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ON THE ISSUES OF FRACTAL RADIO ELECTRONICS:
Part 1. PROCESSING OF MULTIDIMENSIONAL SIGNALS,
RADIOLOCATION, NANOTECHNOLOGY, RADIO ENGINEERING
ELEMENTS AND SENSORS.

Potapov A.A.

V.A. Kotelnikov Institute of Radio Engineering and Electronics of RAS, Moscow, Russia, potapov@cplire.ru

The paper presents fractal approaches to solving problems of radio electronics at all stages of
radio waves radiation and reception with the subsequent processing of incoming information. This part
of the article deals with the processing of information flows in radio systems. The basics of circuit
design of new types of fractal antennas and fractal sensors are presented, a sketch of the development
of fractal nanotechnologies is given. A brief description of the features of electrodynamic modeling of
real miniature fractal antennas is given. The rationale for fractal-scaling or scale-invariant
radiolocation is given.

Keywords: Radio physics, radio electronics, nanotechnologies, image processing, fractal antennas,
fractal generators, texture, fractal, scaling.

Introduction

The creation of broadband and ultra-wideband radio systems has always been one of the main
tasks of modern radio electronics. The expansion of the operational frequency bandwidth is due to
modern trends in the development of radiolocation, telecommunications, radio engineering in order
to increase the speed of information transmission, the level of jamming immunity and the
information capacity of radio systems of any range. Along with the increasing complexity of
modern radio-electronic equipment and its functions, it is necessary to consider new physical
principles for the element base and radiotechnical systems. In this case, the theory of fractals and
the theory of deterministic chaos [1-4] become extremely important.

The main directions of design and development of new fractal radio elements, antennas,
metamaterials, as well as fundamentally new radio systems for radiolocation and
telecommunication problems, i.e. issues that apply to the entire radio electronics. The study is
conducted within the framework of the research area “Fractal Radiophysics and Fractal
Radioelectronics: Designing Fractal Radio Systems”, proposed and developed by the author based
on the theory of fractals and deterministic chaos in IRE of RAS since the late 70s of the XX century
[1-4].

1. Fractal processing of information flows in radio systems

When collecting, converting and storing information in modern complex systems for
monitoring remote and mobile objects under conditions of intense interference, the latest methods
for processing information flows and multidimensional signals become very important. Typically,
the features of such complex systems exert at different spatial-temporal scales. The most adequate
estimates of the state of the system under study and the dynamics of the change in the state of its
subsystems are realized using the theory of fractals and processing multidimensional signals in
fractional space with the necessary consideration of scaling effects [1-6]. The following briefly
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summarizes selected experimental results of the fractal processing of multidimensional signals from
objects of different physical nature (Figures 1-5).
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Fig.1. The original image of the aircraft (left), the image of the aircraft under the influence of noise
jumming: signal-to-noise ratio ¢; = -3 dB (middle), the results of fractal detection (right)

(D)

Invisible shallow area 2 2 D

a) b)
Fig.2. An example of earth surface differentiating by the field of fractal signatures D (a) and the empirical
distribution of D when segmenting land cover textures in the radar image

c)
Fig.3. Images of the terrain with moving machines (a) and mountainous terrain with a tunnel (c) with UAVs
and filtering results according to estimates of the fractal dimension D (b, d)

a)

The results (UAV, SAR, medicine, etc.) show that fractal processing methods give an increase
in the quality and detailing of objects and targets in a passive and active mode approximately by
several times. These methods can be successfully applied to information processing from space,
aviation complexes, low-profile high-altitude pseudo-satellites (HAPS) or detection of HAPS
clusters and UA Vs, synthesized clusters of space antennas and space debris.
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b)

a)

Fig.5. An example of solving the problem of fractal clustering of an X-ray image (a) by the value of
estimating the fractal dimension D (b) and the fractal edge detection (c)

2. Fractal labyrinths as miniature fractal antennas

For the past few years, the fractal labyrinth topology has become a fast-growing object of
interest for scientists. The software created by the author and his colleagues was called “Fractalizer”
[7, 8]. The software (the window shown in Figure 6a) contains the first graphic area of the graph in
order to select the shape of the fractal curve generator and the discretization interval. To the right of
the generator panel there are graphical tools for determining parameters, such as the iteration
number of the main branch, the number of branches, the number of branches iteration, the width
and height of lines, the minimum gap between unrelated elements (elementary lines) of the
structure, etc. Software can save fractal structures in a universal and well-known drawing size as
Autodesk DXF. A DXF file can be imported as fractal antenna geometry into most modern
computer developments and software modeling, such as ANSYS, Solid Works, etc. Moreover, the
software “Fractalizer” has a setting panel for launching Ansoft HFSS as a software for fractal
structure modeling. The process is automated for electrodynamic modeling of real miniature fractal
antennas. The information exchange scheme you can see in Figure 6, b.

First, the program builds the main curve based on a user-defined generator, which is the first
iteration of the fractal. Then the program calculates the number of break points of the curve (the
number of angles) and stores them as points of a possible base of branches. Then, using a random
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number generator, the loop program selects the base branch point and builds this branch before the
specified user iteration is completed or before the obstacle is reached (another curve).

B Fractaliner

File Edr Projet Semp
Araoft LLC XY Plot 1 HFEEDasign]
RES =

A5 [Fort Postly

: _ [
A ii III l

W —— =

Anl zhep 31 B
ane b sk el Twhe T mbe  Bho dooo  1Dbranches created!
Freq Kk

a)

Fig.6. Computer window for design stages software (a) and information exchange (b)

.
]

-
Cancal

The number of loops must be specified by the user. After the structure is ready, the software
reports the number of successfully created branches and saves the structure as a DXF file. Examples
of the synthesis of fractal antennas are shown in Fig. 7. The results obtained using the software
were automatically imported into the AnsoftHFSS 12 simulation environment based on the finite
element method (FEM). The results of modeling a fractal antenna (Figure 7 a) are shown in Figure
7 b. A fractal antenna has two resonances. The first one corresponds to a frequency below 1 GHz,
i.e., the antenna is capable of receiving a wave length of 0.32 m.

3. Fractal labyrinths and genetic algorithms in the synthesis of apertures of
large robust antenna arrays

Antenna arrays are one of the main components of large modern radio systems. The theory of
application of fractals and fractional calculus makes for combining the achievements of classical
amplitude and stochastic arrays [3]. The first type of antenna arrays has relatively small side lobes
in the directivity pattern, but it is sensitive to element placement errors and excitation current
values. The second type of arrays is resistant to element placement errors and their failure, but is
characterized by a relatively high level of side lobes in the directivity pattern. The application of the
principle of scaling (fractals) for antenna arrays makes it possible to more flexibly control the
directivity pattern in the side lobes area.

The author has proposed to synthesize large stochastic robust antenna arrays using the
properties of fractal labyrinths. This will make it possible to control the energy of the side lobes.
The second step is to unite several fractal labyrinth clusters with different fractal dimension D in the
synthesis space of a large antenna array. Therefore, in this natural way we come to adaptive fractal
antennas. Here it is necessary to use genetic algorithms [9] to optimize the space-time large and
extra-large antenna apertures that conform by specified quality and detection criteria.

5. Fractal generator

Consider an example of mathematical modeling of the basic fractal self-oscillatory system
(FSOS) [10]. An oscillator with a small degree of nonlinearity was chosen for research, namely, a
generalized oscillator of a sinusoidal signal (Figure 8 a), the action of which in the classical theory
is given by the equation of motion:

u"+ A’ +@0*u=0, (1)

where o is the oscillation frequency of the system, a is the amplitude of the signal, A(a) is the
equivalent attenuation coefficient, equal to:
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90 (L
l(a)—Q(l k(a)R) C(R k(a)ja 2

where Q is the quality factor, R and C are the load resistance and the capacitance of the circuit,
respectively.

28 MM

Ansat LLC XY Stacked Plot 1 HESSDusign

b)

Fig. 7. Created fractal labyrinths for the synthesis of fractal antennas (a), the reflectivity factor in the
frequency domain and the three-dimensional directivity pattern of the fractal antenna (b).

e u
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a) b)

Fig.8. Classical self oscillator (SO) - (a), SO with a fractal chain of positive feedback (b).
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Assume that the positive feedback (PFB) loop in the generator circuit is a fractional
differentiating circuit based on a long RC line that can be interpreted as a certain distribution of the
PFB loop parameters, for example, such as shown in Figure 8 b. In this case, assuming the current
by the fractional integrator iy, being much smaller than the current iR, the equation of motion
becomes:

o 1
u' +—u'+o'u=—k(a), D), 3
RC C()L (u) 3)

where ;D" is a left-side Liouville derivative of a order [3].
Considering that u = a cos(wt), we have:

A,(a) = %& —k(a)k,, sin(oar / 2)) . ()

In equation (4), o = 0 ... 1 is the order of the fractional impedance [3, 9] of the PFB loop, and
ko, 1s the amplitude coefficient of the fractional chain transmission. The resulting expression (4)
indicates a greater oscillation damping of the fractional system in comparison with the classical one
atequal L, C, R and and k,, = 1.

The growth of the motion amplitude, in particular, of the signal, as a slow function of time in
accordance with the method of equivalent linearization, will be determined by the following
expression:

’ /10 (Cl) a ( 1
a=——>"a=—/|—-gS(a)sin(ar/2) |, 5
> ClRE (a) sin( ) )
where g is the gain, S(a) is the magnitude of the nonlinearity, S(a) <land gS(a) =k(a).
The growth of the amplitude at different g is illustrated in Figure 9. From the first to the third
graph, the value of g takes on increasing values 0, 166; 0.175 and 0.184.

A B

18-
16—
14—
124

& ] ] ]
0 50 100 150 200 t/To

Fig.9. Excitation of a fractal auto-oscillatory system for various g.
Thus, a fractional or fractal PFB is identical to a retarded PFB. Note that the delayed PFB can

be only a special case of the fractional one, and can also be a feature of the fractality of a dynamic
system.

5. Fractal nanotechnologies and fractal radar absorbing materials

The elementary extension of a Cantor mathematical set, when proceeding to the physical level,
makes it possible to come over to the cantor blocks in the plane technology of nanostructures [8,
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11]. Percolation synthesis for nanostructured composites proposed by the authors in 2007 is also
possible [12]. The use of the recursive procedure makes for a self-similar hierarchical structure up
to the formation of separate conductive bands on the chip and in nanostructures. It is necessary to
take into account and calculate the mutual and collective influence of electromagnetic fields on all
components of the chip: conductive tracks, semiconductor, insulator, etc. The non-linear Cardar-
Parisi-Zwang equation (CPZ) is used when spraying a substance on a solid surface. In [13], the CPZ
equation for the anisotropic growth of the surface before the onset of a gradient catastrophe is
solved in the small-angle approximation.

Modern and promising absorbing materials and surfaces should have a wide spectrum of
electromagnetic radiation absorption at arbitrary angles of incidence and polarization of the incident
radiation. From this perspective, the use of fractal metamaterials and artificial composites, which
can be attributed to “smart” materials, is the most promising way [3, 8, 11]. In addition to direct
use, they can have many functions. The inverse problem is solved in estimating the effective
coefficients of the dielectric and magnetic permeability of a multilayer fractal medium, which can
be tensors in the case of anisotropic materials. The medium can be formed by packets (fractal
"sandwiches") of miniature fractal antennas [14]. The associated topological fractal structure makes
for modulating the transmittance of electromagnetic waves. The lowest attenuation frequency
corresponds to wavelengths, which can significantly exceed the external dimensions of a fractal
plate that makes such fractal structures super-wave reflectors. Photonic crystals use Bragg
scattering to create bandpass gaps [3, 14]. As a result of the Bragg scattering mechanism, the width
and transverse dimensions of the photon crystals should be several wavelengths. Fractal photon and
magnon crystals have a number of advantages compared to their classical analogs and are
essentially new media to transmit information.

6. Fractal signatures in microrelief evaluation problems

Based on the experiments the researchers carried out, they were among the first to propose
evaluating methods for using of fractal characteristics of surface quality of the products and the
microrelief properties of modern materials [3, 15]. The intensive development of processing
methods using concentrated energy flows leads to significant difficulties in the description and
evaluation of roughness compared with the profile method.

In these cases, the shape of the roughness elements and the distribution of the elements are
significantly different from the conventional Gaussian concept, which was formed long ago as part
of processing materials by chiseling, see Figure 10 [3, 15].

Title Type of terrain Title Type of terrain
Mushroom shaped ’a, Hollows A
T - shaped - Globules f-?
Peaks ik (globﬁfrlizrizg)eﬁsion) =
Splats — Cogs WY
Botiroid il Moire pattern Ig]

Fig.10. Types of relief elements of modern micro-surfaces
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Problems of forming surface quality, including such important quality characteristics as its
roughness, become especially important due to the development of new energy technologies for
metalworking. These problems also dominate in the field of nanotechnology, when the formation
processes are considered not as a secondary property, but as a “response” of the structure of the
surface layer to the influence of a certain physical process, and as a property of the structure itself;
the more so the sizes of such layers are comparable with electron free path.

In [15], at the microrelief level of such processed surfaces, the authors demonstrated the
existence of fractal clusters with irregularities distributed according to power laws with heavy tails
(Figure 11). The presence of fractality in various environments can be controlled, in particular, by
changing the skin effect and impedance. It is the spatial / temporal evolution of the current that
makes for the electromagnetic fields to “feel” the fractal properties (fractal signatures) of the
physical medium under study [3].
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d)
Fig.11. Fractal analysis of samples with plasma spraying: (a, b) — a 2D-image of the surface of the samples;
(¢, d) - the field and histogram of local D

7. Fractal radio systems

The increasing complexity of radio-electronic equipment and its functions makes it necessary
to consider the fractal theory to develop new elementary base and new radio systems. The
development of the world's first fractal non-parametric detector of radar signals makes for creating
an entire fractal radio system [3, 16]. Fractional memristor on the quantum Hall effect is considered
in[17].

Fractal structures and processes open up a new field of applications in radio electronics. Such
fractal radio systems are described in detail in [18], in which Figure 3 shows the developed concept
of fractal radio systems and fractal radio elements. Fractal radio systems contain fractal antennas, as
well as digital fractal detectors, and use fractal methods for data processing; future devices will be
able to use fractal methods of modulation and demodulation of radio signals.
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8. Fractal-scaling or scale-invariant radio location

Detection of low-contrast objects against the background of natural intense interference
inevitably requires the calculation of a fundamentally new characteristic that differs from the
functionals related to interference and signal energy, and is determined only by the topology and
dimension of the received signal. Introduction of radar concepts of "deterministic chaos", "texture",
"fractal" and "fractal dimension D" [1-5] to scientific use allowed us for the first time in the world
to propose and then apply new dimensional and topological (and not energy!) features or invariants
(Figure 13), which are combined under the generalized concept of “sampling topology” ~ “fractal
signature”.
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Fig.13. New topological features and methods for detecting low-contrast objects against interference
(TF - textural features, CFF - coherence frequency function)
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Fractal radiolocation [16, 19] is based on three postulates: 1 — signal / image intelligence,
based on the theory of fractional measure and scaling effects to calculate the field of fractal
dimensions; 2 — the sample of the received signal in the noise relates to the class of stable non-
Gaussian probability distributions of D signal; 3 — topology maximum for minimum energy of the
input random signal. These postulates open up new possibilities for stable operation support at

small ¢4 or for increasing radar range. Algorithms for detecting extended objects and targets in

optical and radar images using texture processing were created by the authors as early as in the 80s
of the 20th century (see the left column in Figure 13).

Classical methods for processing multidimensional signals fundamentally only distinguish the
information constituent related to an integer-valued measure. Fractal-scaling methods for
processing signals, wave fields and images in a broad sense are based on that part of the information
that was not taken into account in the classical methods of radar data processing.

Based on many years of research, new theoretical directions were formulated and developed in
the theory of statistical solutions, statistical radio engineering and statistical radiophysics, for
example, “Fractal analysis and its application in the theory of statistical solutions and statistical
radio engineering” or, briefly, “The statistical theory of fractal radiolocation™, “Statistical Fractal
Radio Engineering, Theoretical Foundations of Fractal Radiolocatio”, etc.

Conclusion

For the first time in Russia and in the world, fractal-scaling methods have been created,
developed and applied for the tasks of radiolocation, the formation of a fractal element base and
fractal radio systems. For the technical implementation of the methods of fractal radioelectronics, it
is necessary to have a base of new elements that makes it possible to process signals in a fractional
measure space and simulate fractal objects and processes with the dynamics of fractional order
differential equations. Promising elements of fractal radio electronics are functional elements with
the implementation of their fractal impedances based on the fractal geometry of conductors on the
surface (fractal nanostructures) and in space (fractal antennas), the fractal geometry of the surface
microrelief of materials, etc. The results (UAV, SAR, medicine, etc.) show that fractal processing
methods give an increase in the quality and detailing of objects and targets in passive and active
modes approximately by several times. These methods can be successfully applied to processing of
data from space, aviation complexes, low-profile high-altitude pseudo-satellites (HAPS) or
detection of HAPS and UAV clusters, synthesized clusters of space antennas and space debris.

A new type and method of modern radiolocation has been discovered, proposed and
substantiated, namely, fractal-scaling or scale-invariant radiolocation. This results in fundamental
changes in the very structure of theoretical radiolocation, as well as in its mathematical apparatus.
Fractal radiolocation can adequately describe and explain a much wider class of radar phenomena.
Conducted research in the field of theoretical radiolocation can effectively solve problems of
detecting signals in conditions of intense interference and develop new fractal MIMO systems.

This study continues the author's series of studies on the rationale to apply the fractal theory,
physical scaling and fractional operators in matters of radio physics and radio electronics, first
started in the USSR at the Institute of Radio Technologies and Electronics of the USSR Academy
of Sciences in the late 1970s. Scrupulous bibliographic studies prove the complete and absolute
world priority of the author in all "fractal" areas in radio physics and radio electronics (the list of
author and his students’ works includes more than 1000 scientific papers, including 35 monographs
and chapters in monographs in Russian and English).
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ON THE ISSUES OF FRACTAL RADIO ELECTRONICS:
Part 2. DISTRIBUTION AND SCATTERING OF RADIO WAVES, RADIO
HEAT EFFECTS, NEW MODELS, LARGE FRACTAL SYSTEMS
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The paper presents fractal approaches to solving problems of radio electronics at all stages of
radiation and reception of radio waves with the subsequent processing of incoming information. In the
second part of the article, fractal effects arising from the propagation and scattering of waves in
randomly inhomogeneous media are considered. The radar equation for sounding a fractal object is
detailed. Models based on fractals and strange attractors for radio wave scattering by plant cover are
proposed.

Keywords: radio physics, radio thermal radiation of the atmosphere, radio wave scattering, fractal,
scaling, strange attractors, large fractal systems.

Introduction

In this part of the article the author considered fractal effects arising from the propagation and
scattering of waves in randomly inhomogeneous media; detailed the radar equation for sounding a
fractal object; proposed models based on fractals and strange attractors for radio wave scattering by
plant cover, i.e. issues that relate to the whole radio electronics. The study is conducted within the
framework of the research area “Fractal Radiophysics and Fractal Radioelectronics: Designing
Fractal Radio Systems”, proposed and developed by the author based on the theory of fractals and
deterministic chaos in the IRE of the RAS since the late 70s of the XX century [1-4].

1. Fractal effects during wave propagation in the troposphere

When waves propagate in the atmosphere, it is necessary to take into account turbulence and
its multi-scale character. In the modern theory of turbulence, it is assumed that the vortex layers
coagulate into complex fractal structures [5]. The author, together with the Almaz Central Design
Bureau, previously carried out multiscale experimental work on creating a data bank on the spatial-
temporal characteristics of millimeter-wave scattering for the subsequent analysis and synthesis of
radar image textures using simple and complex phase-manipulated signals of very large database
>10°; the contribution of hydrometeor space-time distribution to image characteristics. A series of
experiments was carried out on the express analysis of fractal fluctuations of ultra-wideband and
simple signals of MMW and CMW in the turbulent troposphere at distance range gating. The
average wind speed during field experiments was 3+ 0.5 m/s. The processing showed that in
summertime (air temperature of 20°- 25%) on the surface route 150 m long at a height of 10 m and a
radiation wavelength of 8.6 mm for amplitude fluctuations, the fractal dimension D=1.63. In this
case, the Hurst parameter is H=0.37. In the case of radar sounding, the fractal dimension increased
to D=1.72 (H=0.28). In case of drizzling rain, the fractal dimension of amplitude fluctuations
decreased to values of the order of D=1.59 (H=0.41). The magnitude of the standard deviation is
<0.02. In experiments, processes with D=1.5 were never detected. Thus, in the course of field
experiments, only anti-persistent processes were observed.
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2. Fractal properties of the troposphere radiothermal radiation

In the experiments, the researchers measured mainly the vertical absorption at a wavelength of
8.2 mm. A radiometer with a sensitivity of 0.5 K, made according to the modulation scheme with a
super heterodyne receiver at the input, provided measurement of the noise signal in the frequency
band Af =400 MHz along the principal and image channels at an intermediate frequency of 250
MHz. The modulation of a signal for a frequency of 1000 Hz was carried out using a ferrite switch.
A horn with a directional pattern width of 9° x1° was used as an antenna. Phase portraits for each
series were reestablished on the basis of the data obtained and the autocorrelation functions of the
studied series were constructed. The analysis of the statistical characteristics of radiothermal
radiation was carried out using the Pearson diagram [3, 22]. Further, the fractal dimension and the
Hurst index were measured. The numerical estimates of the correlation dimension D, and the

Hurst index H are summarized in the table.

Table 1. Fractal properties of radiothermal radiation in the MMW range

Series number C orre}ation Hurst index £
dimension D,
1 - Clean troposphere 1.7746 0.2254
2 - Cumulonimbus 1.6509 0.3491
3 - Stratocumulus 1.7172 0.2828
4 - Series 1.5190 0.4810
5 - Series 1.4943 0.5057

The Hurst index, depending on its value relative to the value H =1/2, characterizes either
persistence (1/2< H <1) or antipersistence (0<H <1/2) of the current sample. In the first case,
when 1/2< H <1 we observe a process that preserves the tendency to increase or decrease the
instantaneous amplitudes in the sample, i.e. process with memory. In the second case, when
0<H <1/2, increase in the amplitudes of the signal envelope in the "past" means decreasing in the
"future", and vice versa, i.e. a more changeable process, often is referred to as a “mean reversion.”
The measured value of the Hurst index H (see the table) indicates a high antipersistence of the
process of radiothermal radiation for all series of measurements.

3. Wave scattering on a stochastic fractal surface

In solving a number of relevant physical and practical problems, one has to deal with the
processes of wave scattering on a statistically uneven surface. The need to introduce fractal models
are due to the following reasons [1, 3, 6, 7]:

1. Numerous experiments [1, 3] have established that the majority of surfaces can be classified
as fractal ones in certain space-time scales.

2. The fractal surface comprises irregularities of all scales relative to the length of the scattered
wave.

3. Fractal models of wave scattering are natural generalization of the two-scale model used in
remote sounding and radiolocation.

4. Taking into account fractality significantly approximates the theoretical and experimental
angular dependences of the specific effective scattering areas (ESA) o, [1]. This fact is often

interpreted as mainly instrumental error, which is incorrect.
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5. The possibility of using non-differentiable functions to describe irregularities; it makes for
correct introduction of exponential correlation coefficients.

Next, consider the issues of the theory of wave scattering on a stochastic fractal surface as
applied to the problems of the formation of radar images (RI) [6, 7]. In the general case, the radar
image can be interpreted as a map (matrix) of ESA o, or a signature (portrait) of the object being
sounded in the case of a high angular resolution. All the results presented below are of priority in
Russia and in the world [1, 3, 6, 7].

The mathematical statement of the problem and the initial relations are given in [1, 6, 7]. The
fractal wave front, being non-differentiable, does not have a normal. Thus, the concepts “ray
tracing” and “geometrical optics effects” are excluded. In this case, the “topothesy” of a fractal
chaotic surface is introduced [1]. The scattering surface is modeled by a range-limited continuous
fractal function of irregularities
f(x), which is a modified Weierstrass function W(z). Weierstrass’s two-dimensional range-limited
function W(x,y) is written as:

N-1 M
W(x,y)=c,y. q“"””Zsin{Kq"[x cos(zv’”")+ysin<27’”">}+¢m}, (1)

n=0 m=1

where ¢ is a constant providing a single normalization; ¢ >1 is the parameter of spatial-frequency
scaling; D is the fractal dimension (2<D<3); ¢, is an arbitrary phase, uniformly distributed in the
interval [-z, z].

Figure 1 shows the calculated implementations of the Weierstrass function W(x,y) for different
scales. The implementation with the fractal dimension D=2.5 corresponds to the classical two-
dimensional Brownian process (Figure 1 b) [1, 3, 6, 7].

The function W(x,y) is anisotropic in two directions, if M and N are not very large. The
function W(x,y) has derivatives and at the same time it is self-similar. Such parameters as the
averaged correlation interval p, mean square deviation o and the spatial autocorrelation
coefficient R(z) are traditionally used to numerically describe a rough surface.

Figure 2 shows the dependences p on the scale factor ¢ and the fractal dimension of the
surface D, respectively [6, 7]. Spatial scattering indicatrixes of fractal surfaces in the microwave
spectrum are currently studied completely insufficiently.

An extensive bank / catalog of typical types of more than 70 fractal scattering surfaces based
on Weierstrass functions, as well as three-dimensional scattering indicatrixes and their sections
calculated for A=22mm, A=86mm and A=3,0cm wavelengths for different values of
dimension D and changing scattering geometry were investigated and presented in [6 , 7] for the

first time ever. The field of dispersion ¥/, from the final site S is described by the following

expression:
iL L kexp(ikr) i i i ik ik
v, (r)=———-2 2F (8,6, 6,) Z Z Z Z Z X
UW0=" YUY N-1T7° U= U N-|T7 Uy N-17
N-1 M N-1 M (2)
X{HH J, (c g )} exp(iZZumn@,m )xsine(@. L, )sinc(@, L, ) + .,
n=0 m=1 n=0 m=1

where all designations are presented in [6, 7].
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(b)

Fig. 1. Examples of Weierstrass function for: a) N =2, M =3, D =2.01, ¢ = 1.01;
b)N=5 M=5,D=25,4g=3;¢) N=10,M=10,D=2.99,q="17 (c).
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Fig. 2. The averaged correlation interval p as a function of D for:
a)q=1.01;g=1.5;9=18,9g=2;9g=2.5;g=2.7 and
b) as a function of ¢ for D=2.01; D=22;D=23;D=2.5;D=2.67,D=2.8;D=2.99.

4. Fractals and strange attractors in models of radio wave scattering by plant
cover

Processing the enveloping reflected radar signals at a wavelength of 2.2 mm for the first time
made it possible to determine the characteristics of a strange attractor controlling millimeter-wave
scattering in the phase space [8], see Figure 3a. Radar data were obtained personally by the author
at the test site in field experiments as early as in 1979-1980. When reconstructing this attractor
from ordered measurements of one variable, it is necessary to construct an embedding space of

m=2N,+1

dimension in order to describe all possible topological features of the attractor.
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Fig.3. Computer screen view with D and C(7) process dependencies:
(a) — radar reflections from grass (wavelength A=2.2 mm); (b) — Gaussian noise.

The value N, >int[D]+1determines the number of differential equations of the 1% order

necessary to describe the physical behavior of the dynamical system under study. Here int[D] is

the operation of extracting the integer part of D, and D is the true fractal dimension of the strange
attractor. The correlation integral C(r) can also be used as a means of separating deterministic
chaos and external white noise. For Gaussian noise (Figure 3b) there is no tendency to saturation.
Therefore, the attractor of infinite dimension corresponds to it. This distinction is widely used in
processing time realizations of unknown origin.

