIMa3HbIX MMOJIUKPUCTAINIMICCKUX MATECPHAJIOB U3 MOPOIIKOB ACTOHAIIMOHHBIX HAHOAJIMA30B.

Ubpaes HX., Cepuxos T.M., 3etinuoenos A.K., Kymepbexos K.A., bekmvipza K.JK.

TiO,; HAHOKYPBLIBIM/IbI KAOBIPHIAKTAP/IbI TEMIIEPATYPAJIBIK KYHAIpyaiH GoTodu3uKaIbIK KacueTiHe acepi.
Tutan AUOKCHAI KaOBIPIIAKTAPBIHBIH (OTOTIOMUHECIICHIIMSACHIHBIH CIIEKTPIl JKOHE KHHETHKAIBIK KAacHETTepi
3eprrenai. KaObIpiiakrapabl yabTpakyJITiHMEH KO3bIPFaHAa aHaTa3 KYPbUIBIMBIHA COMKEC JFOMHHECILEHIIUSITBIK
CHeKTp OaifKamaapl. PyTHIIIBIH KPUCTANABIK KYPBUIBIMBIHBIH Taiia OOJMYBIH YATLIEpAi TepMILUTHIK eHaeyae 1273 K
(hOTOTFOMUHECIICHITHS JKOJIAFbI MAKCUMYM Y3BIHTOJKBIHIBI 850 HM KBUDKYFa allblll Kelyl KyonaHaslpaibl. Turtan
JMOKCHA1 KaOBIpIIaKTapBIHBIH BOJIBT-aMIIEPIIBIK CHIIATTaMaap eImeH . AHaTa3 KypbUTBIMIB! KaOBIPIIaKTap, PyTHII
KYpPBUTBIMIIBI  KaOBIpIIAKTapFa KapaFaHga aca KOFaphl (POTOTOKKA HE CKEHI aHBIKTANIbL. THUTaH JUOKCHUII
KaOBbIPIIAKTAPBIHBIH (POTOKATAIMTUKANIBIK KACHETTEpl 3€TPTTeNl. AHAara3 KypbUIBIMABI THTaH JHOKCHIIHIH
KaOBIpIIAKTaphl €H YJIKSH (POTOKATATUTHUKANBIK OCICEHAUTIKKE Ue eKeHI KOPCETIIII.

Ubpaes H.X., Cepuxos T.M., 3etinuoenos A.K., Kymepbexos K.A., bexkmvipza K.JK.

Bimsinue TemMnepaTypsl oT:kura Ha goTtodusuyeckne cBoiicTBa HAHOCTPYKTYPHBIX IIeHOK TiO,.
HccnenoBaHpl CHEKTpalbHBIE W KHMHETHYECKHE CBOMCTBA ()OTOIFOMUHECICHIMH IUICHOK JWOKCHAA TUTaHa. llpm
yIbTpa(uoIeTOBEIM BO30YKACHUH IUICHOK HaONIOAAeTCS CHEKTp JIIOMHHECHEHINH XapaKTePHBIH I aHaTa3HOH
CcTpyKTyphl. Tepmmdeckas obpaborka obOpasmoB mpu 1273 K mpuBOIUT K UIMHHOBOIHOBOMY CHBHTY IIOJIOCHI
(hOTOMIOMUHECHICHITNM C MaKCHMyMOM Ha JUIMHE BOJHBI 850 HM, dYTO CBHICTENBCTBYET 00 0Opa3oBaHHMH
KPHCTaJLIMYECKOW CTPYKTYphl pyTuia. V3MepeHBl BOJIBT-aMIIEPHBIE XapaKTEPUCTUKH IUIEHOK IHOKCHUAA THTaHA.
YcTaHOBIIEHO, YTO IUICHKH CO CTPYKTYpOH aHaTa3a MMEIOT OoJiee BBHICOKOE 3HaueHHE (OTOTOKA, YEM IUICHKH C
PYTHJIBHOW CTpyKTypol. M3y4yeHbl (oTOKaTaIMTHYECKHE CBOWCTBA IUICHOK IHOKcuaa TuraHa. [lokazaHo, 4To
HanOOJbIIEH (POTOKATATUTHUCCKON AKTUBHOCTHIO 00JIaIA0T IUICHKH THOKCHA TUTAHA C aHATa3HOM CTPYKTYPOH.

Ilasnoe A.M., Aeenvmenes M.E., Kunkawunosa A.M., Iasnos A.B., Cambaesa 3.A.