The following values were obtained (Figure 3a): D =1+1,84 = 2,8 ; the embedding dimension

m=7; Lyapunov index A, > 0,6 bits/c; the prediction time 7, =1.7 s at correlation time of the

reflected signal intensity 7 =210 ms and a wind speed of 3 m/s Therefore, if current conditions are
measured with an accuracy up to 1 bit, then all the predictive power in time will be lost in about 1.7

s. At the same time, the prediction interval T, of the intensity of the radar signal exceeds the

classical correlation time by about 8 times.

The data obtained together with the family of fractal distributions underlie a new dynamic
model of radio signals scattered by plant cover. The proposed dynamic model of the
electromagnetic wave scattering by earth covers is fundamentally different from the existing
classical models. It has a finite number of degrees of freedom, describes the processes of non-
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Gaussian scattering and for the first time injects the prediction interval of the intensity of the
received radar signal, as well as its fractal characteristics (signatures).

5. "Distributed intelligence" in the team interaction of UAVs

Unmanned aerial vehicles (UAVs) are currently used to solve a wide range of scientific and
practical problems and can become the main element in the formation of a common information
field [9-11]. The solution of difficult complex tasks is possible only as a result of group use of
UAVs. The team is a network of a certain number of similar or different types of UAVs, united by a
common target. In practice, it is possible to implement a significant number of types of UAV team
flights. The classification of UAV team flights in the process of accomplishing preset tasks is
shown in Figure 4. Fractal UAV groupings and fractal flight paths of UAV are also presented there.

Types of UAV team flights

Planar trajectory paths 3D profile paths of a UAV
of a UAV team flights team flights

"Swarm" flights of a UAV team| |Column flights of a UAV team| |Formation flights of a UAV team

Non-intersecting
path flights of

Intersecting path
flights of a UAV

Fractal trajectory
(fractal grouping)

Close formation
flights of a UAV

Dismissed
formation flights

a UAV team team flights of a UAV team team of a UAV team

Fig.4 Classification of UAV team flights

In real conditions, UAVs operate in a non-deterministic, unpredictable environment and under
counter operation conditions. Each of the UAV performs a series of actions aimed at solving a
common task. A parallel should be drawn with biological research that is trying to answer the
question of the emergence of cooperative behavior in the process of evolution or the so-called
evolutionary strategy [11]. Intellectual or population algorithms (methods) relate to the class of
stochastic search optimization algorithms. Population algorithms refer the class of heuristic
algorithms for which convergence to a global solution has not been proven, but it has been
established experimentally that they provide a fairly good solution.

To teach the UAV to fly like a flock of birds or a swarm of bees is a relevant problem. Then
we can control one apparatus, and the rest will be controlled by this technology. And if the leader
dies for some reason, the function of the pack leader automatically proceeds to the next vehicle.
And so it will be as long as the last instrument operates. For a complex network of multiple micro-
(nano-) UAVs, it conducts global monitoring of the territory and objects located on it. The task can
be considered within the framework of the concept of a distributed measuring environment, when
each point of a certain dynamic environment is capable of performing sensory, measuring and
informational functions.

The fractal-graph approach makes it possible to study the growth of complex networks and
provides a method for manipulating such networks at the global level, without using a detailed
description. At the same time, it turns out that an excessive number of sensors (UAV) does not
guarantee their optimal distribution in/along the non-deterministic environment under study. The
introduction of the fractal topology of such networks, taking into account the configuration of the
study area, will make for monitoring it with the detection of objects, more accurately and using less
means (number of UAVs).
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6. Waves in disordered large fractal systems

The issues of the general theory of multiple scattering of electromagnetic waves in fractal
discrete randomly inhomogeneous media based on modifications of the classical Foldy-Tverskoy
theory are considered in detail in [12]. The integral equation for the coherent field and the second
moment of the field for the fractal scattering medium respectively are:

(W) =07+ [uigwir)dr, + [[uiu glw(r yw(r,)dr dr, + [[[usuu), ¢! wir yw(r, )w(r, )dr dr,dr,, +....
(wew” =) =(w Wy =)+ [oind Al Pwte i, + [ued =viv ()
+ J VAV HySyS Eyl *<1//'”> 2w(r, YWt w(r,, )dr, dr,dr, +...,

m - m
where vy =ug +Juf vew(r,)dr; | w(r,) =(r,/r,)"" , other notations are given in [12].

(T )w(r, dr,dr, +

3)

The data of [12] aim to summarize the study of how the problem of multiple scattering of
waves on an ensemble of particles is solved and to what extent it is possible to obtain a solution to
this problem for the modern theory of multiple scattering of waves in fractal discrete randomly
inhomogeneous media when solving problems of modern radiolocation. On the basis of formula (3),
the basic concepts of a fractal medium are introduced and the formulation of the mathematics of
multiple scattering of electromagnetic waves in a fractal medium is given simultaneously with the
physics of the scattering process. The constructed modification of the multiple scattering theory
made it possible to include in the consideration the values of the fractal dimension D and the fractal
signature D(r,t) of an unordered large fractal system.

7. The radar equation for a fractal target

Calculate the value of the backscattered signal from the fractal medium [12] using the classical
radar equation. The received signal power Ps is determined by the radar equation. Here we have
two cases:

a) for the far-field region and the two dimensional fractal target (Euclidean dimension E=2);
then

1
PS' o< . 4-D - (4)

b) for the far-field region and the three dimensional fractal target (Euclidean dimension E=3);

then

1
P o<
s 5D (5)

where r is the distance to the target.

The results (4) and (5) show that the reflected radar signal can be used to estimate the fractal
dimension D of the sounded fractal medium or fractal target (such as a

Similarly, on the base of (3)-(5), it is possible to obtain a solution for anisotropic disordered
large fractal systems: fractal cascades put one into another, graphs from fractal chains, percolation
systems, nanosystems, space debris, clusters of unmanned aerial vehicles or small space vehicles
(SSV), of mini- and microclasses as well, dynamic synthesized space antenna groups (cluster
apertures), low-observable high-altitude pseudo-satellites (HAPS), space-distributed space systems
(clusters) from SSVs for solving problems of emergency situations monitoring, etc.
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Conclusion

Fractal effects arising from propagation and scattering of waves in randomly inhomogeneous
media are considered. Radar equation for sounding a fractal object is detailed. Models based on
fractals and strange attractors for radio wave scattering by plant cover are proposed.

This research continues the cycle of studies in order to establish the application of the fractal
theory, physical scaling and fractional operators in issues of radio physics and radio electronics,
started by the author for the first time in the USSR at the IRE of the USSR Academy of Sciences in
the late 1970s. Careful bibliographic studies prove the author’s complete and absolute priority in the
world in all “fractal” areas in radio physics and radio electronics. This article, together with [13],
provides basic information on the current state in the application of the fractal theory and fractional
calculus for innovative technologies.
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One of the most constructive methods of studying physical properties of melts is computer simulation. This
is explained by a large theoretical and applied value of the information obtained with respect to the transfer
coefficients, in particular, bulk and shear viscosities. However, for specific calculations there is needed a detailed
physical-and-mathematical apparatus. Objective - implementation methods of numerical solution of hydrodynamic
equations involving correlation functions viscosity determined using quantum potentials study of the distribution
profile of melt flow rate, to obtain the most simple regularization of the original system of hydrodynamic equations
containing a physical sense. To implement such a program we will use methods of statistical physics. To the
moment of the proposed studies, there were known the ways of solving equations of hydrodynamics for low-
temperature liquids without taking into account bulk viscosity. In this paper there is proposed a mathematical
model for the flow of high-temperature melts taking into account the nature of the short-range order in them and
considering the second viscosity coefficient by the methods of statistical physics. Built distribution of melt flow
rate based on the numerical experiments. An algorithm for the numerical integration of the hydrodynamic
equations to predict the technological parameters of the filling metal melts.

Keywords: viscosity, potential, computer simulation, melt, the hydrodynamic equations.

Introduction

The method of computer simulation is considered as one of the most constructive methods for
studying physical properties of melts. This is explained by a large theoretical and applied value of
the information obtained with respect to the transfer coefficients, in particular, bulk and shear
viscosities. There has been compiled a program for the numerical solution of equations of
hydrodynamics for metal melts. There has been tested a program for solving the Dirichlet problem
for the Poisson equation. Based on the theoretical studies carried out there have been calculated
parameters determining the relationship between viscosity and interatomic potential. The
relationships found permit determine the average values of any physical parameters, in particular,
the values of shear and bulk viscosities. Scientific novelty - correlation functions viscosity justified
in terms of the quantum-statistical method. The interrelation between the correlation functions with
the radial distribution. The numerical scheme, which has good convergence for hydrodynamics
equations melts. Built regularization source systems of differential equations by approximating the
incompressible melt. Galerkin method is implemented, ensuring the correctness of the study of
boundary value problems for an incompressible viscous flow both numerically and analytically.

1. Theoretical part

The methods of quantum statistical physics make it possible to express the coefficients of shear
and bulk viscosities by means of correlation functions [1, 2]. This makes it possible to reveal the
physical nature of the structure of matter through the operators of the second quantization, so that a
powerful apparatus of quantum physics can be connected for the studies. One of the most
constructive methods for studying physical properties of melts is computer simulation.

Let us consider one of the variants of splitting hydrodynamic equations with reference to
calculation of the melt flow in a flat channel in accordance with Figure 1. Such a melt flow can be
described by the following equations of the dimensionless form:
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where Re = puH / 1, H —is the channel width, u, —is velocity, O —is density, 4 —is melt
viscosity.

v/H

T |

] |
ml |

— | -

o x/H X

Fig.1. Model of the melt flow in a flat channel

Equations (1) — (3) are integrated at the following initial boundary conditions:

/
at r=0, OSXSE, 0<y<l1: u=1,0v=0, p=p,,
at t>0,x=0,0<y<I: u=0,v=0, p=p,,
L ou dv op
at t>0, x=—,0<y<1: —=—2=0,—=-4,
H Y ox Ox ox p
2
att>0,y=0,y=l,0£x££: u:O,v:O,a—pzia—i},
H dy Reody

where g —is the preset pressure gradient, ¢ —is distance from the input to the bench, L—is the
channel full length.

Equations (1) - (3) depend on ¢ and can be solved relative to u, D with the help of known
numerical methods. But pressure p is given implicitly, since it does not enter the equations in the
form of a derivative with respect to 7. To exclude this let us write down equation of continuity (1)
in the following form:

ow du 0V

—+—+—=0,

ot oJx 9y

1
where w=p + 5(1)2 +u’ ) according to the Bernoulli’s law.

Then equations (1) — (3) can be reduced to the following two independent systems of equations
(4) and (5) that are given below for consideration:
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Thus, these two systems of equations allow simulating the melt flow in a flat channel. To solve
these systems let’s proceed as follows: for given initial conditions system of equations (4) is solved
at y = const for a half-time. The data obtained in this case are used as initial conditions for

integrating system of equations (5) at x = const for the next half-time. At the end of the procedure
the obtained data are accepted as the final result. It should be noted that here also it is necessary to
split the boundary conditions.

We represent the split boundary conditions in our case for system (4):

atx=0: u=1,v=0, p=0, fory,
L au_@_o dp

atx=—1: — =0, —=-p, fory,
* H ox ox ox p Y
2
atx:i: u=0, v=0, a—sza—Z, forOSySA.
ox Re ox H
Then for system (5):
2
aty=L_ 0<x<t. uzo,vzo,a—pzla—l;,
H H dy Reoy
2
aty=0, L<x<t. y=0 p=0 219V
H H dy Re oy’
2
aty=10<x<t. uzo,vzo,a—pzla_zz’,
H dy Reoy

2. Modeling of the melt flow in the inclined gutter

Now let’s consider the melt flow in the inclined gutter. A general form of the equations is
given in [3].For a particular design they can be treated and written down as follows. Let’s direct the
Oz axis along the gutter axis assuming that the gutter design is infinitely long and the melt flow is
directed along the gutter axis so that only one of the three velocity components u,v,w, remains.
Therefore, let the melt flow be isothermal, then the density p and the viscosity coefficient i = const.

Therefore, the Navier-Stokes equations can be written in the form:
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Thus, as can be seen from system of equations (6), velocity represents a function only of the
X, Y, coordinates. In addition, the pressure function p is a function ofz  On the basis of (6) we
obtain the equation:

dp *w  9*w
@& 22 7
dz ﬂ[axz ’ oy? ™

The right part of (7) represents a function of x, y, and the left part is a function of z. From the
basic aspects of hydrodynamics it follows:

d_ A

dz !

where Ap — is pressure drop on the arbitrarily selected section, ¢ — is the gutter length.

In addition, due to the presence of the melt free surface in the gutter, pressure is equal to the
atmospheric pressure [4]. Since the gutter is inclined to the horizon at some angle &, there appears a

Ap

volume force which projection on the Ozaxis is equal to F, = gsina = Then equation of motion

b

(7) in the Ozdirection becomes:

’w 9w .
—+— |+ pgsina=0. 8
ﬂL 0 asz Pg ®)
To solve this equation we need some boundary conditions. These conditions will be
determined by the adhesion of the melt to the bottom of the gutter and the absence of friction on the
melt free surface. We denote the depth of the flow as#h,,the width of the gutter as4,. Then the

boundary conditions of the problem are written as follows:
w=0 at y=0, a—W=0aty=hl, a—Wzoatx:hz. 9)
dy ox
Thus, equation (8) with boundary conditions (9) will describe the process of the melt flow in

concrete gutter type structures. This model is made for the smelting equipment of the SCR — 2000
line which diagram is presented in accordance with Figure 2.

\|;'

Melting Upper Upper Mixer Lower
furnace gutter slag collector  gutter

Fig.2. Diagram of the SCR — 2000 line melting equipment arrangement
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The calculations have been performed for a lower gutter with the inclination angle of 3°. The
section of the lower gutter is presented in accordance with Figure 3 and shows the level of the melt.
Numerical parameters have been determined according to the following calculations: the

[lr —alr- h)]

segment area is S = where/ —1s the arc length, a — is bisecant, 4 —1is the segment sagitta:

a=83mm,h=18mm,l = \Ja* + (164> /3) = |/83% + (16187 /3) = 92,8mm.
It follows that:

{92.8-?—83(?—18]}
S = =1029mm”.

2

Then, the second flow rate of the melt is: O = 3.61k—g. Taking this into account, it is possible
s

to determine the average melt flow velocity that is equal tov,, = 0.45—.
s

378

260

240 2115

Fig.3. Lower gutter section

The constant steps Ax=Ay=0,02.were used in the calculations. The time step in the
calculations was selected to be equal toAr=0,001. The established results for velocity profiles
Vand u of the melt flow in a flat channel are shown in Figure 4.

Y & v &

Y

L 4

a) b)
Fig.4. Profiles of: a) — transverse U and b) — longitudinal U velocities
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Achieving the steady flow required 3000 steps. The analysis of the results shows the following
facts regarding the accuracy of the numerical calculations used. Firstly, when calculating the flow in
the input grid cell, the computational error leads to the mass loss of 8-9%. As soon as we reduce the
cell size by 10 times, the mass loss is reduced to 4-6%.When calculating with great accuracy, taking
into account the features of the boundary conditions, a special numerical scheme was required.
Secondly, the maximum velocity in the central current line is equal to 0.63”.

N

This value is approximately 15% higher than the experimental value. The obtained results
show that the proposed computational scheme is quite economical and can be used without special
problems to calculate the flow for sufficiently small Reynolds numbers. The analysis of the data
obtained shows that replacing the continuity condition with an equation for Poisson type pressure,
as done in [3], leads to a numerical scheme free from a complicated computational procedure. As it
is shown in [5], molten metals can be represented as two-component liquids that consist of ionic and
electronic components. This statement permits to apply the virial theorem, thereby assessing the part
of the pressure associated with the dynamics and interaction of the ion subsystem, i.e.:

1 v (R,

i<j

where K is kinetic energy.
At this full pressure is determined by the sum of the ion gas pressure p, and the electronic gas

pressure p,,,i.e. p=p,+ P, .

The ways of their calculation are shown in [5]. The ion gas pressure p, will be written down in
an integral form taking into account the radial distribution function of the atoms R(r). Then for p, we
obtain:

P, - R(r) Ra—V+RSa—V ar+ XL
6Q R IRy Q

. . . . v . .
In this case, it is necessary to pay special attention to the aT,behavwr because V(R,R,) is a
S

function of the distance, as well as the Q =Q(R,) function that results from the dielectric constant. It

is known that the dielectric constant characterizes indirect interaction of ions from the screening
electronic subsystem. Thus, the equilibrium state must be considered simultaneously for both
subsystems, ionic and electronic.

On the basis of the "sum of compressibility rules" there can be determined how much the model
of the molten system is self-consistent. If the value of the volume modulus is determined correctly,
the reciprocal value is equal to compressibility. Compressibility is important when considering
physical and chemical properties of molten metals. On the basis of [5] it can be asserted that in a
crystalline substance the bulk modulus of elasticity is equal to the energy derivative by volume. The
static modulus must be coordinated with the dynamic modulus. The dynamic modulus is calculated
from the phonon dispersion relation in the long-wave approximation. Consequently, it is closely
related to the interatomic interaction. This assertion is the essence of the compressibility rule and is
well verified for crystalline metals [5]. Further studies have shown that the sum rule is not completely
satisfied for the model of metals constructed by perturbation theory in the second order in terms of
empirical potentials. Then the terms of the third and fourth orders appearing in the dynamic matrix
give the second-order contribution. The discrepancy results from inclusion of these contributions only
when calculating static module and neglecting them when calculating dynamic module.

As it is shown in [6], the inclusion of the higher terms of expansion in the construction of the
dynamic matrix approximates the experimental data to theoretical data. This is logical, since the
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higher terms of expansion correspond to dispersion interaction. In addition, it can be established that
neglecting the dependence of the pair potentials on density results in the dynamic volume
modulus 5 being the one calculated in the computer model. Taking into account self-consistency, the

static modulus can be equal to the dynamic modulus. Calculations carried out for tin have shown that
for experimental reconciling the calculated static modulus ,Bst it is necessary to vary experimentally

the Hartree energy. But with such a variation the dynamic modulus /.  that is well coordinated with

the experiment turns out to be too high. A possible explanation for this is that the terms of the third
and fourth orders become more important in the dynamic matrix in the region for smallg . In this

case, in order to maintain the agreement with the experiment, it is necessary to modify the
pseudopotential in the indicated region. In this case, the variation of the Hartree energy will
correspond to the modified pseudopotential. This is evidenced by the fact that the values obtained for

2
tin turned out to be equal t03.5-107"' %

The data are in good agreement with the experimental data within 10%. These assumptions make
it possible to estimate the relaxation time of structural viscosity (that is, bulk viscosity). According to
Ya.l. Frenkel, the time of the settled life of an atom is #=10"""s . This value agrees well with the
relaxation time of bulk viscosity found. According to the hole theory, it can be assumed that volume
deformation of the melt is composed of two types of deformation. The first is instantaneous and
delayed. The second is associated with the changing number of holes during the melt motion. The
delayed part of the compressibility can be calculated from the formula:

sz —AH/RT
“  VRT

where AV —is a change of the hole volume, AH —is the enthalpy increment due to the hole
formation.
Then, if the delayed part of compressibility is known, then by the formula given in [7], it is
possible to determine bulk viscosity:
t

=5

where f,1s equilibrium compressibility, ¢ is the delay time.

9

Hy

3. Results and discussion

Thus, knowing the g, value, it is possible to determine the value of bulk viscosity, the nature of

the copper melt flow is completely determined by the presence of the melt viscosity, the theoretical
and experimental [8] values of which are presented in accordance with Figure 5. Taking into account
shear and bulk viscosities of the copper melt, the distribution of flow velocities in the lower gutter
at temperatures of 1358 K, 1398 K, 1438 K, 1478 K, 1518 K, 1558 K, 1598 K, 1638 K in
projections onto the XOY plane, as well as in the XYZ space are presented in accordance with
Figures 6-13 and Appendix B. It can be seen that the lines of constant velocity, isovels, vary from

0.64™ up to 0.012 .
S S

4 1 3 2 1
Hgp pokET|:1+1511 +1512}', Hy =p0k5T{5—9]1 +912}T_k07a

(10)

Moreover, the maximum flow velocity is reached at the surface itself, and at the bottom of the
gutter it is practically zero, that is completely consistent with the conditions of equations (6), (7).
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The average value of the isovelocity contour is approximately equal to the average melt flow rate

v=0,40".
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Fig.5. a) Theoretical value of bulk viscosity; b) experimental [/ [8] and theoretical values of shear
viscosity according to formulas (10).

Fig.7. Velocity contour: a) and surface; b) at 1398K
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Fig.10. Velocity contour: a) and surface; b) at 1518K
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Fig.13. Velocity contour: a) and surface; b) at 1638K
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The calculation step for all temperatures remained constant. According to the logic of
constructing isovelocity contours, the number of them must remain constant. But in this case the
situation is different. The number of contours at the corresponding temperatures is as follows:

T, K 1358 1398 1438 1478 1518 1558 1598 1638
n — number of contours 19 21 23 24 26 28 12 12

These data show that the number of contours passes through the maximum at the temperature
of 1558 K. At lower temperatures, for example at 1358 K, as well as at high temperatures, for
example at 1598 K, the velocity distribution is not so dense. This may be due to the fact that the
melt near the melting point is not homogeneous due to the existence of formation clusters in it.
Heterogeneity at temperatures of 1598 K and above is associated with the thermal loosening of the
molten metal structure and is not technologically expedient, since it leads to forming mechanical
defects of finished products.

Conclusion

This method of calculation can be used to calculate the motion of a copper melt during filling
from converters, from anode furnaces, as well as in the line of continuous casting and rolling in the
production of copper wire rod. It is noteworthy that this temperature is close to the optimum copper
pouring temperature at JV Kazkat in Zhezkazgan [9].

Thus, theoretical calculations of the optimum flow temperature (viscosity) in the equilibrium
system taking into account the melt velocity are consistent being in the interval of the 1423-1558 K
optimum, close to the real melting temperatures in industrial conditions.
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IN THE “RING-AXIS” FOCUSING REGIME

Saulebekov A.0.", Trubitsyn A.A.2, Kambarova Zh.T.3, Saulebekova D.A."

Lomonosov Moscow State University, Kazakhstan branch, Astana, Kazakhstan
2Ryazan State Radio Engineering University, Ryazan, Russia
3Ye.A. Buketov Karaganda State University, Karaganda, Kazakhstan, kambarova@bk.ru

A study of corpuscular-optical parameters of the electrostatic energy analyzer scheme based on
the quadrupole-cylindrical field which proposed earlier was conducted. The operation regime of the
energy analyzer, in which the charged particles source locates on an inner cylinder and a detector
locates on the symmetry axis (“ring-axis” focusing regime), was considered. Focusing properties of a
quadrupole-cylindrical mirror were calculated. Instrumental function was received. Relative energy
resolution and luminosity of the device were estimated.

Keywords: energy analyzer, electrostatic field, quadrupole-cylindrical mirror, corpuscular-optical
parameters, angular focusing.

Introduction

Currently, there are many methods of electron spectroscopy for analyzing the solid surface. To
satisfy the technological needs, new methods and devices are constantly being created. For the
purpose of energy analysis of charged particle flows, electrostatic devices with the geometry of the
following fields and their super positions were most often used: a spherical field, a cylindrical field,
a hyperbolic field, a uniform field, etc. An important part of the experimental scheme is the energy
analyzer - a device that allows to determine a current density of charged particles with energies in
the selected range from E to £+ AE.

A cylindrical mirror became the most widespread, becoming the basic element in most electron
spectrometers. A cylindrical mirror has several advantages, such as high energy resolution,
simplicity of design, etc. Operation of a cylindrical mirror is based on the focusing and dispersing
action of the field in the space between two coaxial cylindrical electrodes on a charged particles
beam. The theory and the possibility of practical application of a cylindrical mirror were studied in
detail by a scientists group under the guidance of prof. V. Zashkvara [1].

One of ways to improve the operation of energy analysis tools is a modification the deflecting
field by changing the shape of an outer electrode of a cylindrical mirror. A design of a quadrupole-
cylindrical mirror, which has higher corpuscular-particle parameters compared with a classical
cylindrical mirror, was proposed in [2].

The work [3] is devoted to a study of electrostatic quadrupole-cylindrical fields. Results of the
calculation of the structure of electrostatic quadrupole-cylindrical fields were given. Equipotential
portraits of quadrupole-cylindrical fields of various types were presented. The options for their use
in corpuscular optics were discussed. The “ring-ring” focusing regime was previously investigated
[4], when a ring source of charged particles and a ring detector are located near an inner cylindrical
electrode. It was shown that the scheme mirror with 4 =- 0.01 has the best quality of focusing, the
outer electrode of which has an increasing exponential profile with a small angle of inclination
relative to a symmetry axis of a mirror.
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In the present work, a study of corpuscular-optical parameters of the quadrupole-cylindrical
mirror in the “ring-axis” focusing regime was carried out.

1. Numerical modeling of a quadrupole-cylindrical mirror

A quadrupole-cylindrical field is constructed on the basis of a superposition of a cylindrical
field ¢ In r and an axially symmetrical cylindrical quadrupole:

Uq(r,z):UO(,u-i-z)lnr (1)

where u is a coefficient specifying the weight contribution of a cylindrical field.

A quadrupole-cylindrical field (1) at the value 4 =1 coincides with the well-known Wannberg
field [5]. Wannberg proposed an electrostatic energy analyzer with a field close to a cylindrical one;
the case of angular focusing of beams of various energies near the surface of an inner cylindrical
electrode was considered. The focal surface in such an analyzer for the case of focusing on an inner
cylindrical electrode has a shape that is close to cylindrical shape.

The potential of the Wannberg field in the coordinate system 7, z is described by the following
expression

U=—""(1+ 4z)n " (2)
n r
In — 0
r

o

where A is a small dimensionless parameter.
The presence of a small dimensionless parameter 4 gives an additional degree of freedom in
choosing the desired distribution of an electrostatic field and expands ability to search for the most
optimal analyzer scheme based on a quadrupole-cylindrical field.

A quadrupole-cylindrical mirror consists of two axially symmetrical coaxial electrodes. Inner

cylindrical electrode with radius 7, is grounded. Outer electrode under potential U creates field

In (r / )
(1+ 4z2)

classical cylindrical mirror is that the profile of an outer deflecting electrode is well approximated
by a cone, a generator of which has a small angle of inclination relative to a symmetry axis of a
mirror, equal to ~ 1.75 degrees.

In fig.1 shows the scheme of the energy analyzer at 4 = —0.01 and trajectories in it for case
when a source of charged particles is the ring slit on an inner cylinder and a detector is located on a
symmetry axis. According to the scheme, charged particles emitted from a real source input to the
field through the entrance ring slit on an inner electrode, and under the action of the potential on the
outer electrode are deflected back, and after they are recorded by a detector.

Numerical modeling of the energy analyzer was carried out by using the “Focus” program for
modeling of corpuscular optics systems [6].

The relative energy of particles is E/U =13 E[eV] / U [V]=0.9. Initial entrance angles
are30°—45°. Position of a ring source (entrance ring slit) is x = 1.5 and y = 1.0. The distance of

the ring source from its point image is equal to d = 6.31. The radius of an inner cylindrical
electrode 7,= 1. All sizes are expressed in arbitrary units. The scheme provides a “ring-axis” type

heterogeneity and has a curvilinear profiler=r exp|: :l The difference from the

second-order angular focusing regime.

Fig.2 shows differences of trajectories in a classical cylindrical mirror (a) and a quadrupole-
cylindrical mirror (b). It can be seen that focusing quality of charged particles in a quadrupole-
cylindrical mirror is better than in a cylindrical mirror.



Nonlinear Physics. Modeling of the Nonlinear Physical-Technical Processes. 37

r

4.']- =) T
* Us
2.0+
1 -
u__ .......... _ =
-2.0-
-4.0==— = —
0 3.0 6.0

Fig.1. Trajectories of charged particles in the quadrupole-cylindrical mirror:
1 —an inner grounded cylindrical electrode, 2 — an outer deflecting electrode, 3 — a source of charged
particles, 4 - a detector, 5 - trajectories of charged particles.

a b

Fig.2. Trajectories of charged particles in a classical cylindrical (a)
and a quadrupole-cylindrical mirror (b)

Fig.3 allows to compare the focusing qualities in a cylindrical field and a quadrupole-
cylindrical field. It shows the dependence of a intersection point coordinate of a trajectory with

symmetry axis z at exit from the analyzer on entrance angle ¢, of particles into the analyzer for
second-order angular focusing regime.
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Fig.3. Intersection point coordinate of a charged particles trajectory with symmetry axis z
depending on a entrance angle ¢, .

From Fig.3 it is seen that intersection point coordinate of a trajectory with symmetry axis z in
the quadrupole-cylindrical mirror in entrance angles range 30°—45°is more constant than in a
cylindrical mirror. Thus, a optimal range of entrance angles of particles in a quadrupole-cylindrical
field is an initial angles interval 30°—45°, which ensures a maximum luminosity Q= 16% and the
best focusing of the charged particles beams.

The Table 1 presents calculation results of the corpuscular-optical parameters of the energy
analyzer on the basis of the quadrupole-cylindrical field at 4 = -0.01 in the “ring-axis” focusing
regime.

Table 1. Corpuscular — optical parameters of the energy analyzer on the basis of the
quadrupole-cylindrical field at 4 =-0.01

Focusing type «ring-axis»
Focusing order 2
Center focusing angle 36.5°
X coordinate of focusing 5.12
Y coordinate of focusing 0
Total length of the electron-optical scheme, / = L/, 6
Reflection parameter, P 1

Thus, trajectory analysis showed that the design of an energy analyzer based on a quadrupole-
cylindrical field has a “ring-axis” type second-order angular focusing of near a central entrance
angle of charged particles 36.5°.

To calculate the instrumental function of the quadrupole-cylindrical energy analyzer, particles
are launched from a ring source in an initial angles range 30° —45° and initial energies range 0.888-
0.912. Fig.4 shows the instrumental function of the energy analyzer based on a quadrupole-
cylindrical field at 4 =-0.01 for the “ring-axis” type angular focusing regime.
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Fig4. The instrumental function of a  quadrupole-cylindrical energy  analyzer
in the “ring-axis” focusing regime

Relative energy resolution at the half-height of the instrument function of the energy analyzer
with an output diaphragm radius of 0.04 7, is 1.5%.

Conclusion

A study of corpuscular-optical parameters of a quadrupole-cylindrical mirror was conducted.
Second-order focusing conditions in a quadrupole-cylindrical field were found, when a ring source
is imaged at a point on a symmetry axis (“ring-axis” focusing regime). It is shown that the
quadrupole-cylindrical mirror provides a higher quality of focusing than a classical cylindrical
mirror. The instrumental function of the energy analyzer is calculated. To ensure maximum
luminosity, the entrance angles range of particles should be30° to 45° (wherein luminosity Q=
16%).
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The slow rotation of a solid body in a liquid, which is affected by the resistance force, is
considered on the example of an ellipsoid. This force is created by both friction forces and pressure
forces resulting from the effect of the attached mass. A method of resistance calculation for an arbitrary
ellipsoidal body is proposed. Analytical formulas for the resistance forces of an ellipsoid rotating in a
viscous fluid are established. The results obtained are applicable for the calculation of multiphase
flows in technical devices.

Keywords: ellipsoid, resistance force, rotation, unsteady motion, viscosity

Introduction

The movement of multiphase media in various technological processes is of great interest.
These include the task of effluent treatment, sedimentation of dispersed mixtures, the deposition of
combustion products emitted from the pipes of industrial enterprises and so on. In nature, we also
often observe multiphase currents, in particular, the movement of dust and rain clouds, vortex
tornadoes and many other things. Prediction of the evolution of such dispersed two-phase systems
should be based on known calculation and experimental data on the strength of the interaction of a
single particle of a given shape with a carrier medium taking into account all the properties of the
medium and the laws of particle motion.

The solution of the complete problem, taking into account the interaction of each particle with
the carrier medium, is an insoluble problem due to a large number of moving particles. As a rule,
they are limited by the phenomenological law of the hydrodynamic resistance of a single particle in
a carrier medium. The assumption of spherical particle shape is the most common and quite
acceptable. In cases, when the shape of the particle differs from the spherical shape, a certain
effective radius of a conforming spherical particle is determined, which, when moving under the
same conditions, will experience the same resistance of the medium as the original particle.

This approach reasonably led to the fact that most of the efforts to determine the law of
resistance were devoted to the study of spherical particles. In many cases, however, a moving
particle can more accurately be described as an ellipsoid. And in this regard, studies devoted to the
flow around ellipsoids, in particular, ellipsoids of rotation (spheroids) are of interest. In [1, 2], the
results of analytical computation on the flow parallel to the main axis of spheroids at small
Reynolds numbers are presented. In [3], the results of a numerical calculation of the flow around a
uniform stationary stream of spheroids of various shapes with Re <100 in the axially symmetrical
formulation are presented, and the values of the integral characteristics are given. In [4-7], the
calculated data on the flow around spheroids at Reynolds numbers of about 100 are shown. The
values of the drag coefficient depending on the degree of elongation are presented.

The results of numerical and experimental studies make it possible to build correlation
dependences used in determining the resistance forces during the motion of particles. Unfortunately,
all expressions are approximate and have limits of applicability. From our point of view, attempts to
clarify the law of hydrodynamic resistance of a moving body in various conditions will continue for
a very long period of time.
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The information on the law of resistance of an arbitrary ellipsoid, which makes it possible to
more accurately describe the shape of a body moving in a viscous medium, remains relevant. In [8,
9], the problem of slow stationary flow of a viscous flow around a triaxial ellipsoid is solved, a
simple calculation formula for its resistance is indicated. In the case of unsteady flows (rotation of
the body, acceleration of the flow), the body is affected by the resistance force created by both the
friction forces and the pressure forces resulting from the effect of the added mass. Therefore, a more
accurate description of the shape of the body becomes more important.

In this paper, the authors consider the actual problem of determining the resistance force during
the slow rotation of an ellipsoid in a viscous fluid based on the application of a tension-compression
transformation.

1. Determination of the flow fields of a rotating sphere and an ellipsoid.

In exceptional cases, the system of equations of hydromechanics

Sha—V+VlW—\7X rotv = —Equ—Lrot rotv, divv=0
at 2 Re
breaks down into a system for velocity
divv=0, rotrotv =0 (1)
and equations for finding the pressure field
Shaa—:+V%W—V><rot\7=—Equ , 2)

here, equations (1) and (2) use the generally accepted notations for the operators of differentiation,
velocity, pressure, and Strouhal, Euler, and Reynolds numbers.

One of these cases is the case of slow rotation of a sphere in a viscous incompressible fluid,
when due to sticking the sphere initiates movement in the surrounding unlimited medium, as a
result of which a velocity field is established in the fluid [10]

v=cloOxG=rot—,  (G=Ei+mj+ck, D=, i+ o, j+ o,k ) (3)
c

V]=[6]=[a]l=1 o’+ o0, +0’=1
satisfying the subsystem (1) and the boundary conditions on the sphere itself (¢ =1)

v(l) =@xG “4)
and away it (atG —> o)
V(e2) =0,

where O is the radius of the vector, @ is the angular velocity of rotation.
In this case, the friction force resistance moment acts on the rotating sphere

M(y):z.[éxy dS=—8no,
or in dimensional values [10]

M(y)=—8muR’®, %)
here 7 is the strain velocity tensor, L is the medium viscosity, R is the sphere radius.

As for equation (2), on the basis of which the pressure p is found, and the general formula

M(p)= [p&x dS (6)
for the moment of pressure forces, they can effectively be used for stationary flows. But rotational

motions (or their superposition, which is allowed by the system (1)) are by their nature non-
stationary. Therefore, to take into account nonstationarity, it is assumed that the moment »7(p) can

be calculated based on the integral theorem on the change of angular momentum
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94 sxvdm=—[psx ds,
a! Jr

where dm is the element of mass, dS is the element of the surface, on the assumption that the liquid
mass rotates like a solid body. Then on the side of liquid the resistance moment will act on the
solid.

—~ d . 00 _
M(pp)=——-J,0=-J], ——-0XxJ] O,
®) dt ® ¢ ot ¢
where J, is the inertia tensor of the solidified body with a uniform density equal to the liquid
density. In the case of a sphere, the vector product ®xJ,® (it is the one that is obtained by using

(6) and the Bernoulli integral for a steady flow) disappears by virtue of central symmetry.

Thus, it can be concluded that when removing active moments supporting the rotation of the
sphere near its center of mass, the further (damped) motion of the sphere will be determined by the
equation

(J, +Jg)aa—?=—8nuR36), (7)

in which, along with the tensor J ¢ Of the hardened liquid sphere, there occurs inertia tensor J,of

the solid sphere or the hollow one itself.
Equation (7) shows that with the active effects being removed, the previous rotation of a solid

sphere at a velocity @, decreases exponentially

0=, exp(—ls—ut2 . (7)
(p b + p g ) R
Consider the flow generated by a rotating solid ellipsoid
X z
P+ +D=1 8)
a b c
at an angular velocity
D=0, i+ 0, j+ o,k 9)

around some axis passing through its center (i, j, K fixed along the main central axes of the

body inertia, and the directions of the semi-axes @, b, ¢ correspond to them).
It is advisable in (8) to replace the ratio of dimensional quantities of x/ a type with the
relations of dimensionless quantities. This can be done by dividing the numerators and

denominators by the same linear scale L used in nondimensionalization of the Navier-Stokes
equations. In this case, we obtain the canonical equation of the ellipsoid as follows

X |2 Y2 Z .,
=) +() + ()’ =1.
( 7v1) ( 7»2) ( M)
Then the transformation in vector form

= 1 = X |7 y = 7z
i+nj+ck=06=(—)i+(=—)j+(-)k
Sitnj+g (7~1) (M)J (k3)
2, 2+2:(52:iz+l2+i2
& +n +¢ (7»1) (7»2) (M)
will translate the sphere of unit radius into a preset ellipsoid according to the law of simple tension-
and-compression deformation [9]. In this case, the velocity field (3) will also take place in case of a
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rotating ellipsoid, and it satisfies in variablesx, y, Z, both equations (1) and boundary conditions
(4), (5) Moreover each term from (3) 1.e. any Velocny satisfies the above requirements,
=67 ®, 1X6, V,=6" 0, | X5, V; =6 (03k><<5

that is why, the use of expression (9) is quite justifiable, since in fact, it follows the principle of
superposition of the simplest flows. But at the same time, the principle of superposition applies to
pressure or the squared velocity in the form

V=043, 43 =07 (T +)+@ (& +)+@ (& +17) - 200 En- 20,0016 -200&6)

2. Calculation of the projections of the principal moment of resistance from
friction forces

First turning attention to calculation of the principal moment generated by friction forces, it is
necessary to find the values of the components ¥, of the strain velocity tensor. Since, based on (3),
the values of the generalized rates at any point are represented by the equalities

x=L,6" (0)27‘3_12 - (’337&2_1 ¥),

y=1,67 (m3k1_lx_mlx3_lz) )

2=, (O, y—0,A, ' x),
then using them and the general formula,
95|96 IF 96 95, 95 964, 35 94,
aq; aqj dt dgq; aqj dq, 9q; aqj aqj dq;
it can be found that on the surface of the ellipsoid the components of the tensor take the values
=-3&(w,5—o;n), Yy = = 3In(0:6-0,0), 'Yzz —3g(wn-w,)

27, =(

1

)

Yy :_5(_0)1&-34'0)2“‘;"'0)3 (gz _nz)) > Vyz :_E(('ol (ﬂz _Qz)_ 032&“""0)3&‘-3))

Vo == %(w@n +0,(6" = &%) —w;qm)) .

Hereinafter, to abbreviate expressions, the following notations are used

E=cosB, n=sinOcos@, ¢=sinBsing; 0<O6<7w, 0<E<L2W.

In these notations, the radius-vector of the current point of the body surface is taken as

6s:Y7\’1E.>+ 3%ﬂ+ 127‘3@ )
so that for a directed element of the ellipsoid surface, the following is correct

dS=(i LAE+ JAA M+ kA,A,C)sin0dOde. (10)
After performing calculations recommended by the formula

M(y)=2[&, xydS=2[8, x M, AET, + A AN T, +A,4,67,)sin 00 do

it turns out that the projections of the principal friction moment on the principal central inertia axes
are determined by the equalities

4
Ma(’Y):_gn(y\‘Z +7"3)(7\'27"3 +27"1(7"2 +7\'3))0)1,
4
Mb(’Y):_gnO\'l +7\'3)(7\'17"3 +27\'2 (7\'1 +7\'3))0)2 (11)

M (y) :_éﬂ'(/% + ) (44, +24,(4, +4,)) o
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Translation of the results (11) into the calculated dimensional form is carried out by
multiplying them by the complex

V 3 31

— L' =ul’T",
ML 8
then it turns into

M, (y)=- %nuwl (b+c)(bc+2a(b+c)),
M, (y) =— %nuwz (a+c)(ac+2b(a+c)), (12)

M. (y)=- %nu% (a+Db)(ab+2c(a+Db)),

that automatically, at @ = b= ¢ = R, brings to the previously cited result (5) for a sphere. Formulas
(12) are convenient because they can be applied to plates (round disks); for needle bodies they lead
to a zero result.

3. Calculation of the projections of the principal resistance moment from
pressure forces

Starting to determine the resistance moment created by pressure forces , one can first stop on
the calculation of the part that arises from the interaction of rotations. In this regard, it is taken into
account that

_— PR
M(p)—_IpGXdS~EIVs G, xdS

where dS is defined by (10), and

2,8, =MET+A,M ]+ A, k.

After performing the calculations, it is found that approximate dimensionless expressions take
place for the projections of the moment

4
M, (p) :_Enxlxﬁ%(?‘zz - 7”23 )®,®,,

v: =|(7)>< 0,

4
M, (p) :_ETC}H?%}%O% - 7“21 )®,0;,

4
M. (p) :_Enxq?\'z;% (7\'21 - 7"22 )®,0,,

that after multiplying by the complex
szL3 :pT_2L5
take a dimensional form

M, (p) =- - mpabe(b’ —c )0,
4
M, (p) === mpabe e’ ~a*)o,0. (13)

Mc(p):—%npabc(a2 -b*)w,0,.

From (13) it can be seen that the resistance moment from pressure forces while ignoring
angular acceleration occurs only as a result of the interaction of rotational motions, that is, in those
cases when the rotation axis does not coincide with any principal central inertia axes of the ellipsoid
itself. Expressions (13) do not apply to any other bodies, as they are only drawn up for an ellipsoid.
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In order to be applied to other bodies, it is necessary (13) to represent a more general form by
introducing into consideration the inertia tensor of the ellipsoid

b +¢? 0 0
1=tml o a’+c’ 0 ,m:inpabc :
> 0 0 a’+b’
In this case (13) take the form
M(p) = —OxJ®

and this expression immediately informs that in the general case the resistance moment should be
represented as
d

M(p)=-—

as stated by the integral theorem on the change in the moment of momentum

9 (Gxvdm=— [ p&xds.
il Jo

JG):—Jaa—T—(I)xJG), (14)

Now the formula (14) makes for obtaining information on the arising resistance moment from
pressure forces for other bodies. To do this, it suffices in (14) to choose the inertia tensor J
corresponding to the body chosen. For example, for a plate (a = 0) you should use

| b’+c> 0 0
J=—m| 0 )
4 2

0 0 b

4. Determination of the damped motion of the bodies of some configurations
in a viscous medium.

The obtained information for the resistance moments in the form of (13), (14) makes for
conclusion that after removing the active effects on maintaining rotation, the subsequent motion of
a rigid body near its inertia center in a viscous medium can be described by the equations

1) for a uniform ellipsoid:

(m, +m,)|(b> + )i, +(b* - ), 0, |+ 4rpo, (b + c)(be + 2a(b +¢)) =0,
(m, +m,)|(a> +c)&, +(c* —a>)w,w, |+ 4nua, (a +c)(ac + 2b(a+c)) =0, (15)
(m, +m,)|(a> +b)id, +(a> — b )®,, |+ 4mpe, (a + b)(ab + 2c(a + b)) = 0;

2) for a homogeneous plate a =0:

(m, +m,)|(b? +¢*), +(b? —cz)w2w3]+§numl (b+c)bc=0,

(m, +mg)[6)2+0)10)3]+35—2nuu)2b:0 (16)

(m, +m,)[0, — 0,0, ]+ %nuc%c =0;
The corresponding equations for the motion of a rigid body in vacuum are obtained from those
presented for m, =0 and L =0. They conform with the classical ones [11].

For the sphere (a =b =c), equations (15) turn into:

W +20n— 2 =0,i=123
(mb + mg)

the solution is:
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o, =, exp(—k, 1), i=123, k, =20n— "
(mb +mg)

For the motion of an ellipsoid with axial symmetry (b = ¢), equations (15) become
- 4m(4a + c)um,

1

(mb+mg) ’
2 2
. a’ —c (a+c)Ba+2c) cum
®, ——5—5 0,0, +47 s 2 =0,
a“+c¢ a“+c¢ (m, +m,)
2 2
) a’ —c a+c)3a+2c CHL®
M, +— 20)1032+4n( 2)( . ) _Cho,
a“+c¢ a“+c¢ (m, +m,)

and integrate analytically in elementary functions.
From the first follows

4a+c
o, = 0y, exp(—k,t), k, = 4gFATOR
m, +m,
and the second two can be written as equations
d o, a’-c’ ®
r——+ 57— 0,0,(1+(—)*)=0,
dtw, a“+c ®,

d (@) + @)+ 4T (a+ c2)(3a -2|— 2c)  2cu
dt a~ +c¢ (mb + mg)
Using them the following are found

2 2
a —¢C

(0; +®;)=0.

® 0
— = tgfarctg—% — ———
o, ®, a’ +c

t
Imldt]ztg<b,
0

2 2t
®,, a —c
@zarctgi—ﬁjmld‘[,
®,, a +c°y

3a+2c¢)
02 + 0 =(0;, +05)exp(-2 c(a + )
2 3 = (0 30) €Xp( (4a+c)(a2+cz)

k,t).
That is
3a+2c¢)

0 = (w3, + w5, )exp(-2 c(a+ o)
5 = (0 30) €Xp( (4a+c)(a2+cz)
3a+2c¢)

0; = (w3, + w5, )exp(-2 cla+ o)
3 = (03 30) €Xp( (4a+c)(a2+cz)

The resulting system of equations for a rotating circular disk a=0, b=c in a resisting
medium is integrated in a similar way.

k,t)cos’ @,

k,t)sin’> ®

. 16 cw
(Dl +—RL:O,
5 m,+m,
. 32 c®
®, + 0,0, 2o B g
m, +m,
. 32 c®
®; — 0,0, TP e N

5 m,+m,

From it for rotation rates follow the basic and explaining formulas
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t
(V)
0, =0,, exp(-k;t), ®, = arctgi—j(x)ldt, k, —16m—H
50 0 (m, +m,)

0, = (05, + ®35,)exp(—2k,t)sin’ @,
0; = (05, + ®35,)exp(—2k,t)cos’ @, .

The kinetic energy during the rotational motion of a solid body in accordance with the
definition can be found by the formula

1
E= E(Jxxcof +1,0)+7,0).
The dissipation of energy with time is determined by the ratio, which is equal for the sphere:

RI(t) = E_ exp(—2k,t),
EO
for a round disk of ¢ radius:
E 2w +c*(0) +;
R3(t):—: i 21 cz ( 22 32)
E, 2c o, +c (05 +03)

In the studied motion of the rotation ellipsoid (b =c) by inertia in a resisting medium there

should be

=exp(—2k;t).

E- %(mb +m,) (20 +(a’ + )k + o))

and, therefore, at R2 = i there will be
0
(a+c)(3a+ 2c¢)

(4a+c)a’ +c?)
2¢’w;, +(a’ +c’) w3 + 05)

2c2(x)120 exp( —2k,t) + (a2 + 02)(w§0 + wio)exp( -2

k,t)
R2(t) =

Figure 1 shows the dependencies of R2(t) in case of different ratios.

%=1, 510, k, =11 0, =, =, =p/c’p, =1.
The graphs are illustrative and only qualitatively show the rapid decay of the rotational motion.
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Fig.1. Reduction of the relative kinetic energy of rotation
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To determine the rotation law of a solid body in a resisting medium, it is necessary to add the
Euler kinematic relations to the equations obtained [11]

\i!sin6sin(p+écosq)=(o1 ,

\ilsinGcosq)—Gsin(pzcoz,

ycosO+ p=0;,,
in which ¥, @, @ indicate Euler angles, but this question becomes of interest only if there are
active forces.

Conclusion

Thus, by the example of an ellipsoid, a slow rotation of a solid body in a liquid is considered,
taking into account the fact that it is exerted by the resistance force created by both the friction
forces and the pressure forces resulting from the effect of the added mass.

Derived equations of rotation by inertia in a resisting medium near the geometric center for
ellipsoid bodies can be applied to plates into which an ellipsoid can degenerate. The obtained
expressions can be easily applied in the calculations of multiphase flows in technical devices and in
the study of natural phenomena.
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FORMATION OF THE SPECTRAL CONTOUR WIDTH OF
NANOPARTICLES PLASMON RESONANCE BY ELECTRON
SCATTERING ON PHONONS AND A BOUNDARY SURFACE

Kucherenko M.G., Nalbandyan V.M.
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The effectiveness of the method of narrowing plasmon resonances of nanoparticles by reducing the
temperature was evaluated. It is shown that for particles with a radius of less than 70 nm, it is
necessary to take into account the scattering of electrons by the particle surface. This condition
significantly limits the possibilities of temperature control of scattering. The data on the transformation
of the exciton and plasmon bands of the absorption spectra of spherical layered nanocomposites with
the core-shell structure in an external magnetic field are presented. It is shown that the splitting of the
plasmon Ii;esonimce band in a magnetic field can be observed only at electron scattering frequencies
below 10°° sec’

Keywords: plasmon resonance, nanoparticle, scattering of electrons, exciton-plasmon interaction

Introduction

As is known, at room temperature the frequency of electron collisions with phonons in

different metals and semiconductors takes the values ~10" —10"sec™. However, to observe in the
optical frequency range the spectral changes in the polarizabilities of conducting nanoparticles
caused by an external magnetic field, it is important that this coefficient does not exceed

10" =10 sec™ [1]. Such a low frequency value ¥ can be obtained, for example, by lowering the
temperature of metals to several tens of kelvins. Only by reducing ¥ to the required values can one

observe the optical manifestations of the influence of an external magnetic field on the physical
processes that occur with the participation of metallic nano-objects. These include: absorption and
scattering of light, mediated intermolecular nonradiative energy transfer and luminescence near
conducting bodies, as well as other similar processes [1].

Quite a large number of works are devoted to the study of electron-phonon collisions in metals
and the dependence of various physical phenomena determined by such collisions on temperature.
Thus, in [2], the authors investigated individual pure single-crystal silver nanowires (AgNWs) with
respect to variations in the characteristics of electrical conductivity, thermal conductivity, and
Seebeck coefficient depending on the change in metal temperature from 1.4 K to room
temperature. In [3] the electron thermal conductivity of graphene was calculated using various
methods by taking into account electron — phonon interactions, including both low-energy, acoustic
phonons, and high-energy, optical, and zonal boundary phonons. At low temperatures, the electron
thermal conductivity substantially depends on the amount of impurities. However, at room
temperature, the impurity effects are small. The authors of [4] studied the contribution of electron-
phonon scattering to the electrical conductivity of a quantum cylinder in a longitudinal magnetic
field.

1. Experimental installations and measurement techniques

Formulas describing the temperature dependence of the resistance of the nanostructure are
obtained in an analytical form, both in the case of the isotropic phonon spectrum and taking into
account the effects of the dimensional limitation of phonons. In addition, the authors of this work
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investigated the temperature dependence of the conductivity of a quantum cylinder in the case of an
isotropic phonon spectrum with a linear dispersion law. It is shown that in the limiting case of
relatively low temperatures, the resistance of a quantum cylinder is proportional to the third power
of the temperature.

The processes of scattering of conduction electrons are the cause of the electrical resistance of
metals. The frequency of electron collisions y can be determined through the resistivity p of the

material, using the known formula [5-6]:

Neé?
7/ =

(1
m
Here, m and e are the effective mass and electron charge, respectively, N is the effective bulk
density of electrons. The resistivity of metals is written as

m _ mv,
Ne't  Ne’l’
where vr is the electron velocity on the Fermi surface, / is the average electron mean free path, and
7 is the time between two electron collisions (7=1/y).

Two main mechanisms of electron scattering are distinguished:

1) as a result of their collision with local fixed centers — defects, impurities, etc.;

2) as a result of interaction with thermal vibrations of the lattice — phonons.

The effective frequency of collisions consists of two terms — the collision frequencies in the
first and second processes, thatis, 1/7,, =1/7,,, +1/7,,,, [5]. This leads to the Mathissen rule.

p= @)

prim
p = presid + pideal(T) 4 (3)
where p, ., 1s the residual resistance, independent of temperature 7, associated with the
(T) 1s the
resistance of the ideal lattice of a given metal due to scattering by phonons with a strong

dependence on temperature.
This dependence is described by the Bloch — Gruneisen formula [6]:

k(1Y) Xy K1Y, (6
pfdeal(T/eD)_g_D[eDJ J [exp(x)—l][l—exp(—x)] - o, (0D] JS( Tj ’ @

0

technology of obtaining this metal sample and the quality of its manufacture; p,, ,

where Kj is a certain temperature-independent constant characteristic of a given metal, 8, is
the Debye temperature, which determines the maximum oscillation frequency of the grating
(hw=k,0,).

For high temperatures 7/6,>1, a linear temperature dependence of resistance
P (T)~T 18, (Fig. 1 b) follows from (4), whereas for low temperatures, 7'/ 6, <<la power
dependence p,,,(T)~(T/8,)" is characteristic (Fig. 1 a).

For metals with a Fermi surface close to spherical, the law p~ 7> has a place already at
T7'<0.16,. For metals with a more complex Fermi surface, this law begins to be satisfied at lower

temperatures, when the value of the thermal background pulse becomes smaller than the dimensions
of all characteristic Fermi surface features.
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Using formula (4) and Table 1, one can obtain the values of the resistivity of the metal and the
frequency ¥ of electron collisions at an arbitrary temperature 7. Temperature dependence y(T') can
then be represented as

" J.(6,/7) i
T)=y(L)| = | ————%. J,(6,/T)=
7( ) 7( 0)[ j JS(QD/T(')) 5( ? )

X dx

) [exp (x) —1][1—exp(-x)]

)

where 7, =293 K.

As can be seen from the graphs of Fig. 1, the frequency of electron-phonon collisions of
different metals takes on the value ~10"”sec™ at the following temperatures: Au - 30 K, Ag - 40
K, Cu-54K, Al-57K.

- Au - Ag - Cu - Al *Au - Ag - Cu - Al
v, 10%2, ¢ v, 102, ¢!
1.0 ................................................................................................................. / 49 I T - - /‘
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a) temperature range 0-30 K b) temperature range 0-300 K

Fig. 1. The dependence of the frequency ¥ of electron-phonon collisions for various
metals (gold, silver, copper, aluminum) on temperature 7.