Co3y 6apsbichinaa 201 60/IaTHIHBIH (U3NKAIBIK MO/ETIHIH CHIIATTAMACKHIH 3€PTTeY KIHE YJIbTPaablObICTBIK
fakbuiay. ChIpTKBl OHEpPreTHKalbIK  dcepieplie  MeTaumapislH  (H3HMKAIBIK  CHUIIATTAMAJIApBIHBIH  JKaHa
3aHABUIBIKTAPBIH 13716y Mocelieci — KaTThl JeHe (DM3WKACHIHIAFBl HETi3Ti Macelle OONBIT TaObUTambl. By Kymbic
KyiiMa MeTalIapbIHbIH TUIACTHKAIBIK CHUIATTAMANIAPBIH YIBTPAABIOBICTHIK OaKbUIayFa apHAJIFaH, SFHU CEepIiMIiIIK
MOJYJIiHIH YIbTPaabIObIC KBUIIAMABIFBIHEIH OaiiaHbickiHa xaHe 20I'J] Mapkaisl 6onaT MpICAIBIHIAFBI KEPHEYAIH
nedopManusFa TOYSIAUTIK KepceTKimine Heriznenred. Co3y OapbICHIHIA aJbIHFaH HOTIDKENEp OOUBIHIIIA METaIBIH
(hm3MKaIBIK MOJENiHIH aHa TEOPISUIBIK HETi31 YCHIHBUIAIBL. ByphIHIapel YCHIHBUIFAH MapaboiaiblK (YHKIHUSTHBIH
KepceTKilli JegopMalrsHbIH MaKCUMYMbIHA KTy YIIiH KETKiTiKCi3 0oJbIn opHaThULAbL. KepceTkimn GyHKIHICH
YIIIH aHaIWTHKAJIBIK cbi30a anbiHabl. KepceTkim (yHKUUSCH peTiHIE OSJUIMIC TypiHae OosaThiH (QYHKIMS
kepcerinreH. Ocbl QyHKIUS TOKIPUOETIK HOTHIKENEP Il KaHAFaTTaHIbIPIbI.

Ilasnoe A.M., Aeenvmenes M.E., Kunkawunosa A.M., Iasnos A.B., Cambaesa 3.A.
YabTpa3ByKoBoOii KOHTPOJIb U Hccae10BaHMe (pu3nyeckoii Moaeau nmoBeaeHus: cTaan 20rJ1 NpH pacTssKeHUH.
[Ipobnema moncka HOBBIX 3aKOHOMEPHOCTEH B NMOBEACHUHM (U3MUYECKHX XapaKTEPUCTUK METAaUIOB IPH BHEIIHEM
9HEPreTHYecKOM BO3JICHCTBMM Ha HUX — OJHA M3 BAXHEHIIMX B (U3MKe TBepporo tena. Hacrosmas pabota
TOCBSIIIIEHA YJIbTPAa3ByKOBOMY KOHTPOJIIO IUIACTHYECKHX XapaKTEPUCTHK JINTOTO METajlla, OCHOBAHHOMY Ha CBS3U
CKOPOCTH YJIBTPa3ByKa C MOJIyJIEM YIPYrOCTH W aHAIN3y 3aBUCHMOCTH HAIPsHKEHUs] OT JeOopMalvy Ha IpuMepe
cramu mapku 20IJI.  Tlo pesymprataM SKCHEPHMEHTA BBIIIBUTAcTCS HOBOE TEOPETHYECKOE 00OCHOBaHHE
¢u3nyeckoil Mozenu TOBEAEHHWS MeTajula INPH PpacTsHKEHHH. Y CTaHOBIEHO, YTO paHee IpeaoKeHHas
nmapabonudeckas  (QYHKIMS OTKIMKA OKa3ajach HE IPHMEHHMa MpPH IOCTIDKEHHH MaKCHMyMa jaehopMarvy.
[TosmyueHo aHanMWTHYECKOE BBIpaKEHHWE M (QYHKIMK OTKIMKA. [lokazaHO, 94TO B KadecTBe (YHKIIMH OTKIIMKA
moaxonuT (yHKOWsA, oToOpakaromascs B BHAE OJJUIMICA. Y CTaHOBJCHO, YTO HMEHHO 07Ta (DyHKIUA
YIOBJIETBOPUTEIHHO ONHCHIBAET OIBITHBIC JAaHHBIC.

Aumyxanos A.K., Uopaes H X., Ecumbex A.M.

Popamun C 0OSIFBIIIBIHBIH KYTBLITY 5k9He JJIOMHHECHEHTTIK KacHeTTepiHe Au HaHO0e/IIeKTepiHiH dcepi

Au HaHOOeINIIEKTEepl TaHOJ CHIPTIHIAE KATTBhIACHEINI eKiHII repMoHuKansl LQ 215 ya3epiMeH aiThiH HbICAHAHBI
abmsusuiay omiciMen amblHAbl. 30 MHHYT a0msnusuiay kKesinge Au HanoOemmektepiHiH (HB) koHumeHTparnusicer
ITBIH HbICAH MaccachlHbIH ©3repyi OoWbIHIIA aHBIKTaAAbl ( abisuusuiayra JeliH koHe keiiH). JKyprisinren
3epTreynepae OosFbim epitiHaicine C= 5%10° mous/m Au HAHOOOJIIICKTEPIH CHri3reHIe OOSFBINI ePITIHIICIHIH
OIITHKAJIBIK THIFBI3ABIFBEIHBIH MAaKCHMYMbI apTTHIPATHIHBIH Kepcereni. PiryopecneHuus KapKbIHABIIBIK MAaKCHUMYMBI
1.2 ece apTThl. JKONMaKTHIH MAaKCUMYMBI KOHE OJIAPIBIH JKapThlIail eHIepi o3repMeii.
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Auimyxanos A.K., Uopaes H X., Ecumbex A.M.

Bausinue HaHo4YacTUI AU HA NOTJIOLIEHHeE U JIIOMHHECHEHTHBIE cBOiicTBa pogamuna C B 3TaHoJe
Hanouactuupsl AU ObUTHM MONTydYeHbI aOnsnuel 30JI0TOW MHUIIEHH B 3TaHOJE BTOPOH I'apMOHMKOW TBEPIOTEIHHOTO
nazepa LQ 215. Konuenrpanust manouactur (HU) Au onpezensiack 10 U3MEHEHHIO MacChl MHUILIEHHU /10 M I0CIE
abmsaumu B TedeHue 30 MuHYT abmupoBaHus. [IpoBeneHHBIE HCCIIEOBAaHUS MMOKa3ald, 4TO NPH A00aBICHHH
Hagomactuisl AU C= 5%10° Moms/m B pacTBOp KpacHTeNs BENMYMHA ONTHYECKOH IUIOTHOCTH B MAKCHMyMe
TOTJIOIICHHS YBeMUUBaeTcsa. VIHTEHCHBHOCTD ()iTyopeclieHIIMN B MakcUMyMe yBennunBaercsi B 1.2 pasa. [Ipu stom
TMIOJIO’KEHUSI MAKCUMYMOB T10JIOC M MX MTOJTYIIUPUHBI HE MEHSIOTCSI.

Komexos C.E., Caumosa H.K., Ceipzanues E.O.

HaHoKypsLIbIMABI KOMIPTEKTi 00beKTijIepaAiH GoToIOMUHEeCHEHIINS CIIeKTpJIepi

KeMipTekTi KBaHTTBHIK HYKTENIEp, CYTEKTCHAIPUITCH KOMIPTETi IUICHKACHI XOHE TaOWFW OHWOMONMMEp — HATHUBTI
KOJUIareH CHSIKTHl 00BeKTiIepaeri (hOTOTIOMUHECIICHIIMSIHBIH MYMKIH OOJIATBIH MeXaHHW3Mi KapcThIpbuFaH. COHFBI
Ke3Zle KOMIPTEKTI KBAaHTTHIK HYKTenepJe (OTOIIOMUHECHCHIMSHBIH KBI3BIKTBI €peKIIeNiKTepl OaKbUIaHBIT XKYD.
Epexkiieniktep, aMOP(THI CYTEKTCHIIPIITeH KOMIPTETi IUICHKACHI MCH TaOUFK OHOMOJIMMEP — HATUBTI KOJUTAreH/eT1
(hOTOTFOMUHECIICHIIMSHBI CaJIBICTBIpFaHa aHbIKTanabl. OChl Makanaja 3aMaHayd elliey KypalJapblH IaiganaHa
OTBIPBIN, KOJUIATCHACTT JKYTy, KO3ABIPY KoHE (HOTOMIOMUHECUCHIMS CICKTPJICPIH 3epPTTEYdiH TaKIpHOCTiK
onmicteMeci cunarTtanaraH. @DOTOMOMHHECLUEHLMS KO3Ybl aprOHIbI Jia3ep apKbUIBl IKYpri3inai.A30TTHI Jiazep
UMITYJIBCTIK KO3JABIPY YINIH HailanaHeuiapl. Erep koiumareH (oTOIIOMHHECHCHIMSACHIHBIH TaOHFAaTBIH €CKEepCeK,
OHJIa IIOMUHECIICHIICHTTIK CoyJIe MIBIFAPYIbIH Kel0ip KacueTTepiH TyciHAipyre Ooambl.

Kywmekoe C.E., Caumosa H.K., Cuipcanues E.O.

CnekTpbl (POTOJTIOMHHECHEHIHH YTJIEPOACOIePKAIMX HAHOCT PYKTYPHPOBAHHBIX 00bEKTOB.