Table 1. Specific resistances and frequencies ¥ of pure Cu, Ag, Au and Al at 0° C

p,107° y,10" N,, 1072, cm’
Metal 5 m/m, 6,,K
Ohm cm sec™!
Cu 1.55 2.5 8.5 1.49 344.5
Ag 1.49 2.56 5.86 0.96 225
Au 2.06 3.28 5.6 0.99 165
Al 2.5 3.64 6 1.16 429

In Fig. 2 shows the temperature dependences of the frequency of electron-phonon collisions for
various metals in the semi-logarithmic scale in the range of 1-30 K (Fig. 2a) and 1-300 K (Fig. 2b).
Already at temperatures above 150 K, the collision frequency y exceeds the characteristic value

~10"sec™ for all the metals considered.
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In fig. 3a and 3b are shown universal graphs of the temperature dependence of the frequency of
electron-phonon collisions, valid for all metals. Relative temperatures 7'/, are plotted on the
horizontal axis, and values for y are plotted along the vertical axis, without taking into account the
characteristic constant related to a particular metal.
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Fig. 2 The dependence of the collision frequency ¥ of electrons of different metals (gold, silver, copper,
aluminum) on the temperature 7 on a semi-log scale
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Fig. 3. Universal curve of the temperature dependence of the frequency of electron-phonon collisions in
the low- (a) and high-temperature (b) intervals

2. Electron collision frequency taking into account scattering by the surface of a
nanoparticle. The effect of dimensional dissipation

In the case of conducting nanobodies, apart from the need to take into account the temperature
dependence of the frequency of electron-phonon collisions, it is also important to take into account
the dependence y on particle sizes. The expressions considered above for the electron collision

frequency were obtained in the framework of the free electron gas relaxation model, which is valid
only for macroscopic objects. In the case when the electron mean free path may turn out to be
comparable with the size of the particle itself, the scattering of conduction electrons on its surface
will lead to a decrease in the relaxation time, i.e. increase in collision frequency. This effect is
especially important for nanoparticles, with their high ratio of surface area to volume.
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This increase in frequency y,. caused by the action of the surface is proportional to the Fermi
velocity v,.:

V.=Av. /R,
where R is the effective radius of the nanoparticle, 4 is a parameter describing the degree of loss of

coherence when the electron is scattered from the surface.
The frequency y of total electron scattering in the case of nanoparticles can be represented by

an empirical formula [7, 8], in which y, , it is defined by formulas (1) and (5):

7/: ybulk + ysc : (6)

The value of the parameter 4 for silver and gold lies in the range of 0.1 <4 <0.7 and v, ~1,4
nm/fs [9]. In fig. 4 shows the dependence of the electron collision frequency on the radius R (curve
1) and the temperature 7 (curve 2) of the metal nanoparticle.

Curve (1) fig. 4 corresponds to the frequency of electron scattering by the surface of particles
of different radius R, and curve (2) corresponds to the temperature dependence of the frequency of
electron-phonon collisions 4=0.1,v, =1.4 nm / fs. From the analysis of graphs Fig. 4 it can be
concluded that it is impossible to reduce the frequency ¥ of electron collisions to arbitrary values
by lowering the temperature of the metal. When a certain value is reached, the first component in
(6) becomes smaller than the second (y,,, < 7,.), which is responsible for the scattering of electrons
on the surface of a particle. Then the main contribution to the scattering will make y,.. Therefore, a
further decrease y,, caused by the cooling of the metal no longer contributes to a decrease in the
overall frequency 7.

For example, for a gold nanoparticle with a radius of 70 nm (Fig. 4), the collision frequency at
which the scattering on the surface becomes more significant than the electron-phonon scattering at

a temperature 7= 35 K is y~2-10"sec”' . A decrease in the frequency ¥ leads to an increase in the
resolution of the lines of the optical absorption spectrum by nanoparticles (Fig. 5).
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Fig. 4 Dependence of the frequency of electron Fig. 5 Splitting of the spectrum of the absorption
collisions on the temperature and radius of metal rate U, (w) of the energy of the electromagnetic
nanoparticles: 1 - dependence of the electron fie]d in a spherical layered nanocomposite with a
scattering frequency by the particle surface on its magnetized conducting core and excitonogenic

radius R; 2 - temperature dep.er'ldence.: of the ghell depending on the magnitude of the plasmon
frequency of electron-phonon collisions in a pure damping coefficient 7.

metal.
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3. Spectra of nanocomposites with exciton-plasmon interaction

The effect of metallic nanoparticles on various processes sensitive to plasmon resonance has
been studied in sufficient detail. In recent years, much attention has been given to the participation
of molecular excitons in processes that are developed in metal composite complexes [11-13]. At the
next stage of nanotechnology development, it is of interest to study the phenomena that can be
caused by the exciton-plasmon interaction. In [14] the effects of plasmon-exciton interaction in the
absorption and scattering of light by hybrid nanoparticles consisting of a metal core and a J-
aggregate shell of an organic dye were studied. The spectral characteristics of the particles were
calculated for two concentric spheres within the framework of the generalized Mie theory in a wide
range of wavelengths and geometric parameters of the system for various core materials (Ag, Au,
Cu, Al) and the cyanine dye shell (TC, OC and PIC). The eigen frequencies of the hybrid modes of
the system and the intensities of the photo absorption peaks are determined. Their dependences on
the oscillator strength of the transition in the J-band of the dye, the core radius and the shell
thickness are examined. A qualitatively different character of the effect of the interaction of the
Frenkel exciton with dipole and multipole plasmons on the optical properties of the composite
nanoparticles under study is demonstrated. It is shown that by varying the sizes and optical
constants of the materials of the particle, the total number of spectral peaks changes and a
significant redistribution of their intensities occur at the maxima. The dominant regions of the
processes of absorption and scattering of light in the extinction spectra are found.

The interaction of molecular excitons in organic films with a metal substrate was investigated
in [15]. In another paper [16], the authors considered an exciton-plasmon interaction in a three-layer
spherical nanocomposite consisting of a metal core (Au) covered by two layers of an organic dye.
The first layer of the dye is needed to maintain the connection of plasmons with excitons. The
photoluminescence spectrum of the composite obtained in this work contained the narrow-band
peak of the J-aggregates, which was amplified locally by plasmons.

In paper [17] dipole polarizabilities and absorption cross sections of two-particle nanoclusters
of conductive homogeneous and layered particles with the degenerate electron gas was considered.
Frequency dependences of the dipole polarizabilities of clusters consisting of two solid conducting
spherical nanoparticles and double-layer metal nanoparticles are investigated versus the geometrical
parameters of the system with taking into account the degeneracy of electron gas of its metallic
components. It is established that the spectra of the dynamic polarizabilities and absorption cross-
sections of clusters have a complex multi resonant structure and strong dependence on the
configuration parameters of the cluster, the degree of degeneracy of the metal, and kinetic
characteristics of its electron gas. Spectral transformations of the absorption cross-sections of
nanoclusters are illustrated under variation of the radii of particles or theirs nuclei, characteristic
lengths of the Thomas-Fermi screening, and frequency of electron collisions. The anisotropic nature
of absorption of electromagnetic field energy by a cluster is established: it is shown that the value of
the absorption cross section depends on the direction of the electric field strength vector relative to
the axis of the cluster.

We investigated the exhibition of the exciton-plasmon interaction in spherical layered
nanocomposites with the metal core — crystal-like molecular shell structure. Figure 6 shows the
spectra of the absorption rate of the field energy in the exciton-envelope depending on the
magnitude of the induction of the external magnetic field at a zero plasmon attenuation coefficient
y =0 (Fig. 6a), i.e. without taking into account the energy absorption by the metal core, and the

attenuation coefficient of the plasmons y=6-10"sec” (Fig. 6b).

The graphs show that the plasmon resonance in a magnetic field increases in amplitude and
splits into two spectral lines, scattering in the region of high and low frequencies with increasing
magnetic induction B. At the same time, the effect of the magnetic field on the exciton resonances is
small (exciton bands not shown in the figure). When taking into account the field energy absorption
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by the metal core of a layered nanocomposite, i.e. when, plasmon resonances broaden and their
amplitude decreases by two orders of magnitude. The resonance splitting is observed at the
magnetic induction value B = 10 T, and an increase in the magnetic induction affects the amplitude
of the plasmon resonance, just as with a zero plasmon damping coefficient, i.e. the speed of light
absorption in a magnetic field increases, which is reflected in the graphs shown in Figure 6b.

The absorption speed in the volume dV of the excitonogenic layer with coordinates »,6 is

determined by the square of the modulus of the local field strength vector |E2(a), r, 49)|2 inside the
layer and will have the following form [10]

au,, (o,r,0)= ﬁ Ime,(w)E,(ao,r,0) v, (7)

where &,(w) is the dielectric constant of the crystal-like excitonogenic layer is determined by
the expression [18]
f2
[o+iT(w,K)] -’ (k)

res

ek,w)y=¢,-

(8)

and g, is the dielectric constant due to all other states of electrons, except for the exciton
states; I'(w,k)=y(k,w)+n is the relaxation rate due to the interaction of excitons with phonons;
factor [’ EQ?F characterizes the connection of photons with excitons; Qf, =47’ /mv is the
square of the "plasma frequency"; F EZa)fmdz/ he’is the oscillator strength of a transition;

.. (k) =aw(k)+A(k,w) is the frequency of excitons renormalized due to interaction with phonons.
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Fig.6. Spectra of the rate of field energy absorption in the excitonogenic shell of a layered on-
nanocomposite with a magnetized core, depending on the magnitude of the magnetic induction with a zero-

left plasmon attenuation coefficient ¥ =0 (a) and (b) plasmon attenuation coefficient ¥ =6- 10" sec™.

Thus, the dielectric constant of molecular J-aggregates is a complex function with spatial and
frequency dispersion. In this work, only the frequency dispersion for the zero exciton wave vector k
= (0 was taken into account. The vector of the electric field strength inside the excitonogenic layer of
the shell was represented as

_ - - r
Ez(r,t9| CO) = _V|:_ C(€1,82,83)E01'+D(8l,€2,€3)EO r_3j|a (9)
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where C,D are transformational tensors, expressions for which are given in [10].
Two or three exciton resonances should appear in the spectra, two of which are due to the

square of the magnitude vector of the intensity |E2(a), r,0) ’ , and the third to the multiplier

Ime, (w) . However, this resonance did not manifest itself in the calculated spectra, since it merged
with one of the two other exciton resonances. In addition, there is a plasmon resonance in the
spectrum, even with a zero plasmon damping coefficient ¥ =0, i.e. when the absorption of the field
energy by the metal core does not take place. Expression for the rate of field energy absorption by
the entire layered spherical nanocomposite

U(|B)= In[EA@]| BIE, ], (10)

where the dipole polarizability tensor of a layered spherical composite with a magnetized core
is determined by the expression [10]

A(E (@|B),&,(0),&,) =
=[(£,(@|B) +2&,(@))(&, () - &) + (& (0| B) - & (@))(2&, (@) + £)E % (11)
X [(€ (@] B) +2¢,(0)(&, (@) + 2€,) + 2(£ (0| B) - &, ())(&, () — £)ET' R,

An alternative model for the formation of the field energy absorption spectra of the entire
layered nanocomposite is based on expression (10). In the spectra calculated on the basis of (10), as
before, three resonances manifest themselves - two exciton in the low-frequency region of the
spectrum and one plasmon in the high-frequency region.

Conclusion

Thus, the limiting factor for the temperature decrease in the frequency of electron collisions in
a metal is the effect of electron scattering by the nanoparticle surface. Thus, a decrease in the
nanoparticle radius to R <10+15 nm values leads to a sharp increase in the frequency y,. by an

order of magnitude (¥ ~10"sec™'), which makes the temperature method of increasing the

relaxation time of electrons in small metal bodies of small size ineffective. To perform high-
resolution spectral optical measurements for systems containing conducting nanoparticles, joint
optimization of geometric and thermodynamic parameters is necessary (Fig. 4). In fact, the critical
value of the nanoparticle radius at which electron scattering by the surface makes a contribution
comparable to electron to phonon scattering at a temperature T = 35 K is a radius of about 70 nm.
Although the problem of enhanced resolution of the optical spectra of plasmon nanoparticles was
associated with the detection of magnetic effects, in this work we did not consider the possible
influence of a magnetic field on the frequency of collisions of electrons with the surface of the
nanoparticle. It is expected that in strong fields the frequency of such collisions will decrease due to
the curvature of the ballistic electron trajectory. Then, spectral measurements with plasmon
nanostructures in a magnetic field can have an improved resolution as the temperature decreases to
the subcritical region due to the magnetic suppression of surface scattering. This can contribute to
the achievement of the optimal value of the frequency ¥ of collisions of electrons with phonons of

the order 10" sec™.
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In this work, we used the cathodes Ti and Cu. Coatings were deposited on steel samples by the ion-
plasma method on a vacuum unit while simultaneously spraying the above cathodes. Multilayer coatings
were created as follows: Ti was applied for 2 minutes, then Ti+Cu for 2 minutes. A total of 100 layers were
applied in an atmosphere of argon and nitrogen.An electron microscopic study was carried out on a MIRA 3
scanning electron microscope of the TESCAN company. The studies were carried out at an accelerating
voltage of 20 kV and a working distance of about 15 mm. The optical microstructure was examined on a
metallographic microscope Epiquant. The study of the microhardness of the coatings was carried out on a
microhardness meter HVS-1000 A. The results of measuring the microhardness of TiN+(Ti+Cu)N in
nitrogen show an increase in the hardness of the coating from the standard for titanium nitride TiN values H
= 20 to H = 30 GPa. Electron microscopic studies have shown that TiN+(Ti+Cu)N coatings usually have a
columnar structure with filamentous grains 2—5 nm in diameter, elongated in the direction of growth.

When titanium nitride TiN slides over ordinary carbon steel and at room temperature, the coefficient of
friction is 0.9, and the coefficient of friction of the TiN+(Ti+Cu)N multilayer coating decreases by a factor
of 3 and does not exceed 0.3. An increase in the hardness of the TiN+(Ti+Cu)N coating and a decrease in
the friction coefficient by a factor of 3 together leads to a significant increase in wear resistance. This is
especially important for cutting tools.If you add up all the advantages of the obtained coatings, including
resistance to high-temperature oxidation and their relatively low cost, then you can expect that TiN + (Ti +
Cu) N multilayer coatings will find wide application in the metalworking industry, engineering, energy and
some other areas.

Keywords: coating, microstructure, microhardness, friction.

Introduction

According to the journal International Manufacturing Technology (Canada), the capacity of the
global market for services for applying high-strength wear-resistant coatings is $ 1.2 billion, with an
annual growth of 10-15%, the capacity of the world market for equipment for applying such
coatings is $ 3.9 billion, with an annual growth of 11% . In the segment of equipment for applying
protective - decorative coatings on consumer goods, the size of the world market is $ 100-200
million. In the field of strengthening coatings, the size of the world market is $ 2-3 billion per year.
World leaders in the field of PVD coatings - HAUZER TECHNO COATING (Holland) and
INFICON (association of companies BALZERS, LEYBOLD, PFIFFER and US INFICON). The
cost of the equipment of such companies is $ 1.2-1.45 million (German installation of the SS800 is
$ 1.2 million, Japanese UBMS-707 by KOBE STEEL Co. is $ 1.45 million, and the Dutch HTC-
1000 is $ 1.2 million. ), and corrosion-resistant coatings are formed by creating an undercoat by
electroplating before applying the PVD coating. The current share of these companies in the EC
countries is 38%. According to research by TRYKOR Inc. (USA), for a significant growth in the
market for electroplating substitutes, it is necessary to reduce the cost of PVD equipment by 2
times. The price of equipment for applying PVD coatings of the company "Elan-Praktik" (Russia) -
$ 0.6 million. The cost of our software-controlled vacuum unit containing the original plasma
generator for cleaning and nitriding parts; original magnetron sputtering system with copper targets;
and two arc evaporators with titanium cathodes do not exceed $ 0.14 million.

Along with the low cost of our installation, we can get cheap coatings due to simultaneous
spraying of different cathodes and their multilayer alternation. This is the subject of this work. The
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use of the Cu element as an additive in TiN was considered in [1-8]. When used as an additive for
Cu, Ag, Ni, etc. in the TiN, ZrN, CrN, AIN, etc. systems, the following trend is observed (Figure 1).
An increase in the concentration of the alloying additive leads first to an increase in the hardness of
the coating to a certain maximum (Figure 1, b), after which an increase in the content of the
additional element leads to a gradual decrease in hardness (Figure 1, a).
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Fig.1 Dependence of the hardness of PM — N films on the content of Cu and Ag dopants [9].
Numbers 1-4 correspond to the data of [1-4].

The vacuum-arc plasma assisted coating deposition method used in [9] is based on the use of a
non-independent arc discharge with a combined hot and hollow cathode (a source of gaseous
plasma "PINK") and an independent arc discharge with a CP (electric arc evaporator with integral
cold cathode), the first stage was carried out in a gas-discharge inert gas plasma generated by the
PINK plasma source, with a negative potential (up to 1 kV) applied to metal substrates [10, 11].

To reveal the effect of plasma assisting on the structure, phase and elemental composition, as
well as the physicomechanical characteristics of the coatings, thin (3-5 pum) nitride-titanium
coatings are formed on substrates made of VK-8 alloy, molybdenum grade MCh and 12X18H10T
stainless steel arc deposition with plasma assisted [9]. The ratio of the ion current densities of the
gas and metal components (jp / jd) to the substrate was changed by spraying nitride coatings by
changing the arc current of the original plasma source PINK from 0 to 1.6 at constant pressure of
the working gas. A multilayer Ti/TiN coating with a layer thickness of 250 nm was also obtained
[12-14]. A typical image of this coating is shown in Fig. 2.
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Fig. 2. A typical image of a transverse section of a multilayer Ti/TiN coating deposited on a steel
substrate by a vacuum-arc plasma assisted method (optical metallography) [9].
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The results of X-ray analysis show that the Ti — Cu — N coating consists mainly of titanium
nitride crystallites. The presence of titanium with a hexagonal lattice type is due to the presence in
the coating volume of a micro-droplet fraction characteristic of the vacuum-arc deposition method.

The size of coherent scattering regions (CSR) for Ti — Cu — N coatings before and after
annealing, determined from the width of x-ray lines, increases from 16 to 20 nm, and to 25 nm, for
the initial sample with a Ti — Cu — N coating, and after annealing at temperatures of 600 and 1100 °
C. The lattice parameter for the initial Ti — Cu — N coating is slightly lower (0.42298 nm) than the
standard value for TiN (0.425 nm).

After annealing at a temperature of 600 °C, the lattice parameter remains almost unchanged;
after annealing at 1100 °C, its value increased to 0.42614 nm. In this case, the lattice deformation
Ad/d decreases by 4 times (from 7.7 10~ to 1.9 107), which may indicate the relaxation of residual
stresses [9].

1. Experimental technique

In this work, we used the cathodes Ti and Cu. The coatings were deposited on the steel
samples by the ion-plasma method on a HNB-6.611 vacuum unit while simultaneously spraying the
above cathodes. Multilayer coatings were created as follows: Ti was applied for 2 minutes, then Ti
+ Cu for 2 minutes. A total of 100 layers were applied in an atmosphere of argon and nitrogen.

An electron microscopic study was carried out on a MIRA 3 scanning electron microscope of
the TESCAN company. The studies were carried out at an accelerating voltage of 20 kV and a
working distance of about 15 mm. For each sample 4 shots were taken from 4 surface points at
different magnifications: 245 times, 1060 times, 4500 times and 14600 times. Energy dispersive
analysis was also performed at 4 points on the surface of each sample.

The optical microstructure was studied on an Epiquant metallographic microscope and, on a
nanoscale, on an NT-206 atomic force microscope. The study of the microhardness of the coatings
was carried out on the microhardness meter HVS-1000A.

2. Experimental results

Figure 3 shows the SEM image of the Ti / Ti + Cu multilayer coating, Figure 4 shows the
multilayer EMF map, and Figure 5 shows the XPS spectrum.

SEM HV: 18.0 kv 111 g | MIRA3 TESCAN SEM HV: 18.0 kV WD: 15.75 mm | | | MIRA3 TESCAN|
View field: 513 pm | 100 pm View fleld: 85.7 pm Det: SE 20 pm
SEM MAG: 539 x Performance in nanospace SEM MAG: 4.21 kx Performance in nanospace

Fig. 3. SEM images of Ti/Ti+Cu at 2 magnifications
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Fig.5. XPS spectrum of Ti/ Ti + Cu coating

Figure 6 shows the SEM image of the TiN/(Ti+Cu)N multilayer coating, Figure 7 shows the
multilayer EMF map, and Figure 8 shows the XPS spectrum.

o s A & » -
SEM HV: 180 kV WO: 15.62 mm SEM HV. 18.0 kV ‘WD: 15.63 mm ! il MIRAS TESCAN|
WView fiekd; 525 pm Det: SE View fieid: 53.6 pm Det: 5E 10 pm
SEM MAG: 528 x Performance in nanospace SEM MAG: 5.16 kx Performance in nanospace

Fig.6. SEM images of TiN/(Ti+Cu) at 2 magnifications



62 ISSN 1811-1165 (Print) ISSN 2413-2179 (Online) Eurasian Physical Technical Joumnal, 2018, Vol.15, No.2(30)

Fig.8. XPS spectrum of TiN/(Ti+Cu)N coating

The results of measuring the microhardness of Ti+(Ti+Cu) in argon and TiN+(Ti+Cu)N in
nitrogen are presented in Table 1, and the optical images in Figures 9 and 10.

Table 1 - Microhardness Ti+(Ti+Cu) in argon and TiN+(Ti+Cu)N in nitrogen

coating HVO0.1 HV0.025 HV0.01
Ti+(Ti+Cu) 4994 539,9 559.8
TiN+(Ti+Cu)N 2288,2 2828,5 -

The mean value p = 2558 HV in nitrogen is almost 5 times greater than in argon p = 533 HV.
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Fig.10. Pictures of TiN+(Ti+Cu)N coating in nitrogen

The results of measuring the friction coefficient of Ti+(Ti+Cu) in argon and TiN+(Ti+Cu)N in
nitrogen are presented in Table 2.

Table 2 - Coefficient of friction of Ti+(Ti+Cu) coatings in argon and TiN+(Ti+Cu)N in nitrogen

coating V8] L ep
Uncoated substrate 0,154 0,148 0,151
Ti+(Ti+Cu) 0,247 0,220 0,234
TiN+(Ti+Cu)N 0,306 0,310 0,308

3. Discussion of the results of the experiment

From table 1 it follows that the average value p = 2558 HV in nitrogen is almost 5 times
greater than in argon p = 533 HV. These values are obtained at optimal values of the arc current, the
pressure of the reaction gas, the magnitude of the reference voltage and the temperature of the
substrate. We have established:

- grinding the grain structure of the coating material with increasing substrate temperature is
accompanied by an increase in hardness to some critical average size of nanograin. The decrease in
hardness with a further decrease in the average grain size in the coating is due to slippage along
grain boundaries (rotational effect). In this case, to further increase the hardness, it is necessary to
slow down the process of sliding along grain boundaries. Such inhibition can be achieved due to the
formation of an appropriate nanostructure with hardening of grain boundaries. The optimum
temperature of the substrate or part is 400 - 450 ° C;

- in most cases, with an increase in the arc current of the evaporator, the microhardness
decreases. This is due to the fact that with an increase in the arc current of the evaporator, the
coating thickness increases quite quickly, and this leads, in turn, to an increase in the dislocation
density in the coating being formed. The optimal value of the arc current [ = 110 A;

- it was experimentally shown that the samples obtained at nitrogen pressure P = 0.081—
0.81Pa have the most evenly distributed fine dense structure, the minimum content of the droplet
phase, pores, influxes, delaminations and the highest microhardness values;

- variation of the reference voltage leads to a significant (more than two times) change in the
microhardness of the coatings. Thus, the reference voltage is an important technological regime that
determines the strength properties of coatings. It should be noted that the main reason for the
reduction of microhardness is the microstructure of the coating, so in the absence of a reference
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voltage, the coating is characterized by equiaxial grain size, while at U = -210 V there is a columnar
structure germinating from the substrate.

Conclusion

The results of measuring the microhardness of TiN+(Ti+Cu)N in nitrogen show an increase in
the hardness of the coating from the standard for titanium nitride TiN values H = 20 to H = 30 GPa.
Electron microscopic studies have shown that TiN+(Ti+Cu)N coatings usually have a columnar
structure with filamentous grains 2—5 nm in diameter, elongated in the direction of growth.

An increase in the hardness of multilayer coatings with a layer thickness of about 100—-150 nm
is due to the fact that the generation of dislocations is retarded by the Frank — Read mechanism
[15]. If the coating thickness does not exceed 100 - 300 nm, then the film, as a rule, has not a solid,
but an “island” structure. A multilayer coating of layers whose thickness does not exceed 300 nm is
a special kind of material, the so-called multilayer composite (nanocomposite) [16]. In fact, a
multilayer composite combines high-strength, virtually defect-free layers and defects in the form of
interfaces between the layers. The essence of the proposed technology for deposition of multilayer
nanostructured vacuum ion-plasma coatings of the Ti-Cu-N system is that in a single operating
cycle it is provided to combine arc discharges of cathodes made of titanium and copper burning in
pairs with a non-self-sustained high-current discharge [9-11 ].

When titanium nitride TiN slides over ordinary carbon steel and at room temperature, the
friction coefficient is 0.9. From table 2 it can be seen that the coefficient of friction of the
TiN+(Ti+Cu)N multilayer coating decreases by a factor of 3 and does not exceed 0.3. An increase
in the hardness of the TiN+(Ti+Cu)N coating and a decrease in the friction coefficient by a factor of
3 together leads to a significant increase in wear resistance. This is especially important for cutting
tools [17].

If you add up all the advantages of the obtained coatings, including resistance to high-
temperature oxidation and their relatively low cost, then you can expect that TiN+(Ti+Cu)N
multilayer coatings will find wide application in the metalworking industry, engineering, energy
and some other areas.

The obtained experimental data show the promise of the developed coatings in many branches
of industrial production. In carrying out this work, the fundamental results obtained in the
Laboratory of Plasma Emission Electronics (LETEE) of the Institute of Electrical Engineering,
Siberian Branch of the Russian Academy of Sciences were taken into account.
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The synthesis and characterization of WS, single crystals grown by chemical vapor deposition
(CVD) method thru sulfurization of tungsten oxide thin layer on quartz substrate studied. Synthesis of
WS, carried out at 800-1000 °C in CVD system. The sulphur vapor transported by argon gas (500
sccm).  Obtained WS, single crystals characterized by optical microscope, Raman and
photoluminescence analysis. Optical microscope analysis demonstrated that triangular WS, domains
with single-phase crystal structure formed. The thickness of WS, is 6 layers, which determined by
Raman spectroscopy. Photoluminescence spectroscopy analysis revealed a strong peak between 600-
660 nm, typically for a monolayer WS, crystal, where the band gap is equal to 1.96 eV.

Keywords: transition metal dichalcogenide, chemical vapor deposition, tungsten oxide.

Introduction

Two-dimensional (2D) materials have significantly different electronic and physical properties

than bulk materials, due to electron localization and lack of interlayer interaction, see Figure 1.
Optical and physical properties of monolayers of transition metal dichalcogenides (TMDs) have
new possibilities for nanoelectronic and optoelectronic devices. Two-dimensional (2D) materials
are quite interesting for the manufacture of photosensitive devices, such as photodetectors,
multifunction memory devices. In addition, the hybridization of WS, layers with other two-
dimensional (2D) layered materials intensively studied for fabricating vertical and planar
heterostructures. Recently, the synthesis of laminates MoS, and WS, studied in several approaches,
such as mechanical exfoliation, liquid exfoliation and sulfurization of transition metals and oxides
of these metals. The CVD method can be more promising for growing a high-quality WS, thin
sheet [1, 2].

monolayer

bilayer

monolayer

Fig.1. 2D transition metal dichalcogenides.
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New 2D optoelectronic devices created by integrating various 2D materials into
heterostructures with unique characteristics. However, the synthesis of graphene and related 2D
materials and heterostructures remains a problem; therefore, the development of new methods is a
quite interesting area of research. Chemical vapor deposition (CVD) recognized as the most
effective method for the synthesis of graphene and many other 2D materials.

1. Experimental section

CVD complex setup for the synthesis of two-dimensional materials designed and assembled,
see Figure 2, mentioned in previous work [3]. The CVD consist from quartz tube with three heating
zones, which operated by thermo controllers. There are gas supply systems controlled by MKS. In
addition, there is a pump for reach vacuum. A magnet sample holder used to fix or move out
sample in quartz reactor. Therefore, synthesis parameters such as temperature, pressure and gas
flow can be managed at the CVD system.