O6cyxnaeTcsi BO3MOXHBIH MEXaHU3M (POTOFOMUHECIEHINN TAaKUX OOBEKTOB, KaK YIJIEpPOAHBIC KBAaHTOBBIE TOYKH,
cion aMOp(HOro THUAPOTEHH3MPOBAHHOIO YIJIEpoJa M IMPHPOAHOrO OHOIOJIMMEepa — HATHBHOrO KojulareHa. B
MOCJIE/IHEE BpPEMsi B HEKOTOPBIX HCCIIEIOBAHHSAX HAOJIONAINCH MHTEPECHbIE OCOOEHHOCTH (hOTONIOMUHECICHIIMN
YTIEPOIHBIX KBAHTOBBIX To4eK. OcoOeHHOCTH ObUTH OOHAPYXKEHBI IPU CPAaBHEHHH (OTOIIOMHHECIICHIIMU B CIIOSX
aMOp¢HOTO THAPOTECHU3UPOBAHHOTO YIJIEPOAa M B NPHPOJHOM OHMOTIONMMEpE - HATUBHOM KoJulareHe. B maHHOM
CTaTb€ OMNHCAaHAa METOJUKA DSKCIEPUMEHTAJIHHOTO MHCCIEOBAaHUS CHEKTPOB IOTJIOMIEHUS, BO30YXKICHHS U
(hOTOMIOMUHECIICHITNM KOJUTareHa C HCIOJIb30BAaHUEM COBPEMEHHBIX YCTPOWCTB wu3MepeHus. Bo3OyxneHue
(hOTOTFOMUHECIICHITNM TIPOBOJIMJIOCH APTOHOBBIM JIa3epOM. A3OTHBIM Ja3ep HCIIOJIB30BAICS JUIS HMITYJILCHOTO
BO30YX/IEHHs. YCTaHOBIJICHO, YTO HEKOTOPHIE CBOWMCTBA JIIOMHHECLEHTHOTO H3JIyYCHHS MOXHO OOBSCHHTD,
YUHUTBIBasI IPUPOAY (POTOIOMHUHECIIEHIINY KOJIIareHa.

Coynebexos A.O., Kambaposa )K.T.

3apsiaTasnFaH 6eJieKTep MOKTAPLIHBIH KYPaMIaCKaH dHEPIrHsl TANJaFbIIIBIHBIH aNNaPaTThIK QYHKUUSCHIH
ecemnrey.

JKyMBICTa DIIEKTPCTATUKANBIK alHAJBIK ©pIiCTep/ieH KypamMJacKaH OJHEPrHs TaJJIaFbIIIBIHBIH MOJEl CaHJIBIK
ecenTeyliep KeMeriMeH 3epTTelreH. bepiireH diIeKTpOH/ABI-ONTHKAJIBIK IKyiene 3apsiranraH OelieKkTep
KO3FAJIBICBIHBIH TPaeKTOPHUSUIBIK TaJJaybl JKYPri3iireH. DHEpPrusi TaJaFbIIbIHBIH MIBIFBIC JuadparManap MeH
OTKI3YIIl Tepe3ellesIepiH eJeMIepiH ONTUMU3AMsIay MaKcaThlHAA alFall PeT HYKTENIK Ke3 YIIIH aclanTbiH
annapaTThK (QYHKIMACH TYPFBI3BUIIBI, OYJl 03 KE3eKTe acHallThIH SHEPIUsUIBIK aKbIpaTyblH Oaranayra MYMKIHJIIK
6epai. Crexrpomerp kesmen 90°-Ka KaKblH OypHINTAPMEH WIBIFATHIH 3apAATANFAH OeJImeKTep MOKTaphiH 2 %
MHCTPYMEHTAJIJIBIK SHEPTUSUIBIK AXKBIPATYbIMEH TaJllayFa MYMKIHIIIK Oepei.

Caynebexog A.O., Kambaposa K.T.

Pacuer annapanmﬁ (l)yHKIIl/IPI KOM6[/IHI/[])083HHOF0 JHEpProaHaausaTopa nmy4ykKa 3apsKeHHbIX YaCTHII.

B pabote uccnenoBana MoJens KOMOMHHPOBAHHOTO SHEPTrOAHAIN3ATOPA U3 ANEKTPOCTATUIECKHUX 3ePKATbHBIX TTONEH
IMOCPEACTBOM YHUCJICHHBIX PAaCY€TOB. HpOBe}IeH TpaeKTOpHHﬁ AaHaJIN3 IBWKCHUS 3apsKCHHBIX YaCTHUI] B }IaHHOﬁ
3HeKTpOHHO-OHTquCKOﬁ cucTteMe. C menblo ONTHMU3AIME Pa3MEPOB BBIXOJIHBIX JMa(parM U NPOIYCKHBIX OKOH 3HEProaHalM3aTopa
BIIEPBBIC TMOCTPOCHA ammapaTHas (QYHKIMS MpUOopa B ciaydae TOYEYHOTO HCTOYHHKA, YTO ITO3BOJIMIIO OICHHTH
OHEPIreTUYCCKOC pPa3pCUICHUC an/I60pa. CHCKTpOMeTp AaC€T BO3MOXHOCTL AHAJU3UPOBATL MNYYKHU 3apsKCHHBIX
YacTULl, BbIXOAAIIUX U3 HCTOYHHMKA IOA YyIJIaMH OJIM3KUMU 900 C HUHCTPYMCHTAJIbHBIM OHEPIreTUYCCKUM
paspeuieHueM 2 %.



122 ISSN 1811-1165. Eurasian Physical Technical Journal, 2016, VVol.13, No.2(26)

Inamonosa E.C., IOpos B.M., Epemun E.H., Byuunxac B., I'yuenxo C.A., Jlaypunac B. Y.

ToTbIFy TeopHsicbl MeH TNPAKTHKACHIHBIH Kei0ip acmekrijepi :XoHe MeTaNIbIK KAOBIHABLIAD MeH
MeTaJIapAbIH TEPMUSJIBIK 0Y3bLIYJIAPbI.

JKaOwiHpl HEeMece "akayJbIK" MeTan OeTiHEH TOTHIFY JaKTap ayMarblHIa JIOrapupMIIK TOYEIIUIIKTI KOPCETeTiH,
CTaTHCTHKAJIBIK TOCUI HETI31H/e TOTBIFY JAaKTapbl OiTiMiHE KOPPO3MSIIBIK JaKTap epHeri anbiHFaH. JKaObIHIbI )KoHE
onmapaplH OanKy TemIeparypachl, METaUl YCTIHEH TapTYMCH, TCPMOJUHAMHUKAJBIK MOJEN HETI3IHIE TOTBIFY
JKBUIIAMJIBIFBI apachIHIAFbl OAMTaHbIC aJbIHFaH. boiiail )koHe Kece-KOICHEeH OJIIICHICH YITiAeTl, MUKPOKATTHLIBIK
JKCIIEPUMEHTAIIBIK MOHJACPAIH HETI3iHIE, TEpMOCEpHiMIlI KepHEY KaOyapl aWKbIHAAY OMIiCi YCHIHBUIIBI.
TepMoIMHAMHUKAIIBIK MOJICNI HETi3iHAe BICTHIKKA TO3IMJIi *KaObIHIap apachIHAAFbl OailylaHbIC TICH OJIApABIH OSTTIK
SHEPTHACH ajbIHFaH. TepMHISIIBIK KOHE NeOpPMALMIBIK ocepiiep Ke3iHme KaOBHAap MEH MeTalAbIH Oy3bLTY
JKBUIIAMIBIFBIH O0JDKAY JKOHE callalibl TaNIay YIIiH KapaMIbl TCHJEY albIHFaH.

Ilnamonosa E.C., IOpos B.M., Epemun E.H., Byuunxac B., I'yuenxo C.A., Jlaypunac B. 4.

HekxoTopble acmeKThl TeOPpHH W NPAKTHKH KOPPO3MH W TEPMHYECKOr0 pa3pylleHHs] MeTAIOB M
MeTaNIMYeCKUX MOKPBITHIA.

Ha ocHOBe CTaTHCTHYECKOro MOAXO0Ja K OOpa30BaHUIO KOPPO3MOHHOTO ISITHA MOJYYCHO BBIPAKCHHE, KOTOPOE
MOKAa3bIBACT JIOTAPU(MHUUCCKYIO 3aBUCHMOCTD ILIONIATH KOPPO3HOHHOTO MATHA OT «IC(PEKTHOCTH)» MOBEPXHOCTH
MeTajula WM MOKphITHA. Ha OCHOBE TEPMOIMHAMHUYCCKOW MOJCIH IOIy4eHa CBS3b MEXKIY CKOPOCTHIO KOPPO3HUH,
MOBEPXHOCTHBIM HATSHKCHHEM MeTallia, HOKPBITHS U UX TeMIIepaTypol TuIaBiIeHus. [IpeIokeH MeTo1 onpe e IeHus
TEPMOYIIPYTUX HANPSHKCHUH B MMOKPHITUN HA OCHOBE AKCIICPUMCHTAIBHBIX 3HAUCHIH MUKPOTBEPIOCTH, H3MEPEHHBIX
BJOJh M Tomepek obOpas3ma. Ha ocHOBe TepMOIMHAMHUYECKOH MOIENH MOJyYeHa CBS3b MEXAY JKapOCTOHKOCTBIO
MOKPBITHH U UX MMOBEPXHOCTHOU »Heprueil. [loxydeHna gopmyna, KOTOpas IpUTOAHA TSI KAYECTBEHHOTO aHAIN3a U
MPOTHO3MPOBAHUS CKOPOCTH pa3pyIICHHs MeTallla ¥ TOKPHITHH TpH  JeQOpPMAUOHHBIX M TEPMHUYCCKUX
BO3JEUCTBUAX.

Cynpyn T.T. Tep6eamMeni NWJIHHAP TYBIHAAFAH 6TIEJ aiiMarbl 6ap KbLIY ajJMacy.