Fig. 2. Main view of the CVD setup

A detailed study of the growth of individual grains of WS, carried out in this CVD system. A
quartz substrate with a small amount of nanosized WO; powder used. The temperature of WO;
powder is 900 °C and supplying inert gas flow with the chalcogen vapor through the powder
surface, sublimated WS, droplets formed on the quartz substrate (Figure 3).

Heat zones

Fig.3. Synthesis of 2-D TMD layers
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2. Results and discussion

There is a high-resolution optical microscopy analysis in Figure 4 shows the formation of a
two-dimensional layer of a separate domain WS,. In the middle of the crystal, a sublimated WS,
nucleus distinctly observed, which reacts with tungsten and sulphur oxide pairs to form oriented
layers of a two-dimensional material.

~

a) WS,/Si b) WS,/SiO,

Fig.4. Optical microscope pictures of WS, grains: a) onto Si substrate; b) onto SiO, substrate

Raman spectroscopy of a grown single crystal of a WS, crystal studied using a laser with a
wavelength of 514 nm and shows the formation of peaks E2g and Alg modes, which are refer to
WS, crystals, Fig.5. The intensity of the peaks is almost the same. The choice of the laser length in
this wavelength range is due to a more detailed and informative parameter for determining the
thickness of the obtained layers compared to other lasers. An analysis of the intensity of the phonon
peaks presupposes the formation of a thickness of the region of the contour of the WS, crystal in 6
layers.

WS, grains

2LA

Alg

E2g

Intensity (a.u.)

. 1 . 1 . 1 " ]
100 200 300 400 500

Raman shift cm”
Fig.5. Raman spectroscopy of WS, crystal

Figure 6 shows the photoluminescence spectrum of WS, grains. The photoluminescence
spectrum of a separately synthesized WS, crystal showed a band gap value of 1.92 eV in the wave
band of 600-660 nm.
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Fig.6. Photoluminescence spectrum for produced WS, single crystals

The results suggest that the mechanism of grain growth of 2D TMD single-crystal arrays is
possible, with direct control of the nucleation process during the initial growth of 2D TMD films, to
minimize the formation of crystallization centres in random places and the formation of inclined
and specular grain structures.

Conclusion

Obtained WS, single crystals characterized by optical microscope, Raman and
photoluminescence analysis. Optical microscope analysis demonstrated that triangular WS,
domains with single-phase crystal structure formed. The thickness of WS, is 6 layers, which
determined by Raman spectroscopy. Photoluminescence spectroscopy analysis revealed a strong
peak between 600-660 nm, typically for a monolayer WS, crystal, where the band gap is equal to
1.96 eV. In the further study hybrid multilayer heterostructures based on graphene will developed,
where 2D-TMD layers and nanoparticles will deposit on grown graphene layers by using various
techniques for further investigation of their electrical and optical characteristics.
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Due to their unique properties, 2D materials have a great potential in various applications. It
argued that chemical vapor deposition (CVD) method is widely used in the synthesis of graphene. In
this paper the experiments results of the synthesis of graphene layers by Chemical Vapor Deposition
(CVD) method on the copper (Cu) foil discussed. However, desired quality of graphene layers is not
always achievable. Therefore, controllable synthesis in domain size and morphology is required for
large-scale applications. Examples of the synthesis parameters of polycrystalline and monocrystalline
graphene are given. Mechanism of graphene formation studied during the synthesis process. The
sample preparation processes and the main growth mechanisms of multilayer and single-layer
graphene by the CVD method discussed. Obtained CVD graphene layers characterized by Raman,
AFM and SEM analysis.

Keywords: two-dimensional materials, synthesis, CVD, graphene;

Introduction

Graphene is the first representatives of two-dimensional materials. It is quite interesting
material with the thickness of one layer of carbon and has a hexagonal modification. Due to their
unique properties, graphene has a potential in the various applications for science and technologies,
particular in electronics.

There are a few methods of two-dimensional materials synthesis such as mechanical
exfoliation, chemical methods. The mechanical exfoliation is top-down type means splitting of
large structures like graphite. The first graphene layers obtained with this method by Gale and
Novoselov. The second method is the types of chemical vapor deposition, where the formation of
structures comes from the gaseous phase during the decomposition of hydrocarbons.

The CVD synthesis recognized as a reliable method of obtaining high-quality two-dimensional
(2D) materials [1]. The production of mono and polycrystalline graphene by the CVD method is
two different process, but similar as well. However, there are several key factors, which are
distinguishing the single-crystal graphene growth on CVD. One of the main parts for single-crystal
graphene growth is preventing the premature crystallization. In addition, the substrates treatment
such as elimination of impurities, oxides, defects and other structures contribute to the nucleation
and graphene growth. The effect of precursor concentration is also an important factor in the
growth of single crystals graphene. One of the main advantages is controlling the synthesis
parameters, which allows the synthesis of graphene desired size. Where the synthesis parameters
include chamber pressure, temperature heating and cooling, synthesis time, and gas composition
and flow rate.

The process shown here is suitable to obtain single-crystal graphene with wafer size. In order
to achieve this, deep understanding of graphene growth mechanism and requirements for graphene
grain growth needed. According to data, the Cu based graphene growth mechanism (Figure 1a) and
reaction conditions are shown where graphene nucleation density is reduced and possibility of
growing larger graphene domains by using an extended growth conditions (Figure 1b) [1].
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Fig.1. Illustration of the Cu-based graphene growth mechanism and the influence of different
parameters on the graphene domain sizes and shapes. (a) Scheme for the Cu-based graphene growth
mechanism. Here, red hexagons are used to symbolize the active sites of the Cu surface, and blue spots
signify active carbon species (CHy<4)s. From the proposed mechanism, the active carbon species from the
dissociated CH,4 are apt to agglomerate into thermodynamically stable (C,H,), species on the active sites
of the Cu surface to initialize the graphene growth. (b-g) Typically SEM images of graphene synthesized
under different growth conditions: b (E1), ¢ (E2), d (E4), f (ES), and g (E6) [1]

Many studies point to the importance of oxygen in the process of single-crystal graphene
growth by the CVD method. Gan et al. showed that soft oxidation of copper substrate before
annealing leads to obtain suitable size of copper nanoparticles (Fig. 2a, b) [3]. Copper nanoparticles
contributed to nucleation and growth of large single crystals of graphene. In this work, the onset of
oxidation identified as the microscopic amount of oxygen in the Ar gas stream or residual oxygen
in the CVD chamber. Hao et al. conducted a detailed study of the effect of oxygen at CVD
synthesis of graphene process (Fig. 2c) [4]. Different concentrations of oxygen on copper substrate
studied by using copper foils with different purity classes, changing the pressure during cleaning
process and supplying pure oxygen before graphene growth. Studies have shown that oxygen on
the surface of copper substrates reduces the concentration of active centers by surface etching.
Thus suppresses early nucleation and promotes the growth of a single-crystal graphene structure.

Magnuson et al. proposed a new view on the role of oxygen in the process of oxidation of
copper substrates [5]. Intentionally oxidizing copper substrates formed a layer of copper oxide,
which decompose during subsequent annealing and synthesis processes, thereby eliminating
residual carbon from the substrate. This behavior called "self-cleaning". There are also other
excellent studies of the observation of graphene growth [6].
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OR-Cu OF-Cu (0)

Fig.2. The effect of oxygen on nucleation density and shape of domains on different types of copper
substrates: OR-Cu (a) low purity copper substrate; OF-Cu (b) high-quality copper substrate; OF-Cu (O) (c)
high-purity copper substrates when exposed to oxygen before the start of graphene deposition [5]

However, a deeper understanding of the influence of oxygen desired in order to understand the
full role and mechanism of oxygen atoms while achieving excellent control over the process.

1. Experimental part

CVD setup assembled at the Institute of Physics and Technology (Fig. 3), which includes three
zones tube furnace with quartz reactor, and installed gas inlet system. In this system, triple gas
supply used: argon, hydrogen and methane.

1
|
| ' 10
SH 6

MKS : : : 8

MAKS

KIKS | -
™
4 g

Fig.3. CVD setup for graphene synthesis: 1 - cylinders with gases (Ar, CHy, H,); 2 - gearboxes; 3- gas
supply controllers; 4 - thermal controller; 5 - quartz tubular reactor; 6 - heating elements; 7- metal
substrate; 8- pumping line; 9- mechanical pump; 10-holder; 11-magnet.

Methane plays the role of carbon source for graphene formation. Optimal parameters selected,
synthesis of graphene carried at 1050 °C, and the ratio of gases: CH4: Hy: Ar is 0.25: 0.5: 3. The
synthesis time is 20 minutes.
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2. Results and discussion

Graphene synthesized on copper substrate, due to its catalytic properties, copper is one of the
main materials used in graphene synthesis. In studying the graphene formation on copper substrate
was determined that the initial stage is carbon atoms adsorption on the surface. Then, graphene
islands formation with same orientation. Subsequently, association of separate graphene islands
without defects on the boundaries and high-grade monocrystalline graphene layer (Fig.4).
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Fig.4. Schematic representation of the mechanism of graphene growth by CVD:
a) Carbon atoms; b) carbon atoms starting adsorption on the surface; c) growing separated graphene islands
with same orientation; d) growing into the whole domain without defects on boundaries;

Ideally, a layer of graphene should formed, but as practice shows, the formation takes place in
a semi crystalline order, this indicates individual islands of graphene with different orientations that
begin to grow in unite, and then these boundaries form a semi crystalline structure. However, this
structure cannot used in electronics due to lack of uniformity (Fig.5).

a)
Fig.5. The formation of polycrystalline graphene:

a) Formation of graphene islands with different orientation; b) graphene islands are spread out; c) growing
into the whole domain with defects on boundaries;

In connection with this, a technique for the growth of individual graphene crystals from
nucleation was developed. PMMA (polymethyl methacrylate) used for nucleation [7]. At Institute
Physics and Technology, the PMMA applied through a pattern mask by photolithography method,
and then separate PMMA grains obtained, which then during the high-temperature process residual
polymer evaporated and only grains remained during the decomposition of the polymer, that is,
definitely oriented carbon points. Next was the process of synthesis. Separate graphene islands
obtained in Figure 6.
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Figure 6 shows SEM images of synthesized graphene arrays onto PMMA grains with thickness
of 2 and 0.4 microns. It is clear seen irregular shaped graphene islands; however, there are some
islands close to the hexagonal structure.

10 pm

Fig.6. SEM image of graphene grains grown from PMMA grains on a copper substrate:
a) The thickness of PMMA grains are 0.4 microns; b) the thickness of PMMA grains are 2 microns;

Obtained results can explained that mainly formation of polycrystalline, which consist of
several grains. The dark areas on each island indicate to several single-layer graphene domains,
which formed due to solid carbon precursor (PMMA). As increasing the PMMA grains thickness
to 2 microns (Figure 6b) at the same CVD synthesis process, the formation of graphene layer
continuously in several layers of domains. Residual PMMA clearly observed on the image as white
dots. By controlling the amount of PMMA, growth of graphene films with bi- or more layers
become achievable.

Conclusion

New materials based on graphene are promising in photocatalytic systems and gas sensors
application. Due to the unique properties of graphene, it is possible to improve the photocatalytic
characteristics by introducing it into various semiconductor photocatalysts. Such as adsorption,
capacity and electrical conductivity will increase at extended light absorption range [9]. The role
of graphene considered as a mediator for electron transfer, which leads to efficient separation of
photo generated electron-hole pairs and improving photocatalytic performance. Moreover, it
noted that graphene could also effectively used as a substitute for noble metals (such as Pt) in the
photocatalytic decomposition of water [10].

In further study will develop hybrid multilayer heterostructures based on graphene, 2D-TMD
layers, and nanoparticles, which will deposit or grown on graphene layers using various techniques
for further investigation of their electrical and optical characteristics. Heterostructures based on
graphene has a great opportunity in various applications.
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ELECTRICAL CHARACTERISTICS OF SEMICONDUCTOR POLYMER
FILMS DOPED WITH SILVER NANOPARTICLES
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The electrical properties of composite films based on polymer PEDOT:PSS with a addition of Ag
nanoparticles or Ag—TiO2 nanostructures have been studied. A current—voltage characteristic is
observed for polymer solar cells. A short circuit current increased after adding of Ag nanoparticles or
Ag—TiO2 nanostructures to the PEDOT:PSS polymer. Also, an increase in the recombination rate in
cells with silver nanoparticles is observed. An electrical impedance is measured for polymer solar cells.
A significant increase in the dielectric constant of a PEDOT:PSS film containing silver nanoparticles
was detected.

Keywords: semiconductor polymer, silver nanoparticles, polymer solar cell, core — shell nanostructure

Introduction

Polymer solar cells (PSC) are currently considered as one of the promising areas capable of
replacing traditional silicon batteries in a number of practical applications [1]. Industrial production
of PSCs is quite low in cost due to the possibility of producing large areas by roll printing methods.
Also, the technologies used in the production of polymer cells are less environmentally harmful
than the technology of production of silicon cells.

Despite the low cost of manufacturing PSCs they have a number of disadvantages. A low
efficiency of PSC is the main drawback. Currently, a number of approaches are used to increase
PSCs efficiency. An use of nanoparticles (NPs) of metals in PSCs is one of such approaches [2]. In
general, silver or gold NPs with the maximum plasmon effect in the visible region of the spectrum
among difference materials can be use [3, 4]. However, there are works suggesting the use of other
NPs metals, such as aluminum NPs [5].

A bulk heterojunction is the main element of PSC. The heterojunction consists of materials
having donor-acceptor properties in relation to charge transfer. The classical substances used to
form heterojunction are polymer poly(3—hexylthiophene-2,5—diyl) (P3HT) and methanofullerene
molecules [6,6]phenyl-C61-butane acid methyl ether (PCBM). On the basis of these substances
PSCs efficiency reaches ~ 5 % [6]. Other auxiliary elements are the anode, cathode and polymers
mixture layer PEDOT:PSS (poly (3,4 — ethylenedioxythiophene): polystyrene sulfonate). The
PEDOT:PSS layer lies between the anode and the bulk heterojunction. PEDOT:PSS performs the
function of a layer with a p—type conductivity of HOMO (high occupied molecular orbital) whose
energy levels are located above the HOMO-levels of the P3HT polymer. This allows charge
carriers with P3HT to freely enter the anode of the solar cell. Also, the polymer layer PEDOT:PSS
is necessary to obtain a more uniform film of P3HT-PCBM heterojunction on its surface.

The efficiency of PSC depends on conductive properties of the polymer film PEDOT::PSS.
Therefore, PEDOT:PSS films with increased conductivity are required to obtain PSC with high
efficiency. Increasing the conductivity of PEDOT:PSS films can be achieved by adding Ag or Ag—
Ti0, plasmon nanoparticles to the film [7]. This article presents the results of the study of electrical
and photovoltaic properties of PSCs with composite films based on PEDOT: PSS with additives of
Ag or Ag-TiO, nanoparticles. It is shown that the addition of silver nanoparticles to the
PEDOT:PSS film leads to a significant change in the dielectric permeability of the medium (g).
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1. Experimental part

As shown in [8, 9], the specific conductivity of PEDOT:PSS films is affected by the rate of
application and the annealing temperature of the films, as well as the addition of extra solvents to
the PEDOT:PSS solution. The results of studies of the effect of adding dimethylformamide and
dimethylsulfoxide (DMSO) and the conditions of production on the value of the resistivity of the
composite films PEDOT:PSS are given in [10]. A minimum resistance of the films is observed for
solution PEDOT:PSS with the addition of 2% DMSO. These results are consistent with the results
obtained in other papers [8, 9]. Study of effects of the speed of centrifuge rotation at making of
films and the temperature of annealing of films showed that 5000 rpm. is the optimal speed, and
150 © C is the optimum annealing temperature.

As shown in [7, 11], the addition of silver and gold NPs reduces the resistance of PEDOT:PSS
films. In work [10], the results of studies of the complex effect of silver plasmon NPs and additive
of DMSO solvent on the conductive properties of PEDOT:PSS films are presented. Aqueous
solutions of silver NPs and nanostructures (NSs) of Ag—TiO, with concentration 5-10” mol/L was
used. The method of synthesis of silver NPs and Ag-TiO, NSs described in detail in [12]. An
addition of organic solvents and metal NPs, NSs leads to a decrease in the electrical resistance in
PEDOT:PSS films. This, in turn, should lead to an increase in the efficiency of PSC with highly
conductive composite polymer film based on PEDOT::PSS.

Optimal conditions for the manufacture of composite films with PEDOT:PSS from [10] were
used in this work. These optimal fabrication conditions include the concentrations of NPs or NSs,
the optimal deposition rate and the annealing temperature of the PEDOT:PSS composite films, used
in [10]. The DMSO solution with the concentration of 8% relative to the PEDOT:PSS solution was
added to the original solution to improve the electrically conductive properties of the PEDOT:PSS
films. The obtained PEDOT:PSS films with the addition of NPs and NSs were used for the
manufacture of photovoltaic cells. The size of NPs in colloidal solutions was determined by the
method of dynamic light scattering on the analyzer Zetasizer Nano ZS (Malvern). The size of the
used NPs or NSs and their absorption spectra are given in [13]. The technique of manufacturing
cells is described in detail in [14]. The thickness of polymer films was determined by scanning
electron microscope Tescan Mira 3. Glove box SPECS GB 03-2M (Spectroscopic systems) was
used for fabrication of P3HT-PCBM layers. Aluminum electrodes was made by thermal
evaporation in a vacuum with a pressure not exceeding 10~ Torr. The thickness of the aluminum
electrodes was measured using SI-TM106 Subminiature Film Thickness Tester. The thickness of
obtained electrodes wasn’t less than 100 nm.

Solar simulator with xenon lamp with 100 mW/cm?® (Photo Emission Tech Inc.) was used for
measured of current-voltage characteristics and an efficiency of PSCs. The impedance of the solar
cells was measured using the Z500PRO impedance meter in potentiostatic mode with a given
constant potential. The method of measurements corresponds to the method used in [14, 15]. The
EIS—analyzer program was used to determine the main parameters of the solar cell chain.

2. Results and their discussion

Microscopic data were used to estimate the thickness of different layers. The thickness of the
produced films was determined at cross-section cells. An example of a cross-section cells with the
structure ITO/PEDOT:PSS/P3HT:PCBM with silver NPs in the layer PEDOT:PSS is shown in
Figure 1. These results are shown in Table 1. Layer thickness was estimated from 3 to 5
measurements. At Figure 1, on the cross-section cells in the PEDOT:PSS layer, NPs with sizes
corresponding to the size of the PEDOT:PSS layer are observed. However, an amount of large
particles in the film is small compared to the average particle size used in the work [13].



78 ISSN 1811-1165 (Print) ISSN 2413-2179 (Online) Eurasian Physical Technical Joumnal, 2018, Vol.15, No.2(30)

For comparison, in Table 1 are shown the results of surface resistance of films obtained by the
four-probe method in [10]. it can be seen that the addition of NPs Ag or NSs Ag-TiO; in the film
leads to a decrease resistance by 3 times.

192,35 nm

SEM HV: 18.0 kV
View field: 3.03 pm.
SEMMAG: 81.3 k.

a) b)
Fig.1. The thickness of the functional layers of the solar cell, when registering the signal from the detector of
secondary electrons (a) and reflected electrons (b)

Table 1. A basic geometrical and electrical characteristics of PEDOT:PSS composite layers with
additives of Ag NPs or Ag—TiO, NSs

Defined model parameter Properties of PEDOT::PSS

of P3HT-PCBM

Without NPs Ag NPs Ag-TiO” NSs
The thickness of the layer of
PEDOT:PSS in the cell (d) 200 nm 200 nm 150 nm
The thickness of the active layer 180 nm 170 nm 140 nm

Resistivity (p) of PEDOT:PSS
films (resistance per square)

21,3*10° Ohm/sq.

6,7*10° Ohm/sq.

6,5%10° Ohm/ sq.

€]

22

10

3,7

The obtained composite semiconductor films PEDOT:PSS with the addition of NPs or NSs
were used for the manufacture of photovoltaic cells. Photovoltaic properties of PSCs were
investigated (Figure 2, Table 2). Adding NPs and NSs to PEDOT:PSS leads to an increase in
photocurrent. These results are consistent with the results of measuring the electrical characteristics
of PEDOT:PSS composite films (Table 1). The highest efficiency is observed for cells with silver
NPs. A high value of short-circuit current (Jsc) is observed for these cells. The high Jsc value
indicates good conductive properties of all functional layers in the cell, especially the PEDOT:PSS
composite layer. In this case, the value of an open circuit voltage (Uoc) is low. The shape of a volt-
ampere curves, a low value of fill factor (FF) and value of efficiency indicates the high value of the
rate of recombination in PSCs (Figure 2). The increase in the rate of recombination of charge
carriers in the cell may be due to two main reasons. The first reason is due to the large thickness of
the PEDOT:PSS layer. In our work the thickness of this layer was ~ 150-200 nm. While, for high-
efficiency solar cells, this value is in the range of 50 to 100 nm [2, 3]. The second reason that leads
to an increase in the recombination rate may be the presence of large particles in the PEDOT:PSS
layer, which lead to a short circuit between the polymer layers or electrodes.
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Thus, the addition of NPs to the polymer PEDOT: PSS leads to an improvement in the
conductive properties of solar cells. At the same time, there is an increase in the rate of
recombination in the cells. Therefore, it is necessary to continue research aimed at reducing the rate
of recombination in PSCs.
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Fig.2. Volt-ampere characteristics of PSC by additives of NPS and NSs Ag or Ag/TiO,

Table 2. Photovoltaic and electrical properties of cells based on a mixture of polymers P3HT: PCBM

Layer properties of | Jsc, mA/ | Umax, Uoc, o RSER, RSH,
PEDOT:PSS cm’ (V) (V) 70 kOhm/ cm® | Ohm/ cm?
Without NPS 0.09 0.29 0.073 | 0.005 | 151 687

Ag NPs 2.14 0.28 0.121 | 0.05 0.0 4-107
Ag-TiO, NSs 1.23 0.35 0.164 | 0.02 34 579

Additional information about processes of transport and recombination of charge carriers in
PSCs can be obtained from electrical impedance measurements of cell. The real (Z’) and imaginary
(Z'") parts of the electrical resistance of solar cells were measured. The method of measurements
corresponds to the method used in [14, 16].

The EIS—analyzer program interface is shown in Figure 3. For extract the basic electrical
characteristics of solar cell was used electrical model of PSC, which is given in the upper right part
of Figure 3, a. It is R1- resistance layer ITO layer; R2 — resistance of a layer of PEDOT:PSS; R3 —
resistance of the P3HT-PCBM active layer; R4 — resistance of the interface of P3HT-PCBM and
aluminum electrode; C1 — capacitance of a layer of PEDOT::PSS; C2 — capacity of the active layer
of P3BHT-PCBM; C3 — capacitance of the interface of P3HT-PCBM and aluminum electrode, in this
model, in accordance with article [16]. The results of determining the circuit parameters are given
in Table 3. Comparison of R2 values for all cells shows that the cells with PEDOT:PSS with silver
NPs has the least resistance. The remaining cells have a higher resistance value of the PEDOT:PSS
layer.

The capacitance of the C2 layer can be used to estimate the dielectric constant (g) without
addition and with addition of NPs and NSs. For this purpose, the formula (1) given in [16]:

C:q%A

d (1)

For calculations it is necessary to know the thickness of PEDOT:PSS films. These values were
obtained from the scanning electron microscope measurements of PSCs (Table 1).
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The results of determining the dielectric permittivity of PEDOT:PSS films are given in Table
1. As can be seen from the Table 1, the addition of NPs and NSs leads to an increase in the
dielectric constant of the film (g;). Comparison of the value of g; for the film PEDOT:PSS with the
results given in other works shows their compliance [17]. For example, in [18] for composites based
on a dielectric polymer polyvinyl alcohol, a decrease in the dielectric permittivity of the film &; was
observed. A change in the dielectric characteristics of cells based on PEDOT:PSS and P3HT-PCBM
when silver NPs were added to various PSC layers was detected in [19]. An increase in g is
observed in this case. However, the increase of g for PEDOT:PSS films with NPs requires
additional studies.
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Fig.3. EIS—analyzer program interface with electric models of PSC (upper right corner of the program)
within the models given in [16] (a) and [20] (b)

Table 3. Electrical characteristics of PSCs with PEDOT:PSS films with additives of NPs or NSs

Defined model Properties of PEDOT::PSS

parameter Without NPS Ag NPs Ag-TiO, NSs
R1, (Ohm) 69.0 80 86

R2, (Ohm) 664.0 231 8742

C2, (nF) 18.8 82 23

R3, (Ohm) 197.0 1.9-10* 187

Cl, (nF) 15.5 1.8:10° 6.97

R4, (Ohm) 1.7-10° 1.8:10° 181

C3, (nF) 19.7 35 94

For comparison also the analysis of the impedance of the cells in the model of Biscuit [20].
The electrical diagram of the model is shown in Figure 3, b. The simulation results are given in
Table 4. In this model, R1 is the resistance of the electrical contacts and the bulk material; R2 — the
resistance to charge transfer in the active region and on the boundary of electrode—active area; R3 —
resistance associated with recomenaria electron-hole pairs in the active region; CPEI is the total
capacity of the cell; CPE2 — diffusion capacity.

A comparison of the circuit parameters obtained from results of modeling of electrical circles
with used the two models (Tables 3, 4) shows similar values of the circuit characteristics. Effective
carrier transfer time (tq) and electron mobility (n) were estimated using the Bisquerts model in
accordance with the formulas:
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p el’
Td :R3'C2’ kBTTd (2)

where e — electron charge, L — thickness of the active layer, kg — Boltzmann constant, 7" —
temperature.

Table 4. Electrical characteristics of PSCs with PEDOT:PSS films with additives of NPs and NSs
(modeling by the Bisquerts model)

Defined model parameter Properties of PEDOT:PSS

Without NPS Ag NPs Ag-TiO,; NSs
R1, (Ohm) 160 85 71
R2, (Ohm) 3768 224 1596
Cl1, (nF) 85.0 17.2 39
nl 1 0.94 0.95
R3, (Ohm) 5340 9342 16902
C2, (nF) 14.0 26.0 8.7
n2 1 0.96 1
T4 (US) 75.0 243 147
i (cm™*V'*s™T 1.6%10™ 0.5*10" 0.5%10"

The obtained results indicate an increase the time of charge transfer in films with additives of
NPs or NSs and a decrease in the mobility of charge carriers in the active layer of these cells. The
decrease in the mobility of charge carriers in films with NPs or NSs in the PEDOT:PSS layer
contradicts the results obtained by measuring the current-voltage characteristics of the cells (Table
2). In cells with NPs or NSs, a higher current density Jsc is observed. It may be necessary to take
into account possible changes in the dielectric properties of polymers when metal NPs are added to
them when used modeling by the Bisquerts model.

Conclusion

According to the results of the research we can get a number of conclusions:

- the addition of organic solvents and metal NPs leads to a decrease in the electrical resistance
of PEDOT:PSS films, which in turn leads to an increase in the efficiency of PSCs;

- the electrical properties of PSCs with composite films based on PEDOT:PSS were
investigated. The high conductivity of PEDOT:PSS composite films leads to an improvement in the
conductivity of solar cells, which is manifested in an increase in short circuit current. Along with an
increase in the short-circuit current, the open-circles voltage decreases, which is associated with an
increase in the rate of recombination of charge carriers observed in cells with PEDOT:PSS
composite films. A high resistance value is observed for some cells at the interface of the P3HT-
PCBM active layer and an aluminum electrode. This result indicates the need to improve the
technology of deposition of the aluminum electrode on the P3HT-PCBM layer;

- using the method of impedance spectroscopy, solar cells containing PEDOT:PSS composite
films with additions of Ag NPs or Ag—TiO, NSs were investigated. A significant increase in the
dielectric constant of a PEDOT: PSS film containing Ag NPs has been found. To explain the result
obtained, continuation of the research is necessary. A change in the dielectric characteristics of the
medium will affect such important properties as the intensity of light absorption by the material, the
excitonic transport in the material, and the transport of charge carriers. This, in turn, can
significantly change the efficiency of transformation of light energy into electrical energy in PSCs.
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The paper solves the problem of the inertial method of sedimentation of dust particles (or liquid
droplets), which is based on changing the direction of gas movement with particles suspended in it.
Really one of the most serious environmental problems facing humanity is environmental pollution by
domestic and industrial waste. These wastes mostly have such undesirable properties as toxicity,
carcinogenicity, mutagenicity, corrosion, reactionary ability and fire danger. It is known that the
effectiveness of any gas cleaning system is determined by its ability to remove small particles from the
gas stream. To obtain a solution to this problem, we considered the possibility of separating
heterogeneous gas mixtures by developing the fine purification of gases based on a gradient separator.
The system of fine gas cleaning on the basis of a gradient separator is designed to clean gas streams
from dispersed particles, separate aerosols, sublimates, and separate heterogeneous gas mixtures into
separate components.