JlamuHapabl - TypOyJNeHTTIK aycy TopTiOi OapbIChIHIA Teric IUIaCTUHAZAa KO3FAJIIMAWTBIH JKOHE TepOenmMenni
WJIMHAPIIP/AIH 131MEH MHAYIMSUIAaHFaH KbUTY alIMacybl 3aHJIbUIBIKTAphl TOKIpHOe peTinie 3eprreninred. XKepriaikri
KbuTyanMacy Kod()(UIMEHTTEepiHIH, TeMIepaTypachl jKOHE KbUIIAMIBIK MPOQUIbIAEP], OJaplblH aybITKYbl JKOHE
Y3bIHIBIFBI, [IeKapaliblK KaOaTTapbIHBIH ©3r¢ [ CUIaTTaMallapbIHBIH OOl Taljaybl 13 - KOINyiH aHBIKTay YIIiH
tangasael. CBIPTKBI aFbIHIOAFBl 137ICpiHIH alfblH ana KeIlIyiHiH CHIaTTaMalapblH 3epTTey HETi3iHIe MIeKapalbIK
KabaTTarpl JKbLIyajIMacy KapKelHOAaTy ceOeOTepi aHbIKTangbl. [lepuox Typle KaiTanaHFaH CTalMOHAPIBIK eMecC
I37epiHiH acepiHeH aycy alMarbl TIpKEIreH TPEKTiH jKarAaiiblHa KaparaHaa )KOFapFbl JKarblHA Kapai KO3FaJFaHbl
Oalkaasl.

Cynpyn T.T.

Tens1006MeH NPy HAJTUYUHM NI€PEX0/1a, HHAYHHPOBAHHOTO KOJIEOIIOIMMCS HUJIHHAPOM.

[TpoBeneHbl dKCIEPUMEHTANIBHBIE HCCICAOBAHUS TEMJIOOOMEHA IUIOCKOW IIACTHHBI NPH HAIWYUHU JIAMHHAPHO-
TypOYJIEHTHOTO Mepexo/ia, MHAYIUPOBAHHOTO CJIelaMU 32 HETIOJBWKHBIM M KOJIEOJIOIUMCS [IHIMHIPOM. AHaIu3
pacnpeieneHuii JTOKaJbHBIX KOA(P(QUIMEHTOB TEIUIOOTIauH, TpoQuiIel TeMIepaTypbl 1 CKOPOCTH, UX (IIyKTyalui u
JPYTUX XapaKTEePUCTHK TOTPAHUYHBIX CJIOEB MMO3BOJISIET ONPEIEIUTh [UIMHY U PACIIONIOKEHHUE CIIEJOBOTO Mepexo/ia.
Ha ocHoBe ucciienoBaHusl XapakTepUCTHK CJIEIOB BO BHEUIHEM IIOTOKE ONpeseNeHa NMpUYMHA MHTEHCHU(PHKAIMN
TeIlooOMEHa B IIOIPaHUYHOM cJOe, NpeallecTByomeM Inepexoxy. Ilox Bo3neicTBHEM INEpHOIUMYECKU
HECTallMOHApHBIX CJIEJ0B O0JIacTh Iepexojia CABHTAJach BBEPX II0 IOTOKY IO CPAaBHEHHIO CO CilydaeM
HETIOJIBIKHOTO ClIeIa.

Epwuna A.K., bopubaesa M.A., Hypcaovixosa JK.K.

Ka3zakcran skeJ 3JIeKTp KYpbLIFbLIAPbIHBIH TAJIAAY.

Maxkanaga >keIdHErpreTHKachl XeHiHAe OasHmamambl. ByKim omemuieri jken 3JeKTp KOHABIPFBUIAPHl KOMETiIMEeH
OHJIPITIETIH 2JIEKTP PHEPTMACHIHBIH KyaThl Kenripinren. Kazakcran PecmyOmukachl sKaHapbIl TYpaTbIH YHEPTUSA
Ke37epiH KoJmay3aHbl JKOHE JKeT DJIEKTP KOHABIPFBUIAPBI apKbUIBI YHEPTUSHBI DJIEKTP SHEPTHACHIHA alHAIIBIPY
XKOHIHIE XeKeNlell KapacTBIpbUIBIT eTijieni. Jlappe jken arperatsl Typayibl HAaKTHIpaK CHOATTaNBIHABL. backara
alitkanna bunapbe sxen TypOWHACHIHA TOJBIK MAIIMET KEJITipiJIi.

Epwuna A.K., bopubaesa M.A., Hypcaovixosa K K.

AHATH3 Ka3aXCTAHCKHX BeTPOIHEPreTH4YeCKUX yCTPOcTB

Cratbsi mocssilieHa TpoOsieMaM BeTpodHepreTHku. IlokazaHbl JaHHBIE TeMIla POCTa YCTAHOBJICHHOW MOIIHOCTH
BETPOPHEPreTUYECKUX YCTAaHOBOK B  Mupe. IIpoBeleH aHanM3 TEXHUKO-DKOHOMMUYECKHX IOKa3aTenel
BETPOIHEPIETHUECKHUX CUCTEM, Pa3pabOTaHHBIX Ka3aXCTAHCKMMH yueHBIMH. OMICaHbl TEXHUYECKNE XapaKTEPUCTHKN
BeTPOBBIX TypOuH THMa Jlapwse. [TokazaHsl mpenMyIecTBa BeTpoTypOrHBI brumapne.
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Hlyrwbaesa H.H., Cmoes M., Axmaoueg B., Arnmaesa I".

BuiusiHMe UMIYJILCHBIX AJIEKTPUYECKHUX PA3psAI0B HA MUKPOCTPYKTYPY JIeKTPOJIHON cHCTEMBbI Oypa.

PaboTta mocpsieHa MPaKTHYCCKHEM AaCIEKTaM JIICKTPOTUAPABIMYCCKOrO OypeHHsl ckBakuH. OCHOBOI NaHHOTO
METOZa  SBJIACTCS YHUKAIBHOE SIBICHHE — CIOCOO MPsIMOro MpeoOpa30BaHUs JICKTPUYECKON JHEPruu B
MEXaHUYCCKYI0 SHEPTHIO YIAPHBIX BOJH, COMPOBOXKIAMONIUX AJIEKTPHUCCKUE Pa3psibl B YCIOBHAX OIPaHUUCHHOTO
MPOCTPAHCTBECHHOTO 00BbEMa BOIBI B 3a00€¢ CKBAXKHHBIL. MOIIHOCTh O3HUKAIOUIMX BYJAPHBIX BOJH IO3BOJISCT
3(h(hEeKTUBHO pa3pyliaTh HE TOJNBKO TBEPABIC TOPHBIC MOPOJIBI, HO TAKXKE BIUSACT HA COCTOSHHE CaMON OypHIIBHOM
cUcTeMbIL. M3ydeHbl CTPYKTypa U Ka4eCTBO MMOBEPXHOCTHU ICKTPOIHOM CUCTEMBI Oypa, M XapaKTep U3MCHEHUH mocie
JNEKTPOTHIPOUMITYIIbCHOM 00paboTku. [IpoBeneH CHEKTpalbHbI aHalM3 MHUKPOCTPYKTYPBI PACILIaBICHHBIX
Y4YaCTKOB [TOBEPXHOCTH 3JIEKTPOIOB Oypa, MOJYUYEHHBIX B Pe3yJIbTaTe BO3ICUCTBUS TOBOIHBIX HCKPOBBIX Pa3psIOB.
OKCHEepUMEHTANbHO YCTAHOBJICHBI 3aKOHOMEPHOCTH MpOIeCcca APO3MHHOTO H3HOCA MeETalia 3JIeKTPoAa OT
JHEPreTUYECKUX MapaMeTpoOB M KOJHMYECTBA IICKTPOTHPABINYECKUX UMITYIIECOB.

Uyrowbaesa H.H., Cmoes M., Axmaouesg b., Anmaesa I'.

BypFuIHBIH 2JIEKTPOATHIK KYylieci MUKPOKYPBUIBIMBIHA MMITYJIBCTIK JJIEKTP pPa3psiATAPbIHBIH dcepi.

JKyMBIC YHFBIMaNapiabl 3JICKTPOTHIPABIMKAIBIK JKOJIMECH OYPFhUIAYABIH TOXKIPUOCTIK AacleKTUIepiHEe apHAJFaH.
bepinaren omicTiH Herizi aipplKia KYOBUIBIC - O3JEKTP SHEPTUsChIH COKKBl TOJIKBIHAAPBIHBIH MEXaHUKAJIBIK
SHEPIUACHIHA Typa TYPJICHAIPY 9MICIHE HETI3CAreH, SFHU OYJI IIEKTEITCH KeHICTIK aiiMarbIiH1a YHFBIMaHBIH TOMCHT'1
OeiKTepiHAeri CYHBIKTA KYPETIH 3JICKTP paspsaTapbl ocepiHeH OO0NaThIHABIFBIH KopceTeni. COKKbI TOIKBIHIAAPHI
TYABIPATHIH KyaT TEK KaHa KAaTThI Ty JKBIHBICTAPBIH FaHA eMec, COHBIMEH KaTap Oyprbl XKyifeciHiH o3iHe ne Gipmama
ocepiH THTi3eni. BYPFBIHBIH JNEKTPOATHIK JKyHeciHiH ~ OeTki OediriHiH camackl MEH e3repici 3epTTeNill,
NIEKTPOTHIPABIHKAIBIK OHACYIEPACH KeliHri e3repictepi cumatranrad. CyacTbl YIIKBIH pa3psaTapbIHbIH 9CEPiHCH
aJBIHFaH HOTIDKeNep  OOWBIHINA, OYpFBI  AJIEKTPOATApHIHBIH  OeTiHmeri  OankpiFaH — OeNIKTEpiHIIH
MHKPOKYPBUIBIMAAPBIHA CIIEKTPIIIK TAIAayJ1ap Kacajgbl. DIEKTPOI METaJbIHBIH JKeIiHy ylepici 3aHIbUIBIKTapbIHBIH
9HEPreTHKAIBIK ITapaMeTpiiep MEeH 3JIEKTPOTUAPABIMKAIBIK UMITYJIECTEp CAHBIHA TOYCIIUIKTepi ToxKipuOe Ky3iHae
KEJITipiIreH.