Keywords: gradient separator, domestic and industrial wastes, small particles, separation limit

Introduction

Currently, strict rules and conditions are being introduced on placement and equipment of
landfills for warehousing and disposal of hazardous waste in industrially developed countries. In
recent years, the problem of toxic waste disposal has become relevant in the Republic of Belarus,
the Russian Federation, the Republic of Kazakhstan and other CIS countries which coincide with
the level of its importance worldwide. It is connected with the international strategic trend on
comprehensive "greening" of the environment as the factor compensating the degradation of the
environment due to industrial development as well as the increasing danger to the population from
the accumulation of highly toxic and infected production and consumption waste.

The most common method of processing hazardous organic waste is incineration. For these
purposes, industrial thermal devices are widely used, for example, asphalt or cement furnaces,
steam boilers, circulating fluidized bed furnaces, rotary kilns. At a temperature of 1000-1200 °C in
such furnaces and devices, afterburning of the formed volatile organic compounds is carried out in
secondary chambers with additional fuel and oxidizer supply. In some cases, air is enriched with
oxygen to increase temperature in burners.

Fire method of waste neutralization and recycling is the most versatile, reliable and effective
along with others. In many cases, it is the only possible way to neutralize industrial and domestic
waste. This method is used for the disposal of solid waste in any physical condition: liquid, solid,
gaseous and pasty. Along with the burning of combustible waste, the fire method is also used for
the disposal of non-combustible waste. In this case, waste is exposed to high-temperature (more
than 1000 °C) products of combustion.

Incineration is the controlled process of oxidation of solid, liquid or gaseous combustible
waste. During combustion, carbon dioxide, water and ashes are formed. Sulfur and nitrogen,
contained in wastes, form various oxides during combustion, and chlorine is reduced to HCI. In
addition to the gaseous products, solid particles are also formed from the combustion of waste such
as metals, glass or slag which require further recycling or disposal.
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This method is characterized by high sanitary and hygienic efficiency. The field of the fire
method applications and wastes that can be neutralized by this method are constantly expanding.
They include waste from organo-chlorine production, basic organic synthesis, production of
plastics, rubber and synthetic fibers, oil refining industry, forestry, chemical-pharmaceutical and
microbiological industry, mechanical engineering, radio engineering and instrument-making
industry, pulp, and paper production and many other industries.

The conducted researches [1-3] demand a critical approach to fire neutralization of toxic waste
due to the possibility of the formation of extremely harmful compounds afterwards: dioxins and
furans. The disadvantage of fire neutralization is also the use of additional fuel (usually natural gas),
which significantly increases the volume of exhaust gases, and therefore significantly increases the
load on the gas cleaning system, its size, and material capacity.

In industry, mechanical, electrical and physicochemical methods of gas purification are used
[7, 10]. Mechanical and electrical cleanings are used to trap solid and liquid impurities from gases,
and gaseous impurities are captured by physical and chemical methods. Mechanical purification of
gases is carried out by the sedimentation of impurity particles by gravity or centrifugal force, by
filtering through fibrous and porous materials and by washing with water or other liquid. The
simplest, but an ineffective and rarely applied method is by the sedimentation of large dust by
gravity in so-called dust chambers. The inertial method of sedimentation of dust particles (or liquid
drops) is based on the change of direction of gas flow with weighed particles in it. Since the
particles density is about 1-3 thousand times more than the gas density, they continue to move by
inertia in the previous direction and separate from gas.

1. The gradient separator

The possibility of separation of heterogeneous gaseous mixtures gives opportunities not only to
prevent harmful gas emissions, but also to use these components as technological raw materials. It
is important to mention that the device separates gaseous mixtures as, for example, oil and water are
separated in liquids. The device cannot divide homogeneous gaseous mixtures into components, for
example, air into its components (as, for example, it is impossible to separate water and alcohol).

In fact, the efficiency of any gas purification system is determined by its ability to remove
small particles from the gas flow, since the problem of removing large particles is basically solved
to date. A feature of the gradient gas purification method is the fact that devices have a separation
limit which is the zone of large particle sizes. There are reasons to assume that such devices operate
at the molecular level in the zone of small particle sizes, i.e. they can remove particles of one
molecule size from the flow. The basis for such an assumption is the experiments on laboratory
installations while working with various smokes — tobacco smoke is much easier to remove from
the flow because it is the thinnest among other smokes. In addition, when working on a pilot plant,
sulfur dioxide was derived from the total gas flow, which is possible only if the device works at the
molecular level.

Of course, the conducted researches are not enough to make a final conclusion; however,
theoretical assumptions indicate that separators, that use a gradient method of gas purification, are
capable to extract particles one molecule in size from the gas flow. The system of fine purification
of gases on the basis of the gradient separator (figure 1) is intended for cleaning of gas streams from
dispersed particles, separation of aerosols, sublimates, a division of heterogeneous gaseous mixtures
into separate components.

The dusty gas flow, which is a mixture of gases and weighed particles, moves into the inlet
confuser 1, containing 2 equal-profile sites "a" and "b", where the flow is accelerated. On the site
"b", the gas flow is provided with an additional impulse of twisting by the guiding device 2.



Energetics. Thermophysics. Hydrodynamics. 85

Fig.1. Scheme of the gradient separator

In a confuser 1, gas flow is accelerated, twisted, keeping the laminar structure of a stream. The
laminar flow is provided by monotonously increasing the tangential and axial acceleration
following these conditions in a confuser 1:

. . dF,
On the site «a»: ar; = const, » On the site «bx»: d_ll = const, ,
where F — cross-sectional area of the channel; dF — increment along the area; 1 — site length; dI —
increment along the length.
These constants are determined experimentally, depending on the properties of the gas flow
(temperature, viscosity, density). Next, the gas flow enters the confuser 3 where the acceleration is

continued under the conditionﬂ = const, - The third constant is also determined experimentally.
From the confuser 3, the gas flow enters the twisting nozzle 4 where it is provided with a new
twisting impulse. The geometry of a nozzle is calculated by the formula:

D= D+ Al -¢,-D?
J(€ =2ad — 12 -ky’

1

(a,+kl) (1)

where D;— the diameter of the i-th cross section of a nozzle; Al; — the difference between the
distances between the i™ and the (i-l)th sections; co— the initial gas velocity at the entrance to the

a
nozzle; ap — the acceleration of the flow at the entrance to the nozzle; k = TO — specific increment

of acceleration per unit length of the nozzle.

At the exit of the diffuser 4, the gas flow is inhibited due to the geometry of the twisting
nozzle. After carrying out the first 3 stages of the flow acceleration, it’s twisting with the
preservation of the laminar structure, the flow moves into the separation channel of the gradient
separator where the flow acceleration is continued in the parabolic confuser 5, then flow is twisted
in the nozzle 6.

At the same time, the dusty gas mixture is sucked through the dust-collecting pipe 7 along the
channel axis, aligning the velocity and acceleration of the flow along the channel section which
prevents turbulence. Gases with high density are removed through the peripheral-radial suction. The
condition is, herewith, always fulfilled — the smaller the particle size, the closer to the center its
trajectory passes, the easier it is to remove such particles from the gas flow. Therefore, it is
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impossible to record the presence of particles at the exit from the gradient separator on highly
dispersed two-phase flows.

2.Processes in the gradient separator

The physical phenomenon that resembles the operation of the gradient separator is known to be
a tornado. In nature, when a tornado occurs, it is observed in the form of a trunk, which is due to the
suction of dust into the discharged core of the rotating gas mass. A similar process takes place in the
gradient separator. The presence of a laminar structure of the gas flow, on condition of intensive
rotation, allows the removal of components such as sulfur dioxide, fluorine, chlorine (from the
periphery of the channel), water vapor, gaseous sublimates (from the center of the channel) from the
total flow of industrial gas emissions.

Dimensions of the gradient separator allow it to be installed directly in the bypass flue gas
ducts of production lines. The gradient separator is completely erosion-free since the dust is
collected in the center of the separation channel and never comes into contact with the construction
elements, including the central suction path. Energy consumption for gradient separation is
comparable to the energy consumption for the implementation of known methods. The next element
in the presented purification system will be an inertial vacuum dust collector, a technological
machine for the deposition of dust particles taken from the central section of the gradient separator.

The remaining elements of the gas purification system on the basis of the gradient separator are
standard: a condenser, steam jet ejectors, regulating and shut-off valves. Under the action of the
smoke exhauster, the flue gases from the steam generator through the bypass flue gas duct are
directed to the gradient separator (figure 2). In the separator, dust is concentrated to form a dust
cord which is sent to the rough and fine purification bunkers through the central suction where its
deposition occurs. Gas is pumped out from the bunkers and the central suction with the help of
steam jet ejectors and is then released directly into the atmosphere.

This research work shows the results of the study on the degree of trapping the ashes from coal
combustion in an inertial vacuum dust collector. The diagram of this process is presented in figure
3. The principle of operation of the inertial vacuum dust collector is based on a number of effects
observed during the gas flow in a so-called negative voltage state ("NV state"). Thus, the particles
can enter the channel, but cannot exit. The gas is in this state if the blasting device, that drives it, is
located at the exit of the installation. In this case, the gas becomes stretched, and the effects are
observed that cannot be explained by the molecular-kinetic theory of gaseous state:

- two jets of gas in the "NV state" do not have any effect on one another (transparent to each
other) when crossed at an angle of 90°.

— if two jets intersecting at an angle of 90° are in the "NV-state" and transport dispersed
particles, then after crossing the jets, all particles go to the jet with higher velocity.

- if a high-speed gas jet transports dispersed particles and borders with a stationary gas mass,
then that gas mass is a "pump" for particles, i.e. such a mass sucks the particles into itself.

The gas to be purified is sent to the booster nozzle (a). The flow speed of gas particles
increases at the exit of the booster nozzle through the inlet pipe because of its constriction, and the
gas is stretched and goes into a negative voltage state. The dusty flow passing through section 1 has
a velocity greater than the flow in section 2. But the particles in this flow also have high velocity,
hence greater kinetic energy, which allows them to overcome section 2 along the tangent and rush
in the form of n. When the dusty gas flow moves along the rotary chamber, it contacts the
sedimentary grid located in the lower part of the rotary chamber, behind which is the stationary gas
mass. Particles from the high-speed flow pass into this mass and are deposited in the bunker;
however, not all particles are deposited.

Some of them go to the exit of the device and, falling under the influence of the inlet jet, are
again sent to the rotary chamber of the system.
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Fig.3. Diagram of the inertial separator dust collector model

There, an aerodynamic trap arises, i.e. particles

can get into the rotary chamber of the device

but cannot get out of it and are completely deposited in the bunker at the end. For the gas coming
out of the rotary chamber, the inlet jet is a filter consisting of gas layers (layers of the filtering
material) that is as efficient as cloth filters. The speed of particles decreases as they move, and the

pressure gradients in the collecting chamber and

the trap are leveled off, making necessary

conditions for the particles to fall into the collecting chamber itself. The remaining particles (a small
part) fall into the aerodynamic trap, accumulate in it and eventually fall into to the collecting
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chamber “c” due to the gravitational force. Herewith, the distance S’ - S’ determines the place of
the particle deposition of a certain size.

Conclusion

The observation of particles falling into the collecting chamber confirms what was described
earlier. Only a small fraction (less than 2-3 %) of the particles is attracted to the flow and is carried
back into the aerodynamic trap.

The second important aspect of operability of the gas purification device is its erosion safety.
In the inertial vacuum dust collector, the current of two-phase flow is formed in such a way that
particles cannot overcome an interface and move not touching the walls until the zone of
sedimentary grids.

Specific equipment is needed for each type of raw material depending on its characteristics: the
temperature of ignition and combustion, burning time and others. Domestic waste is represented by
more than 1,700 different components; therefore, selecting necessary equipment and a combustion
device is essential. Those purchased abroad are only suitable for sorted, drier (with a moisture
content of 7 %) garbage; domestic one has a moisture content of 46-50 %.

Chemical (gas) and physical (ash and slag) under burning constitute 27-29% when traditional
technologies are applied to domestic waste. Thus, incomplete combustion products are released into
the air. Carbon monoxide is formed during the combustion of the plastic packaging. Carbon
monoxide causes various diseases in the presence of chlorine gas and phosgene and emitted dioxins
and furans. It is not possible to extract these components from flue gases using standard filters. Ash
and slag from single-stage combustion have poisonous concentration. Therefore, the use of the
proposed fine gas purification system is quite relevant.
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The article presents the results of experimental studies to assess the optimal operation modes of the
vortex hydraulic elevator of the autonomous water treatment system. Based on experimental studies, it
has been shown that twisting of the working and suction flows significantly increases the ejection
capacity of vortex hydraulic elevators. The analysis of the results obtained (the curves of the dependence
of the ejection coefficient on the spin parameters) allows us to conclude that there are optimal critical
values for the vortex hydraulic elevator and hydraulic elevator with a tangential intake of the intake
medium at which the highest value of the ejection coefficient is reached. It was also revealed that the
swirling active and passive flows radically affect the mechanism for drawing the intake fluid into the
mixing chamber of the hydraulic elevator. An increase in the swirling intensity increases the mixing of
the flow, and large pressure gradients occur not only in the axial but also in the radial direction, which
leads to an increase in the ejection coefficient. Thus, on the basis of the conducted experimental studies
and preliminary technical and economic calculations, it can be concluded that the use of vortex
hydraulic elevators for hydro transportation of various mixtures will significantly reduce energy
consumption and increase the efficiency of their application.

Keywords: hydraulic elevator, pump, hydraulic mixture, ejection, working nozzle, active stream, passive
stream.

Introduction

Hydraulic elevators are used in various industrial sectors: mining, chemical, petroleum, food,
gas, gold mining, industrial heat engineering, etc. In the system of agricultural water supply and
irrigation of pastures, hydraulic elevators are used to clean mine draw-wells, wells, ponds and other
irrigation sources from sediments, and also as water-lifting units for lifting and transporting of
water. The widespread use of hydraulic elevators is primarily due to the fact that they are simple in
construction, the cost is insignificant, and they are almost trouble-free in operation. Their
dimensions are so small that they essentially do not occupy the production area i.e. do not need any
premises [1-3].

However, as the practice of using hydraulic elevators shows, their effective operation depends
on many factors, including how the working and suction flows are fed into the receiving chamber
[4-5]. The swirling flow fundamentally affects the mechanism of fluid flow in the receiving
chamber, the work process and hydraulic elevator performance, hydraulic and geometrical
parameters, and is characterized by properties that differ from axial flow:

- has axial, rotational and radial velocity components;

- high level of turbulence;

- longitudinal and transverse gradients of static and total pressure;

- the emergence of centrifugal forces and its active influence on the flow, etc. [6-8]

1. Experimental part

The main objective of the research was to determine the ejection coefficient ¢ of the intake
medium during tangential flow of active and passive media into the receiving chamber of the
hydraulic elevator. These studies were related to the following issues:
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- determination of the optimal position of the working nozzle;

- the effect of swirling active and passive streams on the pressure head-rate characteristics of
the hydraulic elevator;

Studies of the effect of swirling of active and passive media on the working process of the
hydraulic elevator and comparison the obtained results with the results of studies of a direct-flow
hydraulic elevator and hydraulic elevator with a tangential intake of the intake medium were carried
out on an experimental setup (Fig. 1, 2).
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Fig.1. Experimental setup scheme

The experimental setup consists of (fig. 1,2): 1 - electric motor; 2 - centrifugal pump 3K-6; 3 -
pump discharge pipe, made of flexible hose; 4 - hydraulic elevator; 5 - hydraulic elevator pressure
pipe; 6 - tank with weir 7, at the same time being a reservoir for powering the suction nozzles of
hydraulic elevator 8 and the pump 9; 10 - pacifiers; 11 - spitz scale to determine the water level on
the weir 7 and the free surface in the tank 6; 12, 13, 14 - valves; 15 - supply pipe; 16, 17, 18 -
manometers; 19 - supporting rods with crossbars; 20 - stand with piezometers. Tank 6 with weir 7 is
designed to measure the water flow through the pressure pipeline 5, as well as to feed the suction
nozzle of hydraulic elevator 8§ and pump 9.

Fig.2. Experimental unit of vortex hydraulic elevator
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In order to change the geometric height of the suction, the hydraulic elevator is installed on the
crossbars with the possibility of vertical movement along the support pillars 18. By changing the
geometric height relative to the free surface of the water, it is possible to study the designs of
hydraulic elevators at different vacuum height of suction (from negative to positive). The supply
pipe 15 is designed to fill the tank 6 with water and providing a certain level in it. A distinctive
feature of the design of hydraulic elevators were methods of supplying of active and passive media
to the receiving chamber.

In the first setup (Fig. 3), the active and passive jets are fed directly into the receiving chamber,

i.e. as it is used in hydraulic elevator constructions currently used in various industries, industry and
technology [1].
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Fig.3. Scheme of direct-flow hydraulic elevator

In the second - the active jet is fed straight into the receiving chamber, passive - with a twist,
thanks to a tangential feed (Fig. 4). The third design differs from the previous method of supplying
the active jet. The working stream is fed into the hydraulic elevator nozzle through a tangentially

cut slit of size a,x b= 40 x 17.6 mm, the area of which is equal to the cross-sectional area of the
pump discharge pipeline (Fig. 5).
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Fig.4. Diagram of a hydraulic elevator with a tangential supply of intake medium
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Fig.5. Diagram of the vortex hydraulic elevator

In the design of hydraulic elevators, the condition of coaxiality of structural elements is strictly
maintained and made in such a way that the distance from the nozzle to the mixing chamber can be
changed, which is achieved due to the fact that the section of the discharge pipe with the nozzle can
be moved along the thread. Geometrical dimensions (mm) of the main structural elements of
hydraulic elevators are shown in Table 1.

Table 1. Dimensions of the main structural elements of hydraulic elevators

Type of £ . E | s S o >

; N2 Iy g 3 =3 é b S ) - = >
hydraulic S S| <] 5] 215 Y 8 £ 5 L %
elevators ~ =~ ~ ~
Direct flow Egireet | 15|50 | - |32 50 | 60 [ 17590 | 15 |60 | — | — - -
With tangential
fed of intake 15(50| - [32]50 | 60 [175|90| 15 (60 |114 | — |95x20.7 | -
flow Etang
Vortex Eyor 15(50| 30 [32| 50 | 60 [175|90| 15 |60 | — |114 |95x20/7 [40x17.6

The experiments were conducted with the aim
hydraulic elevators at different:
a) pressures of the working fluid;
b) the distance from the cut of the working nozzle to the beginning of the mixing chamber;
c¢) geometric elevation of the hydraulic elevator;
d) stream spin settings.

of obtaining the coefficient of ejection of
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To obtain direct or swirling flows, the hydraulic elevator was made of the following separate
detachable elements:

- receiving chamber with direct-flow input of the passive medium;

- receiving chamber with tangential passive medium input;

- nozzle with tangential input of the active medium.

2. Research results

Figure 6 presents the forms of jet outflows from the working nozzle: straight-flow and
swirling.

Fig.6. Active jet outflow from a working hydraulic elevator nozzle:
a) adirect flow jet; b) swirling.

In order to study the influence of the position of the working nozzle (Fig. 7) in the receiving
chamber on the characteristics of the hydraulic elevator, experiments were conducted at the
following distances from the nozzle section to the inlet section of the mixing chamber: /. = 0; 10;
20; 30; 40 mm. During experiments the values of the coefficient of ejection q hydraulic elevators
was determined. Figure 8 shows the experimental curves /../d.=f(q).

From the graphical dependences it can be seen that the optimal distance from the nozzle to the

mixing chamber is /.= 30 mm, which is equal to ;—“ = 2 while the diameter of the mixing chamber
€

diix.cam. = 32mm and the diameter of the nozzle d= 15 mm.

According to recommendation [3], when calculating jet devices, the optimal distance from the
nozzle to the mixing chamber is based on the condition that with the calculated ejection coefficient
g, the area of the final section of the free jet leaving the nozzle is equal to the area of the input
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section of the mixing chamber. In this case, it is necessary to calculate the length of the free jet and
its diameter at a distance /., from the working nozzle section.

The value of /., is determined depending on the value of the ejection coefficient according to
the following formulas :

while < 0.5

1, =3.12d_(,/0.083+0.76q —0.29), (1)
While g> 0.5
1, =143d,(037+q). )

Accordingly, the jet diameter d., at the entrance to the mixing chamber while ¢ <0,5

d, =34d ,/0.083+0.76¢ 3)
while ¢> 0.5
d, =1.55d 1+q. (4)

If, as a result of the calculation, it turns out that the jet diameter d_,, is less than the diameter of
the mixing chamber d, ., then the distance between the nozzle section and the inlet of the mixing
chamber is taken to be /.,,. At the same time, installation of the nozzle closer than at a distance /.,
does not significantly affect the operation of the hydraulic elevator, since the final section of the jet
fits perfectly into the mixing chamber.

Recession the nozzle from the mixing chamber can significantly impair the operation of the
hydraulic elevator. In this case, the jet does not fit into the inlet section of the mixing chamber. The
resulting backflow of the liquid will lead to additional energy loss.

Ljer’
__E
. I/‘srrr \_
Vprewe.f j Y —— =
—ﬁf’-“_—__ - g
:..6 . . ﬁds‘m\ "'én‘ . ‘V;m',\' ‘ §
;/SH(T »

Fig.7. Calculation scheme for determining the optimal nozzle positions

If, as a result of the calculation, it turns out that djer>dpmix.cam then the distance from the nozzle to
the mixing chamber is increased by the value of / j,

ljet = (djet - dmix.cam)/ 2 (5)

For the studied design of the vortex hydraulic elevator, the value of /., can be obtained using
the formula

lm=1.43d,,.-(0.079+q) (6)

The twist intensity is characterized by the twist parameter S, which is the dimensionless ratio
of the axial component of the moment of flow momentum to the multiplication of the axial
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component of the momentum flow and the equivalent nozzle radius [2]. For the vortex hydraulic
elevator, the twist parameter is defined as:
Faet
Sact = +E£;, (7
- 2
L ﬁw'z—uz =)
Fpass
Spassiv = T puss (®)
— 32
1 "Fpass?

a n
w w . . . . . ..
where Fape = —u Foass = — and is the ratio of circumferential and axial velocities of
V

o o
active and passive flows.

q
£ 1.4 I T
o =132 == .I
T 1) e BO% E%Q
= /@/ -l @] BRON
= =
= avr O ]
2 1.0 0 it B
B // & (@ ,/'Of ced \8\>\"-“
|
0.8 e ’/y// M:’f A =]
: OFO | A [
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0.6 7¢ 8, /// L] ] . —
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- 0/ input
. / -
pd O- straight through
TR S SR R B
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Fig.8. Graph of /i./d.~f(gq) to determine the optimal distance from the nozzle to the mixing chamber.

Figures 9-11 show the graphs of Guuc=f(Suct)sqsuct=F(Spass)s ANAGsucr=f(Sac/Spasy) at various
distances from the nozzle section to the throat of the mixing chamber for a vortex hydraulic
elevator.

In Figure 12, the dependence curve g,,=f(S)for a hydraulic elevator with tangential entry of a
passive medium. As can be seen from the graphs, for the vortex hydraulic elevator the optimal
distance from the nozzle to the throat is 30 mm, and the ejection coefficient is ¢,.~1.32. For a
hydraulic elevator with a tangential entry of a passive medium, the optimal distance is 20 mm, with
q=1.01.

The analysis of the curves of dependences Guuc=f(Suct), Gsucr=F(Spass)s Gsuct=(Sact/Spass) and
gn=f(S)allows us to conclude that there are critical values,So" =0.11, S;°=0225,

S / Se = 0.48, for the vortex hydraulic elevator.
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Fig. 12. Dependence of the ejection coefficient on the twist parameter of intake medium

So, Si;=0.24 for a hydraulic elevator with a tangential intake of the intake medium at which the
highest value of the ejection coefficient is achieved.

Conclusion

Analysis of the research results allows us to conclude that the swirling of active and passive
flows radically affect the mechanism for drawing the intake fluid into the mixing chamber of the
hydraulic elevator. An increase in the swirling intensity increases the mixing of the flow, during
which large pressure gradients occur not only in the axial but also in the radial direction, which
leads to an increase in the ejection coefficient.

Due to the involvement of fluid particles in the boundary layer, the spreading in the mixing
chamber will be not in the bulk of the stationary fluid, but in the co-drawn suction flow. In the
vortex hydraulic elevator in the area between the nozzle section and the mixing chamber, the mutual
penetration of active and passive helical flows occurs. The length of the path of interaction between
the two-vortex flows will significantly increase compared with the distance from the nozzle exit to
the beginning of the mixing chamber, as a result, the amount of the transmitted energy of the active
passive flow will increase. Thus, the use of vortex hydraulic elevators in the hydro transportation of
various mixtures will significantly reduce energy consumption and increase productivity.
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NUMERICAL SOLUTION OF THE PROBLEM OF SUPERSONIC GAS FLOW IN
TWO-DIMENSIONAL CHANNEL WITH THE OSCILLATING UPPER WALL

Perchatkina E.V., Minkov L.L.
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In paper we solve the problem of supersonic gas flow in two-dimensional channel with the moving upper wall
making oscillations according to the harmonic law. In order to get a numerical solution for gas dynamics
equations we have implemented the difference scheme with space and time approximation of the first order using
Van Leer’s method to compute fluxes. A special form of fluxes in the gas dynamics equations is given, which
enables to calculate fluxes on cell faces of difference mesh using Van Leer’s method. Depending on a type of
harmonic law and initial gas inflow conditions, the peculiarities of angle-shock wave propagation in moving
curvilinear domains have been investigated. It has been determined that under a particular oscillation frequency
the presence of wall oscillation practically doesn’t have an effect on the flow regime inside the domain. While
comparing the numerical solution obtained due to our program with the one obtained with Ansys Fluent solver we
found that the constructed code operates correctly.

Keywords: oblique shock wave, moving curvilinear coordinate system, Van Lear method.

Introduction

Irregular shape nozzles as the parts of jet engines are wide spread in the various rocket and
missile engineering fields nowadays. For instance, variable exit area nozzles optimizing the
operation of jet engines under the number of various velocities and nozzle outflow regimes along
with the deflectable thrust nozzles with the possibility of changing a thrust vector. During the rocket
flight one can observe generation of diverse body and its components vibration: from mechanical
vibration caused by rocket-engine starting to the vibration arising due to aerodynamic load while
supersonic cruising (flatter).

1. Problem formulation

We consider the domain formed by the upper and lower solid boundaries, Figure 1. Gas
inflows to the domain through the left boundary AB with supersonic velocity, which is inclined at
an angle a, and drains away through the boundary CD.