Caxvinosa C.E., Tanawesa H K., Kuspun B.H1., Kycativinosa A.K.

AjliHanMaJibl IHJIMHIPJIEPi 6ap skesl TYPOUHACHI MAKETiHIH a3POJIMHAMHUKAJIBIK CUIIATTAMAJIAPBIH 3ePTTey.
Maxaia 6anmamaisl SJHepPTUs Ko3AepiH Oip Typi JKel SHePTUACBIHBIH MocelleliepiHe apHalFaH. Marayc acepi Herisinmae
el TypOMHaIaphl a9pOJMHAMHUKACHIH SKCIIEPUMEHTTIK 3epTTEY HATHIKeNepi KapacThIPbUIbIHFaH. APOINHAMHUKAIIBIK
ChIHAY YIIIH aybICHajbl KMMachl MEH aiHaJIMaibl LMIMHIApIEpi 0ap yII KaJdakThl el TypOMHACHIHBIH MakeTi
JKaCAIBIHABL. Op TYpJli aya aFbIHBIH TOPTINTEpiHAE >Kell TypOWHACBIHBIH MAaKeTiHe a’pOJMHAMUKAIBIK TECTiIey
KYPTi3inai. Aya aFbIHBIH 9p TYPJi JKBUIAAMIBIKTApbl MEH OYpHINTAap YIIiH MaHIAWIBIK KeOepri KYIIiHiH, TapTy
KYIITiH XKOHE JXeNl JOHTeJCTiHIH aifHaly XKbULIAMIBIFBIHBIH TOYULAUTIKTEpl aHBIKTAaIAbl. byn kemip (epecken) Oeti
aiflHpIMaJIBl KMMAachl aifHaNIMaibl LWIMHIpPJIEpP NalaanaHy MarHyc ocepiHeH, TIeHepalusulaHaThIH KOCBhIMINA
KO3FayIIbl KYII KOJJaHy (bl MyMKIHIIKTI O€pEeTiHi KOpCETIIreH.

Caxunosa C.E., Tanawesa HK., Kuspun B.U., Kycauvinosa A.K.

H3yveHne adPOANHAMUYECKHX XaPAKTEPUCTHK MAKETA BETPOTYPOMHBI ¢ BPAINAIOIIUMHUCS HUJTHHIPAMHU
CraThsl TOCBsIIEHA NPOOIEMaM HCIOJIb30BAHUS AbTCPHATHBHBIX HCTOYHHKOB JHEPTUHU, B YACTHOCTH, DHEPTUH
BeTpa. PaccMaTpuBarOTCs pe3ynbTaThl  3KCIICPUMEHTAIBHOTO W3YYCHHS adpOJWHAMUKH BETPOTYpPOWHBI C
ucrnone3oBaHueM 3¢dekra Marnyca. [[as mpoBeAeHHS UCHBITAHUN HW3TOTOBJICH MAaKeT TPEXJIONMACTHOU
BETPOTYPOHHEI C BPAIAIOIIMMUCS IITHHIPAMU IEPEMEHHOTO ceueHus. [IpoBeieHbI a9poIMHAMUICCKIE UCTIBITAHUS
JMAHHOTO MaKeTa BETPOTYPOMHBI TMPH PA3JIUYHBIX YCIOBHSAX OOTEKaHUS BO3IYIIHBIM MOTOKOM. [lomydeHbr
3aBHCHUMOCTH CHJIBI JIOOOBOTO COIPOTHBICHHUS, CHIIBI TSATH U YACTOTHI BPAIICHUS BETPOKOJECAa OT CKOPOCTH IPHU
pasHBIX yriaXx ckoca moroka. [loka3aHo, YTO NMPHMEHEHHWE BPANIAFOIIUXCS HWIMHAPOB IEPEMEHHOTO CCUCHHS C
HIEPOXOBATOM MOBEPXHOCTHIO TO3BOJISIFOT HCIOJB30BATh JIOMOJHUTEIBHYIO JBHXKYIIYIO CHIIy, BO3ZHHMKAIOIIYIO 32
cuet 3¢ dexra Marnyca.
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