B C
OC;
vV A D

Fig.1. Computational domain

The upper wall BC make oscillations along a vertical axis according to the harmonic law
X
=|DC|+ 4
y=|DC] [4D]
value of the domain inlet and outlet height is AB=DC=1, the domain length is AD=4. Gas flow is
governed by the system of Euler equations in curvilinear coordinate system (1).

o0 oF G
420 1
oz 9 on M

where

sin(ax), wherein point B supposed to be fixed. On initial time we suggest the
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pJ pla-y) p(B-o0)

U= pJu  F= pu(a-y)+p-y, . G= pu(ﬂ_o-)_p'Y§ 2)
pJv pv(a-y)-p-x, pv(B-0)+p-x;
pJE pH(a-y)+p-y pH(f-0)+p-Cc

u, v —components of velocity vector V, directed along x, y axes in Cartesian coordinate system;
2 2
u +v
P,
k-1 p 2
capacity ratio, 1.4; &¢=u-y, =v-X,; Y=X_y, =y, X} ,Bzv-x§ —U Yy O=Y, X=X, " Ve

p — density; p — pressure; H — enthalpy, E +%; E — total energy, ; k — heat

Initial and boundary conditions at the domain inlet are set in the form (3).
p=Lu=2v=05 P=1 3)

The boundary conditions at the exit are specified based on the value of the gas flow rate in the
last cells. For supersonic flow, u >c¢ (where c is a speed of sound), the boundary conditions at the
exit are not specified, otherwise, when the flow is not supersonic, at the right boundary we set the
pressure. To obtain a solution to this problem the finite volume method is applied. The
determination of flows through the faces of the computational cells was carried out using the Van
Lear method. The original equation is a difference scheme with the first order of approximation in
spatial and in time variables.

1. Implementation of Van Lear method.

To carry out the splitting procedure in a curvilinear coordinate system, the vector F (according
to [3], [4]) will be represented as:

pU, 0
2
5 pU, +p LAY
pv,U, 0
PHU, pw,
where
U :yﬂ(u_xf)_xﬂ(v_yr), u = M'y” _ le'] .
n > Y >
/x,,2+y,72 \/x,,2+y,,2 \/xﬂz_l_ynz
u-Xx V-
v o= n__ 4 Yy W= /4

n 2 2 2 2 t [ 2
\/)c,7 +y,7 \/x,7 +y,7 X, +y”

Vector G splitting should be carried out in a similar way.

2. The results of the numerical solution

The numerical simulation results of supersonic gas flow in a region with a time-varying
geometry have been obtained on a difference mesh 200 x 50 and are presented using isobars and
Mach number isolines. In the considered task, there are two characteristic times of the process - the
oscillation period of the domain upper wall and the time of propagation of the sound wave along the

region. Firstly, we give the consideration of the first case, when ¢, >>1_,.

Here 7, = % — gasdynamic characteristic time; L — characteristic dimension of the domain;

t,= %) — characteristic oscillation period; w — oscillation frequency.
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In order to make clear the fact when this condition is fulfilled, the flow pattern mainly does not
depend on the presence of oscillations of the domain upper wall, calculations have been made when

the gas inflows at an angle o =14 for the flow in the region with a fixed upper wall (Fig.2) and the
flow when the upper wall moves according to the law y= 1+0.17§sin(0.5t) , (Fig. 3, 4).

Comparison of the position and intensity of oblique shock waves shows that a change in the
position of the upper wall with time has virtually no effect on the overall flow pattern.
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U7 i =

d —=4r
Fig.3. Pressure field Fig.4. Mach-number distribution

Consider the following case 7,  =1,,. This case corresponds to the gas flow in the domain with

the upper wall position, changing according to the law y =1+0. 17%sin(t) . The calculation results

of the pressure fields and the Mach numbers for gas flowing into the region at an angle o =0° for
the one period of time T are presented in Figures 5, 6, respectively. Figure 5 (a) clearly
demonstrates that the rise of the upper wall causes the formation of rarefaction wave at the
beginning of the region and, on the contrary, when the wall moves down - a compression wave,
Figure 5 (c).

In order to establish the dependence of the intensity of shock waves on the law of wall
displacement, we carried out a calculation in presence of direct gas inflow (i.e. & =0°) for a region

with the upper wall moving according to the law y =1+0.5 lzsin (t) .

The results of this simulation are presented in Figures 7, 8. A comparison of Figures 5 and 7
allows us to conclude that with an increase in the swing amplitude of the upper wall, the intensity of
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generated rarefaction waves (Fig. 5 (a), 7 (a)) and compression waves (Fig. 5 (c), 7 (c)) also
increases.
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Figures 9, 10 show the calculation results for the case when gas flows into the area at an angle
a =14°. The movement of the upper wall is described by the law y =1+0.17§sin(t) . A

comparison of Figure 9 with Figure 3 shows that with an increase in the upper wall oscillation
frequency, the intensity of the resulting oblique shock waves weakens. In addition to the above, at

the time % , when the upper wall reaches the maximum point (Fig. 9a), the shock waves do not

have enough time to propagate along the entire length of the region.
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3. The Ansys Fluent results

To verify the simulation results, we calculated the pressure fields and Mach numbers using the
Ansys Fluent software. Here are the simulation results for gas flowing into the domain at an angle
a=14°, (Fig. 11, 12).

. id . iyt
168 e

- B N
c) d)
Fig.11. Pressure field as per Ansys Fluent

The law of motion of the upper wall is y=1+ O.l7%sin(t). Comparison of the flow pattern,

position and intensity of shock waves in Figures 9 and 10, 11 and 12 shows that the created
procedure of calculating gas flow in a curvilinear region with moving boundaries allows us to
obtain a physically correct numerical solution.
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Conclusion

We have studied the features of the oblique shock wave propagation in a region in the presence
of an oscillation of the upper boundary depending on the type of the harmonic law on which this
oscillation is carried out. It was found that at certain amplitude, the oscillation of the wall
practically does not affect the nature of the flow in the considered region. A comparison of the
numerical solution obtained by the created program with the numerical solution obtained with the
Ansys Fluent solver showed the correctness of the created program work.
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Wind turbines on the principle of operation can be divided into 3 types: sailing (Savonius),
propeller and wing (Darrieus type) wind turbines. In paper the fundamentals of the theory of sailing
wind turbines are outlined. The aerodynamic characteristics are determined.: lift and drag coefficients,
turbine power, use of wind energy, degree of speed, etc. A comparison of the calculation results with
experimental data is presented. Satisfactory agreement of the calculation results with known
experimental data is shown.

Keywords: Savonius, lift, drag, the degree of rapidity, utilization of wind energy.

Introduction

The general, robust growth of wind power around the world which goes hand in hand with
further geographic diversification is very encouraging [1]. New world regions such as Latin
America and most recently also Africa are playing an important role in this dynamic development.
Obviously many governments have understood that wind power brings great benefits to their
societies, as it is emission-free, cheap, domestic and accessible and offers a very attractive pathway
to achieving the Paris agreement. However, signs of weakness in particular in Europe are a matter
of concern. On Fig.1 shows the total energy consumption of wind energy in the world in 2013-
2017.
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Fig.1. Total installed capacity 2013-2017 (preliminary data), [1]
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The European Union and its member states should urgently reinforce their efforts to deploy
wind power as part of an overall renewable energy strategy and to work out a roadmap for a 100%
renewable energy future [1]. All experts working in the field of renewable energy sources recognize
that wind power has a great future in all respects. This explains the interest shown in the
development of wind energy in many states.

There is a wide variety of wind turbine designs, but according to the principle of operation,
they can be divided into three main types - sailing (Savonius), propeller (wind wheel) and wing
(Darrieus type) [2-4]. The basis of our study selected sailing wind turbine. The advantage of our
research is that the theoretical approach was correctly chosen to determine the main aerodynamic
characteristics of a sailing wind turbine.

1. Construction of a four-blade sail-type turbine

Calculation of a sail - type turbine. As an example, let us consider the operation of a four-
blade turbine, the design of which is sketched in Fig. 2a [2]. Each blade perceives the wind pressure
to the full extent when rotating from the OA position to the OB position (see Fig. 2b).

g~ wind speed

Fig. 2. The scheme of the simplest construction of a four-blade sail-type turbine

Behind the position of the OB, the angle of attack becomes negative and in addition the next
blade appears which begins to obscure the previous one. Thus, the rotational moment is transmitted
to each blade in the first quarter of the circumscribed circle. Accordingly, in this quadrant, the

power transmitted by the wind turbine is registered. It is consumed for the work of lifting force R

and overcoming the force of resistance of the blade Ey .

2. Calculation of sailing wind turbines

Let us relate the coordinate system to a rectangular blade rotating in the direction of the wind
movement, the area of which S, =14, m’.

Then the velocity of flow on the blade will be equal to| & |=| U |- |W |siner, where W = @h
- linear velocity of the blade element at a distance / from the axis of rotation, U - wind speed. To
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find the resultant force of dynamic pressure, it is necessary to find the resultant vector of the relative
velocity of the air flow. With this aim, we integrate the last expression over the surface S, =/ 4,.

L -,
iy |=— [l |dh =|U | -—"sin & , where W, = @h -
hy % 2 :
Dynamic wind pressure per blade

pué_p(2|l7|—|vmsina>2

= 1
5 2 (1)
The resistance of the blade is determined by the known formula [5]
‘5‘: C. (a)slpU;, (2)

where C,(ct) - coefficient of resistance of a rectangular plate, is proportional to sin*(ct) at small
angles of attack 0° <ar<20° [6] and Cy =1.3 at & = 90° (see Table 1), 6, - the dimensions of the

W vortex path behind the plate, the width of which & >4, at A= hi >1.

0
Heisenberg equating the circulation created per unit time on the edges of a flat plate, located

normally to the flow, circulation, carried by vortices, found that % =1.54 . In our case, when the
0

breakdown of the vortices occurs only on one side of the plane blade, we assume that ‘% =1.27.
0

The resistance coefficient of the thin symmetrical wing NASA profile 0006 in the range of the angle
of attack 0° < <20’ is well described by the empirical formula:

C.(e)=0.001+0.5sin’ . 3)

There are no data for corners of attack «&» more than 20°. At o> 200 we can interpolate

and write the dependence corresponding to large angles of attack Cy =1.3 at o-—/2
C.(e,)=1.5sina—0.2. (4)
Thus, formula (2.5.2) takes the following form

(21T ||, |sine,

‘DI‘ =hlC, (0{1 )p 3 2)
at 0<a, <20°.
15, =1,2710,C (e, )p 10117, sine | (5)

8
at @ =a,, 20° <o, <90°.

2
Lifting vector ‘R‘ = ﬁ% directed towards attack speed V" at an angle 90” and the force,
0

acting on the lifting of the blade is
hyRsinex . (6)
Taking into account the fact that, for the plate, the coefficient of lift C, =2zsin in the

interval 0 < & < 20° [2, 6] and R=0 at ¢, >20", to determine the power transmitted to the
turbine by the wind.
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Table 1. The drag resistance Cy for different bodies

o 2 2 >
iy | 57
The name of the The form = g S 3 5 Reynolds The
body . BB 2 &g = number coefficient
bodies = o2 a5~
2% 2 & Re Cy
= E = ©
Round plate v 10.7-10* =
—_— o — =+
i ] gt | 1.06+128
Cone -~ <Tw| la - 10 2.7-10° 0.34
Cone with 5
spherical base - 10 1.35-10° 0.16
Also — (7 - 10 1.35-10° 0.088
Cylinder — A=T7 10+30 | 10°+3-10° 0.84
Cylinder with
spherical bases | —= (o) A=7 10+30 | 10°+3-10° | 0.28 +0.22
—_— — — >+4.10° +
Ball ‘mh 10° +4-10° | 0.44 +0.10
‘ 4 .
Cylinder it el E! e=szam | 0.2100.8 30 8.8-10 0.75 +0.65
2 10.7-10* to _
Square plate pa: I - a 227-10* 1.06 +1.28
Hollow —( - - - 0.33
hemisphere
Hollow - - - 1.34

hemisphere

~Db
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To do this, calculate the work done when moving the blade from the OA position to the OB

position (see Fig. 2b). In this case, the point A passes the path equal to %ho with speed WO

Accordingly, the power transmitted to the turbine will be
N=N,+N,, (7)
PR E
where N, = /[ (R+ D Wdar, N, = hyl|D,7,de -
0 V4
9

Considering that for a plate at 0" <ar<20’, Cy((x)=27£sin0{ [2, 6], and, substituting the

, taking into account (3) and (4), we obtain

b

expressions for ‘R

B},

(21T |-, |sine)
8

do+

5
N = hW, [ (27siner+0.001+0.5sin’ r)p
0
b (3
2
+1.27% W, [ (1L5siner-02)p(2| T |~ |, | sinaf der

9
Integrals are tabular, easily taken. Performing simple operations, we find:

N =0.027plh, | W, |[7.17U2 —6.29W,U + 0.082W02] )

The coefficients of wind energy is found by dividing the power N transmitted by wind to the
3
turbine by the own power of wind N, = Ik, p UT .

£=0.0534]7.17-6.307+0.082 (10)

Where the ratio of the translational velocity of the tip of the turbine blade to the wind speed is

7 h _
called the tip speed ratio (TSR), and is calculated as follows: y = % where y is the TSR, and U

is the free wind speed. Equating the first derivative Z—g to zero, find the maximum value of the
v4
wind power factor £, as well as ¥, at which £ . and &=0are achieved.
So, £=0at y=0and y=1.16, and £, =0.11 at y=0.58

Wind turbine power is determined by the formula

3
N=&-Ih, plzj .

where N is power, U- wind speed, & is power coefficient, [ - height, 4, - blade width, p - air density.

3. Comparison of calculated and experimental data

Fig. 3 presents the experimental data of the P.P. Osipov [7] and calculated curves by the
formula (10), as well as the results of calculations on the assumption that the blade does not rotate,
but moves translationally with velocity |@|h, in the direction of wind movement [6]. As can be

seen in Fig. 3, the agreement between the calculated curve (10) and experiment is not more than 10-
15%, while the maximum deviation of the dotted curve is much larger.
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Light points - the experiments of P.P. Osipov. The solid line is calculated by formula (10).
Dotted line - the results of calculation under the assumption that the blade does not rotate, but
moves translationally.

0,15

\
0 02 0% 06 B8 1,0 1,2

Y
1]
Fig. 3 Rotor power coefficient & as function of tip speed ratio y. Here:
oooo0o00 — the experiments of P.P. Osipoy, === _ i5 calculated by formula (10). — — — — — the

results of calculation under the assumption that the blade does not rotate, but moves translationally.

Conclusion

A theoretical calculation of the main aerodynamic characteristics of a sailing wind turbine has
been carried out. Our theoretical results were tested with known experiments [7]. Comparison with
experiment showed good agreement. This gave rise to confidence in the correctness of the choice of
methods for solving problems.
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Results of experiments and calculations of the mathematical model of the motion and heat
exchange of the slurry mass in the annular cavity are presented. Temperature distribution, estimated
during the experiments, in the form-building cavity of bushing depending on the molding velocity and
heat extraction conditions on the walls of form-building of annular cavity lets us determine the
transition from liquid (viscous-plastic) state to solid-plastic one. The experiment results were analyzed
and generalized using mathematical model of the thermoplastic slurry molding process. The results of
calculation are in agreement with the experimental data, and they show physical validity of the
proposed mathematical model of the molding process of the beryllium thermoplastic slurry.

Keywords: beryllium ceramics, thermoplastic slurry, suspension, molding process, heat transfer, phase
transition, solidification of casting.

Introduction

Technology of slurry molding (extrusion) is very actually nowadays in connection with
intensive development of metal injection molding (MIM) technology, where there are the same
physical processes. This technology played the important role in the production of functional
ceramic for the need of the nuclear, defense and electronic industry.

The development of new areas of science and directions of technology advances increased
requirements to the level of properties and to the quality of ceramic fabrications, are increasingly
becoming more popular products of complex configuration from new non-metallic materials (high
thermal conductivity, oxygen-free, superconducting, etc.). Technology of hot casting under
pressure [1, 2] remains the basis for the obtaining long-length, multi-channel, complex shaped
ceramic fabrications from non-plastic powders, in spite of the using of isostatic pressing.

However, in spite of the fact that last years a lot of attention has been paid to improving of the
technology and creation of the new equipment. Up to now unsolved problem of obtaining without
defects products by this method has remained. As a result, in practice it does not often achieve the
desired quality of moldings and obtaining of acceptable products, that makes this process low
profitability. Obtaining of ceramic fabrications by hot molding from dispersion materials with
anomalous physical properties, such as BeO is particularly complicated. In this case, the difficulties
of obtaining of quality products were caused firstly by thermal properties of beryllium oxide, in
particular, its unique thermal conductivity [2, 4]. Clearly, it is impossible to eliminate taking place
technological limitations and problems without the development which they are based on all
experience and knowledge of theoretical representations about regularities and mechanisms of
regulation of the thermal regime of the casting on the forming process of molding. The results of
experimental researches and the generalization by calculations of mathematical model of process
molding of the thermoplastic slurry beryllium oxide are presented in this paper.
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1. Experimental data of rheological properties of the thermoplastic slurry

The thermoplastic slurry (highly-viscous suspension) represents a two-phase disperse system,
where the solid minerals phase - beryllium oxide powder, liquid phase - organic binder [3]. The
organic coupler consists of three components: paraftin, beeswax and the oleic acid in the proportion
82%: 15%: 3%. The Shvedov-Bingham rheological model was used to describe the rheological

property, the relation between the shear stress T and shear rate % of the thermoplastic slurry:
T=T+p5, (1)
where 7 is the shear stress, 7 is the yield strength, u is the plastic viscosity coefficient.
The ultrasonic effect (USE) influences the rheological properties of the slurry. The plastic
viscosity coefficient g(Pa - s) and the yield strengthry(Pa) of the slurry depend on temperatureT,

and the experimental data at the relative mass fraction of the binder @ = 0.1 prior the USE are
described by the empirical dependencies

= 5.5+ 6.2exp(—(T — 334)/6),

Tg = 19 + 11.41lexp(—(T — 340)/5.47) (2)
after the USE:

i= 2.5+ 101 exp(—0.09068 T),

To = 5.93 - 10%exp(—0.04968T) 3)

The slurry density is determined by the concentration of the beryllium powder and the binder:

= Gt e

where gg.q 1s the beryllium density, gy, is the coupler density, @ is the relative mass fraction
of the coupler in the fractions of unity.
The coupler density is temperature-dependent and is determined by the empirical formula

Ppin = 0.8485 + 0.0755 - cos(0.0571 - T — 16.736)

The beryllium density is pg.g = 3.02 g/cm?®. The coupler density in temperature range from
348 to 318°C varies within the limits pp, = 0.784 — 0.8845 g/cm?, and at the solidification, the
thermoplastic slurry density increases from 2.3498 to 2.4327 g/cm® for @ = 0.1.

As the experimental data of [5] show, the USE does practically not affect the slurry thermal
conductivity and heat capacity, they depend on temperature in the form

1= 7.1exp(—0.01T + 2.73), % (5)
¢, = 1000exp (0.00345T — 0.94), @LH (6)

Thus, the rheological properties of the slurry of the beryllium are the functions of temperature,
and an aggregative change of the liquid suspension to its solid-plastic state occurs in the molding
process.

2. Determination of thermo-physical properties of ceramic products molding
process

According to experimental data, the temperature of thermoplastic slurry solidification
T, = 55°%C, and the releasing heat of the aggregative change does not affect significantly and
scatters rapidly. Determination of the coefficients of heat exchange and heat transfer on the walls of
the cavity presents considerable difficulties and it requires a solution of the dual problem. In this
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aspect, the solution of the inverse problem with using of experimental data for evaluation of the
coefficient of the heat transfer is the simplest.

For simplicity motion of the slurry in the cavity can accept one-dimensional and parameters of
the cross section are constant. Heat transfer through the side surface of the filler leads to reduces the
temperature of the slurry, and its variation is describing by the equation

G{Tp % = —dezk(ﬁ - E:W)a

where G - mass flow rate of the slurry, k - the coefficient of heat transfer through the wall of the
cavity, t,,-the temperature of the cooling medium.

Heat capacity of the slurry changes in the transition zone. Increase of the enthalpy during the
phase transition can be determined by the apparent heat capacity method [4, 5]. In this method, the
latent heat is taken into account by increasing the heat capacity in the phase transition zone.
Changing of heat capacity can be represented as [2, 4]:

csy t =1ty  solidphase

C, =1 Cins ts = € = t; transition zone (7)

P
¢, t=t, liguid phase
f:lt?(f)df"‘f‘fl-ez .. ) ) .
where ¢, = —T, H;_ - the phase transition specific enthalpy of beryllium slurry is
5

determined by experimental data and is equal to H;_,, = 7800 [ /kg.
In phase transition function e(t) is introduced to the transition zone to consider the latent heat,
and changing of the slurry heat capacity is expressed by:

€ =G (1 —a(@®)+ ¢ alt)+Hi_» i—j) (8)

where c,— specific heat of the slurry in the solid state, ¢;,— specific heat of the slurry in the
liquid state, a(t) =0 for the pure solid slurry and a(t) =1 for the pure liquid slurry, t —

dimensionless temperature of slurry (t = 5, to-initial temperature of the slurry at the inlet of the
0

cavity). According to the experimental data of beryllium oxide slurry with binder mass fraction of
w = 0,117 function «(t) takes a form:

a(t) =5.712t — 2.85 9)

The equations (7)-(8) of the method of apparent heat capacity include the latent heat of the
phase transition, and are convenient for calculations. For convenience position of the transition zone
is not known in advance and is determined as a result of the calculations.

3. Discussion of optimization calculations data

Systematic calculations of the process of forming beryllium ceramics allow to analyze the
phenomenon of phase transition at various casting speeds. Numerical calculations take into account
the influence of latent heat of crystallization on heat transfer and solidification of the slurry. The
process of solidification proceeds as a result of heat release during the phase transition from a liquid
to a solid state. The heat of the slurry mass is transferred to the coolant.

The interval of crystallization temperature is an important factor determining the characteristic
parameters of the forming process of slurry. The effect of range of the crystallization temperature is
to a large extent balanced by the action of thermophysical factors. Depending on the magnitude of
this interval and the properties of the slurry, different conditions are created for the formation of the
slurry and the flow of the solidification process.

The parameters have changed in the optimization calculations: casting speed, cooling
conditions (2 or 3 contour molds) and the design of the cooling circuit. At the inlet of the cylindrical
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part of the annular cavity the temperature of the slurry is constant and equal 80[], which
corresponded to the industrial casting conditions.

The release of heat of crystallization during the phase transition of the slurry from the viscous-
plastic state to the solid-plastic takes into accounting numerical calculations. The coaxial cavity
consists of two concentric cylinders with radii of 6 and 10 mm, respectively, which makes it
possible to obtain a ceramic product in the form as a tube. The cooling contour of the cavity is
divided into 3 parts (Fig.1). Temperature of the cooling water in the first part is t; = 80°C, in the
second part is £, = 59°C, in the third part is t3 = 20°C.

The results of calculations of the process of forming beryllium oxide slurry for a three-circuit
coaxial annular cavity are considered, which are shown in Figs. 2-4. At the first stage, the process
of cooling the hot slip through the walls of the cavity is realized by means of the boundary
condition of the first kind.

The total cavity length amounts to [ = 28 mm, the lengths of the first, second, and third
sections are [ =94, Ib=92, 3 =94 (fig2a); =7 =7 lz=14 (fig2b);
I, =17, [l>=14, I3 =7 (fig.2c); At the same time changing the casting speed (/, =10 mm/min,
20 mm/min u 50 mm/min) we observe, how to change of the rate of crystallization and the character
of the motion of the slurry in the annular cavity.

T, =80°C,L =1, T,=50CL=L, To = 20°C,L = L,

o T, 1M o=

: T 8 — T B ®  # zm 2

Fig.1. Scheme of flow of thermoplastic slurry in the annular cavity in case of three-circuit cooling.
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Fig.2. Distributions of the temperature over the annular cavity length at different ratio of the length of the
cooling circuits at g = 10 mm/min : a) L,=L:=9,4 mm, L,=9,2 mm; b) L,=L,=7 mm, L;=14 mm;
¢) Li=L;=7 mm, L,=14 mm.
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The temperature of the slurry at the inlet of the channel is constant across the cross-section.
The profile of the longitudinal component of the velocity attains the shape of shear flow of the fluid
near the inlet section due to high viscosity of the thermoplastic slurry (Fig. 2). Wall temperature in
the first cooling contour is t; = 80°C and temperature field changes from ¢ = 80°C to t = 64.5°C
in this zone (Fig. 2). Temperature isolines (isotherms) show the regions of the constant temperature
and internal structure of the slurry mass which is in liquid state.

Wall temperature isto = 59°C in the second cooling contour. Sharp reduction of the wall
temperature generates intensity growth of the slurry cooling, it also leads to the change of the
rheological and thermo-physical properties of the slurry. Dynamic viscosity (t), density p (¢) and

yield point 7,(¢) increase with temperature decrease, and viscous-plastic property of the slurry

obviously begins to be evident. The slurry slides along the cavity wall, and sliding velocity ascends
down the length of the second contour. It resulted in that profile of the longitudinal component of
the velocity down the flow will level with constant center in the near-axial region (Fig. 2).

Heat pick-up growth results in reduction of the temperature field in the second cooling contour
(Fig. 2). There is a transition zone in the beginning of the second contour, where temperature field
is variable and expresses the transition of the slurry from the liquid state into the viscous-plastic
state. The slurry temperature changes from t = 80°C to t = 59° and defines upper boundary of
the zone with constant temperature to = 59°C. The slurry mass is viscous-plastic near the wall due
to the heat pick-up, while the slurry is liquid in the central part of the cavity. Presence of different
structural conditions across the cross-section results in the change of the rheological and thermo-
physical properties of the slurry. Isotherms become flat with the motion of the slurry mass. Thermo-
physical properties become homogeneous, and all the mass of the slurry turns into viscous-plastic
state. Wall temperature in the third cooling contour is t3 = 20°C, which leads to the further cooling
of the slurry mass and temperature reduction fromt = 59°C to t = 45% in the transition zone.
According to the experimental data, change in aggregate state takes place at temperaturety = 55°C.
In energy equation heat release during aggregate state change occurs due to solidification of the
viscous-plastic slurry. Solidification results in density change of the slurry.

Increase of molding velocity ug = 20 mum/min by twice, while the other parameters stay the
same, has an impact on the structural change of the slurry (Fig. 3). Unlike in the previous formation
mode, molding velocity leads to the extension of the transition zone of structural changes from one
state into another, i.e. from the liquid state into viscous-plastic state and from viscous-plastic state
into solid-plastic state (Fig. 3). It is also observed from isotherms distribution, and is explained by
the increase of convection component of thermal flow.

Transition zone stretches in the second contour area, and temperature field shows minute
rearrangement of the liquid state of the slurry into the viscous-plastic. And the slurry is viscous-
plastic near the wall due to the heat pick-up, while in the central part — in a liquid state, i.e.
convectional thermal flow exceeds at the expense of molding velocity.

In this area, the slurry temperature changes from 79 to 59 ° C and defines upper boundary of
the zone with constant temperaturet, = 59°C. Structural change of the slurry from viscous-plastic
state into solid-plastic state occurs in the region of the third cooling contour. Broad transition zone
is also observed here, where temperature field is defined by convection, heat conductivity and the
slurry aggregate state change heat.

At the molding velocityiy = 50 mum/min, the slurry does not solidify in the central part over
the entire cavity length, and the main flowing mass is in liquid state (Fig.4). This can lead to
shrinkage of the slurry and the formation of shells and voids and a decrease in the strength of the
casting.

The molding of the thermoplastic slurry in the annular cavity with three cooling circuits at low
molding velocity (10-20 mm / min) shows the hardening of the casting within the mold cavity.
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Fig.3. Distributions of the temperature over the annular cavity length at different ratio of the length of the
cooling circuits at #g = 20 mm/min: a) L,=L;=9,4 mm, L,=9,2 mm; b) L,;=L,=7 mm, L;=14 mm;
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Fig.4. Distributions of the temperature over the annular cavity length at different ratio of the length of the
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During the experiments, stated distribution of the temperature in the form-building cavity of
filler depending on the molding velocity and conditions of heat extraction on the walls of form-
building of annular cavity lets us determine the transition from liquid state to viscous-plastic and
from viscous-plastic to solid-plastic state. The results of experiment were analyzed and generalized
with using of mathematical model of the process of molding of the thermoplastic slurry. The system
of equations of the laws of conservation of mass, momentum and energy of non-Newtonian fluid is
considered in common with the rheological Shvedov-Bingham’s model.

Rheological and thermo-physical properties of the slurry were found on the basis of
experimental data, and they express dependence on the temperature. The coefficients of heat
exchange and heat transfer on the walls of the annular cavity were evaluated by solving the inverse
problem, and they were refined in the optimization calculations carried out according to the
conditions of the experiments.

Obtained coefficients of heat exchange and heat transfer in the calculation let us determine the
conditions of heat exchange between the slurry and cooling water, find operational parameters for
controlling of heat exchange of molding of the beryllium oxide in the mold cavity.

Conclusion

Investigation of thermo physical properties of the thermoplastic slurry depending on the
temperature, the heat at the phase transition is the main problem, in that they largely determine the
technological and operational characteristics of beryllium ceramics.

Velocity and temperature fields allowed detecting the peculiarities of motion and heat transfer
determining the internal structure of molding process, transformation of the viscous-plastic liquid
slurry into solid-plastic state, and establishing the influence of the parameters (velocity, coolant
temperature, rheological properties) on solidification process of ceramic slurry mass. One can find
in computations the optimal conditions of the ceramics molding process, which allow obtaining the
output hardened product with a uniform structure of beryllium.
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The article discusses the results of research on the effectiveness of wind-driven power plants of
small and medium power. The results of tests of two different models of wind turbines combined with a
specially designed low-speed electric generator under the conditions of natural wind are discussed. A
description of the device and technical parameters of wind turbines is presented. The dependences of
electro-physical characteristics on the speed of natural wind during a long time are obtained. It is shown
that the power generated by an electric generator with a wind wheel with cylindrical blades is greater
than the power of a generator with a sail-type wind wheel.

Keywords: wind turbine, sail blade, rotating cylinder, Magnus effect, electric generator.

Introduction

Wind energy as an environmentally friendly source of energy has great potential in reducing
dependence on traditional resources such as oil, gas and coal. One of the most important features of
development at the present stage is the increased attention of the world community to the problems
of rational and efficient use of energy resources, introduction of energy saving technologies and the
search for renewable energy sources (RES).

The growing need of mankind for energy resources leads to the demand for searching and
broader use of alternative sources of energy supply. These include primarily wind power
engineering. Due to the large territory, the potential of renewable energy sources (hydropower,
wind and solar energy) in Kazakhstan is very significant. The development and introduction of
wind-driven power plants (WPP) to obtain electrical energy from wind energy is constantly
developing, and industrial production of this environmentally friendly energy source can be a new
stage of power industry development [1, 2].

In addition to the fact that wind energy does not pollute the environment, it is also capable of
producing clean, inexhaustible energy in a local remote area. Moreover, in Kazakhstan there are
many remote areas where there is a shortage of electric energy, where it is expensive, and
sometimes it is technically impossible and economically impractical to build power lines. The
development and production of WPP as an autonomous source of electrical energy for the needs of
economic and domestic activities in the field environment, at testing grounds or defense facilities is
a very topical issue of modern power industry. Autonomous WPP of small and medium power can
provide with electricity a separate building, small farms or military defense facilities, remote from
sources of centralized electricity supply. The increased interest in wind-driven power plants (WPP)
for the conversion of clean and renewable wind energy necessitates a more thorough analysis of not
only their aerodynamic parameters, but their energy characteristics as well. In the framework of
project number 0109 PKO1319, a special electric generator for small WPP was designed and
manufactured. Tests of the developed low-speed electric generator for two types of WPP were
carried out at the training and testing ground of the Faculty of Physics and Technology to identify
the energy conversion efficiency of low-speed low level wind.
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1. Technical characteristics of WPP experimental models
1.1 Experimental model of sail-type WPP

The principle of operation and design of the WPP under study were developed and constructed
at the Laboratory of Hydrodynamics and Heat Exchange of the Department of Engineering
Thermophysics named after Professor Akylbayev Zh.S. under the guidance of Professor K.
Kussaiynov [3,4]. Later various modifications of original models were made, which were installed
and successfully function at the testing ground of the Faculty of Physics and Technology.

The first model of the sail-type WPP is a multi-blade wind turbine with a dynamic variable
blade shape, made in the form of a triangular "sail". For aecrodynamic testing under natural wind
conditions, a prototype of a 6-blade sail-type wind turbine with a wind wheel with the diameter of 3
m was constructed, Fig.1. The distinctive novelty of this WPP model is in use of blades made in the
form of a triangular flexible sail with a moving end. Sail-type wind turbines have a unique feature -
they work equally effectively both at low wind speeds and at high wind speeds. Due to the dynamic
changeable shape of the working surface, sail-type wind turbines react quickly to changes in the
wind direction [4, 5].

Based on the results of preliminary tests to ensure maximum thrust force of the sail blades, 15
cm elongation of the moving yarn was chosen. The sail-type wind turbine shaft is made of a metal
cylinder with a diameter of 30 mm and a length of 1750 mm. The diameter of the metal disk
coaxially attached to the shaft is 150 mm, the disk thickness is 10 mm. The pulley has a diameter of
400 mm, and a thickness of 40 mm, intended for a belt drive with a generator. The support rods and
frame rods of the wind turbine are 25 mm diameter metal tubes, which are fixed to the disk. The
length of each frame rod of the wind turbine is 1570 mm, and the length of the support rods of the
wind wheel is 2100 mm. The prototype of the sail-type wind turbine is installed at a height of 5
meters in the prevailing direction of the local wind flow.

1.2 WPP model using the Magnus effect

The second model is that of a WWP with blades in the form of rotating cylinders, as shown in
Fig.2.

Fig.1. General view of an experimental sail- Fig.2. General view of an experimental model
type WPP model of WPP with cylindric blades
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It is known that when a transverse air stream flows past a rotating cylinder, a lateral force
arises due to the Magnus effect [3, 6]. This physical phenomenon is used when designing this
model. Cylinders, like propeller blades, rotate the axis of the wind turbine connected to the electric
current generator, providing a number of unique properties of the WPP:

- steady work at low and medium wind speeds;

- increased utilization factor of low speed winds;

- the ability to automatically support the constancy of the revolutions of the axis of the wind
turbine when the wind speed changes.

A detailed description of WPP with cylindric blades is given in [7]; we just note that in WPP
model under study the surface of cylindric blades is smooth. The blades themselves are made of
durable material in the form of cylinders with flat ends, Fig.2. The diameter of the cylindric blades
is 150 mm, the diameter of the flat end discs is 250 mm, and the height of the supporting tower is 5
m. The main technical parameters of the WWP models under study are shown in table 1.

Table 1. Technical parameters of prototypes of wind turbines.

WPP type Sail-type WPP | WPP with cylindric blades

Wind wheel diameter, m 3 3

Number of blades, pcs. 6 3

Nominal power kW 1 1

Operating wind speed, m/s 7 7

Starting wind speed, m/s 3 3

Operating speed range, m/s 3-12 3-12

Critical wind speed, m/s 14 15

Nominal rotation speed, rpm 150 180

Weight of wind turbine with support, kg 100 80

Test and measurement of volt-ampere characteristics were carried out throughout the year
under natural wind conditions. Then, according to the test results, the effectiveness of the developed
low-speed electric generator for two WPP models was evaluated.

2. Experimental technique

A prototype of an electric generator (EG) was developed for converting wind energy into
electrical energy and WPP trial. The most convenient for the constructive combination of the wind-
wheel with the electric machine is the EG variant with inductor synchronous generator, assuming a
windingless rotor. The specific consumption of materials and the cost of a gearless EG are about the
same as the total indicators of a WPP with a high-speed EG increasing gearbox.

A distinctive feature of this EG is that it begins to produce an emf at relatively low speeds of
air flow. In addition, the developed version of the EG has a reliable contactless excitation system
and starts to generate electricity at frequencies from 50 to 350 revolutions per minute.

The study of the electro-physical characteristics of the low-speed EG depending on the speed
of rotation of the generator shaft shows that the changes introduced into the design lead to an
increase in the efficiency, which promises the prospect of further improvement. In particular, it was
established that the use of two-discs with neodymium magnets as rotors in the design of a low-
speed EG makes for noticeable increase in the efficiency of WPP.

To measure the natural wind speed, GEOS #11 anemometer was used, which can be used as a
stationary weather station. To measure the angular velocities of the rotating shafts, the AT-8
contact-noncontact digital photo-tachometer was used in the range of 0.1-10,000 rpm. The principle
of operation of the AT-8 digital photo tachometer is based on measuring the speed resulting from
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the interaction of the rotating magnetic field of a permanent magnet. Rotation from the shaft of the
unit, with induction currents induced by this field in a solid metal rotor, provides fast and accurate
readings of rotational speed. Measurements of the electro-physical characteristics of WWP on
natural wind speed were carried out during the year with seasonal climate changes. The
measurement error does not exceed 3-4%.

3. Discussion of the test results

In order to study the electrical and physical parameters of two types of WPP testing models
using low-speed electric generator with neodymium magnets as rotors, aerodynamic tests were
carried out at the testing ground in natural wind conditions.

Volt-ampere characteristics of WPP testing models were determined at a fixed value of the
pulley diameter. 5 and 21 W lamps with powers of were used as a load to determine the current-
voltage characteristics. Volt-ampere characteristic of the WPP with rotating cylinders is shown in
Fig. 3. The operating point of the generator connected to the load coincides with the maximum
power point. Connecting loads can shift the operating point of the system to the area of minimum or
even zero power. Therefore, important components of the system are voltage converters capable of
matching the wind module with the load.

25
LA

20
15

10

2 12 22 32 42 52
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Fig.3. Volt-ampere characteristic of the WWP with rotating cylinders

On the base of the test results, the dependences of the electro-physical characteristics of two
prototypes of WPP on shaft rotation speeds at various natural wind speeds were obtained during the
year. An increase in wind speed leads to an almost linear increase in the number of revolutions of
the wind wheel per minute. This is due to the fact that with increasing wind speed, incident on the
wind wheel, almost linearly increases the pressure force acting on the sail blades.

The efficiency of the EG also rises as a result of increasing cross section of the winding wire,
which, in turn, determines the amount of generated current. Tests show that when connected to the
wind wheel of the WPP with rotating cylindrical blades, EG begins to produce electric current at a
lower value of the number of the shaft revolutions. It has been established that for WPP with
cylindrical blades the maximum value of the generated electric current I is achieved with a smaller
value of the number of revolutions of the wind wheel N, Fig. 4.

The type of dependences of the change in current strength on the rotational speed of the wind
wheel for two models of WPP is slightly different from each other. It can be seen that in the whole
range of variation of the rotational speed of the wind-wheel, the value of the electric current I is 25-
30% higher compared to the current produced by the sail-type WPP. This is probably due to the fact
that in the generator the cross section of the winding wire, on which the generated current
magnitude directly depends, exceeds the cross section of the wire of the sail-type generator.
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Fig.4. The dependence of the amount of the current produced by generators on the rotational speed of WPP

Analysis of the test results shows that in the entire rotational speed range, the power generated
by the electric generator connected to the wind wheel of the WPP with rotating cylinders, exceeds
the power generated by the sail-type WPP, Fig.5.
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Fig.5. The dependence of the power of electric generators on the rotational speed of the wind wheels.

It can be seen that with an increase in wind speed, the generated power increases almost
linearly. At a wind speed of 7 m/s, the wind power plant produces a nominal power of 330 Watts.
The maximum generated power at a wind speed of 12 m/s is equal to 970 Watts.

A similar regularity was also obtained for the EMF that occurs on the windings of a generator
operating with WPP with "rotating cylindrical blades", at a significantly lower value of the
revolutions number of the wind wheel shaft. This is due to the low operating threshold of the
generator, and its high efficiency coefficient as well.

Conclusion

The electrophysical characteristics of two models of WPP were studied using the developed
low-speed electric generator. As a result of the tests performed for a long time, it was found that the
use of gearless wind generators based on arc-type stator electric machines is advisable for low-
speed WPP with high torque. This conclusion is due to the lower operating threshold of the
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developed EG at a change in wind speed and its higher efficiency coefficient value. Due to its
structural connection to the electric generator, it makes for most of the mechanical energy to be
converted into electrical energy.

The practical significance of the considered low and medium power WPP also lies in the
possibility of their autonomous use for driving various working devices and economic mechanisms
at facilities remote from centralized power supply lines.
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This article discusses the study of the analysis of the effect of electric discharges on the degree of
water purification. A description of the technique for measuring specific electrical conductivity using a
conductivity meter is presented. The technical process operation procedure for obtaining purified and
decontaminated water during the electro-discharge treatment is given. In the course of the research, the
change in the salinity and the specific electrical conductivity of the tap water and natural water
samples after the treatment with the electric pulse method was studied. The experiments took into
account the processing time and the number of electric pulse discharges.

Keywords: water purification, water quality, electrical conductivity, electric pulse method, pulse
discharge.

Introduction

The use of electric hydro-pulse effects is a promising method in the technology of purification,
disinfection and activation of water. The electric pulse processing technology based on the unique
effect of instantaneous energy release at the moment of electrical discharge in a liquid has huge
hidden opportunities and new unexpected broad spheres of useful application due to its versatility
[1]. Water quality is an important factor that affects the possibility and practicability of successful
cultivation of products and plants. Increasing concentration of salts leads to a decrease in the
number of basic macronutrients that can be introduced into the nutrient solution, while maintaining
the optimum electrical conductivity of water.

When calculating fertilizers and total electrical conductivity of the treatment solution, it is
necessary to take into account the concentration of individual macroelements, as well as sulfates, in
order not to exceed the permissible amount of 100 mg/l SO4. If the water is significantly saline, in
order not to reduce the amount of fertilizers applied with the process solution, it is necessary to use
ballast-free, readily soluble mineral fertilizers and, if possible, salts with lower electrical
conductivity: potash, calcium and magnesium nitrate, monopotassium phosphate [2]

The salt content and electrical conductivity of tap and natural water, treated by electropulse
method, were studied as well. In tap water, the salt content usually does not exceed 1000 mg/1, and,
as a rule, is in the range of 300-600 mg/l. An electric hydro-pulse plant for water purification and
activation has optimal parameters that make it possible to effectively purify, disinfect and activate
natural water samples.

This paper presents the results of a study of the effectiveness of using electric pulse discharges
for purification and disinfection of water from various natural sources in Central Kazakhstan.
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1. Experimental technique

The measurements of the specific electrical conductivity were carried out on a Mark-602
conductivity meter with a conductivity sensor CS-025S and CS-2S. Advantages feature of the brand
602 conductivity meters with a conductivity sensor CS-025 and CS-2S are as follows:

- control of water chemistry treatment at thermal and nuclear power facilities;

- specialized water treatment;

- two channels;

- freely programmable measurement ranges;

- the possibility of independent measurements at two points;

- convenience and accuracy of measurements, minimum maintenance;

- double automatic compensation;

- the possibility of placing the converter unit at a remote distance from the sampling point to

100 meters;

- communication with external devices;

- galvanically isolated current outputs 0-5/4-20/0-20 mA;

- RS-485 port;

- programmable settings with “dry contact” type output;

- aluminum IP65 case;

- the device is reliably protected from dust and moisture;

- illuminated graphic indicator;

Using a conductivity meter, data on the electrical conductivity and salinity of tap and natural
water were obtained. Water samples were processed using experimental equipment. During the
experiment the plant parameters were as follows: U=18-40 kV, C=0.25, 0.5 pF, 1,=6-8 mm, the
processing impulse f =2-2.5 Hz. The experiment was carried out taking into account the different
number of electrical discharges and with the subsequent measurement of electrical conductivity and
salinity of the water samples under study [3].

2. Process operation procedure for obtaining purified and disinfected water
after electrical discharge treatment

To provide a special mode of pulsed water treatment, the test equipment of an electric pulse
plant has been developed and constructed [5]. The plant for the implementation of the process
operation procedure of purified and disinfected water obtained by electric discharge processing of
natural water includes: a cylindrical water tank with the working space of 10 I; working site with a
paraboloid reflector and a cylinder-shaped electrode. This site is designed for electric discharge
water treatment. To conduct experimental work on obtaining purified and disinfected water in the
"Laboratory of Physics of Pulsed Phenomena in Heterogeneous Media" of the Department of
Engineering Thermophysics named after Professor Akylbaev Zh.S., a technological scheme for
obtaining purified and activated water was assembled. The optimal parameters of the electric
discharge technology to provide the process operation procedure for preparation of purified and
decontaminated water are shown in Table 1.

The plant works as follows: the untreated water flows into the storage tank with a water level
control. Water supply valves open. Reverse feed valves are used depending on the need to rerun
treatment. A circulation pump makes for control of the water supply to the decontaminating device.
After turning on the EHP plant, the voltage on the capacitor with a capacity C rises to the value U,
at which spontaneous breakdown of the air forming gap takes place.

Stored in a capacitor water instantaneously flows through the positive electrode cable into the
operating section to the interelectrode space l,, where in the liquid a pulsed electrical discharge
takes place, which is reflected from the paraboloid surface and the negative cylindrical electrode
decontaminates the liquid [5].
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Table 1. Process operation procedure for the preparation of purified and decontaminated water

Ne | Names of indicators Symbol Unit of Numeric value
measurement

1 | Voltage U kV 18-40

2 | Interelectrode space 1, mm 6-8

3 | Discharge energy E J 220-400

4 | Capacitor C uF 0.25-0.5
capacitance

5 | Discharge rate n Hz 2+25

6 | Plant power \\ kW 1.5

7 | Storage tank v 1 10
capacity

8 | Pump power \\ W 60

9 | Water treatment rate F 1/min 80

3. Discussion of results

The experiment was conducted on a prototype of the electric hydropulse plant, taking into
account the time and number of electrical discharges. The time interval ranged from 1 to 4 minutes,
the number of discharges from 25 to 100 discharge blows.

The researchers studied tap water with the following values of salt content C=401.5 mg/dm’,
SEC x=784.3 uS/cm; water samples from the Fedorovsk reservoir were with the indicators C=664.9
mg/dm’, SEC y=1293 puS/m and the same indicators from the Bukpa River were C=1018 mg/dm’,
SEC y=1891.2 pS/cm.

Based on the results of the experiment, graphs of the dependence of salt content and electrical

conductivity of tap and natural water on the time and number of discharges were obtained (Figures
1-4).
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Fig.1. Dependence of the salinity of tap and natural water on time:
a) C=0.25 pF, 1,=6 mm; b) C=0.5 pF, I,=7mm
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The salinity of the water of the Fedorovsky reservoir and the Bukpa River is characterized by
large temporal and spatial variability and represents an extensive area of close interaction between
developed agro-industrial complexes and the stream ecosystem [4]. Due to the small size of the
water storage basins and their small depths, the main elements of the hydrological and
hydrochemical regime of the basins and the state of the ecosystem are subject to significant
anthropogenic changes.

Due to the hydraulic effect caused by a pulse discharge in a liquid, an instantaneous release of
energy accumulated in the capacitor battery takes place. During discharge, a plasma channel is
formed. In the channel with a small cross section, there is an intense local heating of the liquid.
When the temperature rises by 1°C, the electrical conductivity increases by approximately 2%. In
this connection, when measuring the electric conductivity of the treated by the electric discharge
method water, its increase is observed. Electrical conductivity is directly proportional to salt
concentration.

Conclusion

The application of the electric-pulse device for water purification makes it possible to solve the
issues of protecting water resources from depletion and pollution and their rational use for the needs
of the national economy, which is one of the most important problems requiring urgent solutions.
Electric hydropulse treatment for water purification makes for:

- reagent-free disinfection of water;

- elimination of all types of microorganisms, including viruses and spores;

- carrying out water treatment regardless of the amount of suspended solids and impurities.
During the study, experimental engineering activities on the development and design of an
environmentally-friendly electric pulse water treatment technology were carried out. Thus, these
studies demonstrate the advantages of applying a pulsed discharge for decontaminating water with
high initial contamination [6].

The obtained results confirm that the application of electric discharge treatment makes it
possible not only to carry out water decontamination more efficiently, but also to purify it with a
higher initial degree of contamination.
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A dye-receiving technology from waste products in the form of onion peel. Spectroscopic methods
defined temperature extraction mode pigments. It is shown that bioflavony and extracts from onion peels
tend to form complexes with metal ions. It was found that the reaction of complexation with the metal ion of
quercetin are characterized by the formation of connection with metal by electron transfer from the metal d
orbitals in the & * orbital of quercetin. The Study of the natural scales dye staffs pommel and cortex of
the plants ruyan applicable in textile industry. The Determination main dying pigment of the dye
staffs and offers of the methods to stabilizations of the dye staff.

Keywords: technology, spectroscopy, food coloring, quercetin, rutin, biflavones metal lonia, electronic
orbitals.

Introduction

Natural food colorings (carotenoids, anthocyanins, flavonoids, etc.) are environmentally
friendly compounds that do not affect the human body carcinogenically, and are widely used in the
food, pharmaceutical and other sectors of the economy [1]. Typically, natural food colors are used
in the form of solutions, pastes or powders, where they can be in different molecular forms [1-4].
For effective use of dyes, it is necessary to have information about their spectral-luminescent,
optical and other physicochemical characteristics and their changes under the influence of a
number of external factors (the nature of the solvent, temperature, concentration, light radiation,
etc.) [5,6]. In addition to the use of spectroscopy in the procession, the preparation of natural dyes
makes it possible to develop effective methods for obtaining pharmacological preparations and
biological active substances [7,8].

1. Objects and technique of research

To the questions of obtaining natural dyes from the onion husks in sufficient quantity there are
scientific works. In work [9] the dye from the husk of onions was obtained according to which the
plant raw material is extracted, sorbents are sorbed with an inorganic sorbent at a temperature of 70-
80°C. Then, desorption is carried out in a continuous stream, an alcoholic solution with citric acid
added to it with a mass fraction of 5-10% at a temperature of 80-85° C. In another method for
producing a natural dye from an onion husk [10], an aqueous extract of the onion husk is carried
out. Before the extraction of the raw material for the preparation of the dye, it is crushed and poured
into water in a ratio of 1: 9 or 1:10. Extraction is carried out at 65-90°C and filtration is carried out.
After filtration, the extract is evaporated under vacuum at a pressure of 0.3-0.5 MPa or dried to a
powdery state. As food acids use citric or acetic acid. In the third, the method for obtaining a natural
colorant of the raw material is extracted with water in the presence of a carbonic acid salt, the
extraction mixture is heated to 69-79°C and carried out at a pressure of 7.2-10.0 MPa [11].

In the fourth method of obtaining natural dye from the onion husk, the extraction process of the
coloring pigments is carried out by extraction, raw materials and before the extraction is added the
crushed bark of coniferous trees by a ratio from 3 to 7 to 7 + 3, the mixture is treated with a flow of
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carbon dioxide [12]. We used onions for the production of the dye as a raw material. The choice of
the object of the study was due to the fact that they contain about 0.4% of the antioxidant in the
form of a biflivonoid - quercetin and a routine with P - vitamin activity. Raw materials are
pulverized in a pulverized manner. The resulting semi-finished product was wetted in cold water.
Extraction is excreted in the course of ~ 30min. The temperature is 45°C. As an extractant, along
with distilled water, ethyl alcohol was used. The chromaticity and concentration of coloring
substances was determined by the spectroscopic method. The absorption spectra of the compounds
studied were recorded on Specord 50 SA and SF-46 spectrophotometers. To produce them,
depending on the concentration of the solution, we used quartz cuvettes with liners, which made it
possible to vary the thickness of the measured layer from 0.1 to 50 mm. All measurements were
taken at room temperature (297 K). It has been experimentally found that extracts from the onion
husks do not have a fluorescent capacity at room temperature.

Therefore, we confined ourselves to considering only the absorption spectra. In order to
determine the main coloring pigment of the dye from the onion husks, standard compounds of
quercetin and rutin (brands of PTA), often found in the husks of onions, were selected.

2. Results and discussion

Solutions of standard compounds were made in 95% ethyl alcohol with a concentration of 1
mg/ml, which they prepared by accurately attaching the selected flavonoids. In order to select the
analytical wavelength of the standard connected, the UV spectrum of the alcoholic solutions of rutin
and quercetin and also the extracts of the onion husks were previously obtained. As an example,
Figures 1 and 2 show the electronic absorption spectra of the reference extract from the onion husk
and quercetin, respectively. The concentration dependence of the absorption spectra of solutions of
quartzentine, rutin and pigments from onion husks in ethanol in the concentration range 10-5°x107
M was studied. It was found that the shape of the spectra of the investigated compounds and the
intensity of the absorption bands remain practically constant (see Figures 1 and 2 of curve 1-3).

These indicate that the molecules of the derivatives of flavones at given concentration intervals
are in monomer states. The absorption spectrum of quercetin in ethanol has three maxima, with Amax
=258 nm, Amax =301 nm, Apax =377 nm (Fig. 2).
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Fig.1. Concentration dependence absorption Fig.2. Concentration dependence absorption spectra
spectra of the extract from the onion husk: in ethanol quercetin:
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In these cases, the main absorption bands of routine are with Ayax =257 nm, Apax =298 nm and
Amax =360 nm. The results of the experiment showed that the optical density of the alcohol extract of
the onion husks outweighs the similar value of the results obtained in the aqueous extract. Taking
into account the foregoing, for the preparation of coloring pigments.

The carried out researches have shown that in the case of replacing the extract ant and carrying
out this process in ethanol, the optical density of the extract increases ~ 3 times. In this case, the
optical density varies from 0.08 to 0.3 units of absorbance. It should be noted that the extraction
time and temperature in both extract ants remained the same. Further, a study is conducted to obtain
an extract of an alcoholic solvent, depending on the temperature and extraction time. It was found
that increasing the extraction temperature from 20°C to 48°C results in a significant increase in the
optical density, which varied from 0.3 to 0.9 units of optical density, i.e. in these cases, the color of
the extract increased ~ 3-fold. It was found that the extraction is carried out in alcohol at a
temperature of 45-48°C and in time of about 2 hours.

In order to determine the proportion of quercetin and rutin in the extracts of onion husks, the
method of adding aluminum sulphate, which enters the complication reaction with the selected
standard compounds, was used. First of all, we extracted the onion husks in water. Then, a
spectroscopic study of the aqueous solution of quercetin and rutin with the addition of aluminum
sulfate as an example in Fig. 3 shows the absorption spectrum of the aqueous solution of quercitin
as aluminum sulfate {Al, (SO4)s} is added.

It follows from Fig. 3 that addition of aluminum salts to the aqueous solution of quercitin leads
to a simultaneous decrease in the intensity of the band with ~ A,,x=420 nm. It should be noted that
the introduction of Al,(SO4); ions in an amount from 2¢10° M to 5°10° M deformation of the
absorption spectra of the aqueous solution of quercetin is accompanied by the appearance of an
isobestic point at Ap,—=405 nm. Further introduction of aluminum ions from 410 to 6°10> M
causes the isobestic point in the absorption spectra to disappear (see curve 4-6 of Fig.3). The
appearance of an isobestic point in the absorption spectra indicates that at certain concentrations of
the addition of metal ions leads to the formation of complexes.

optical density (rms)

G ! v L L

230 280 230 380 430 480
wavelength, nm

Fig.3. The absorption spectrum of quercetin in water (c = 10” M) as different amounts of Al, (SO,);:
1-0;2-10%3-510"4-10%5-5+10"6 - 10> M AL (SO,) 5

In these cases, the solution turns out to be binary molecules of quercetin and complex them
with metal ions. The absence of an isobestic point indicates that starting from the added aluminum
ions with a concentration of more than 4¢10™ M, complex complexes of biflavone molecules with
metal ions are formed in their aqueous solutions. Similar phenomena of spectral changes are
observed in the complication of the molecules of rutin with metal ions in aqueous solutions of rutin.
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In contrast to quercetin for routine, a new absorption band is observed and developed at Ay.x=427
nm and the isobestic point occurs at Am,x=410 nm. Complexation of derivatives of flavonoid with
metal ions are discussed in [13].

According to the authors of the complexation of metal ions with derivatives of flavonoids is
due to the pronounced electron-donor properties of the latter and their low reduction potential,
which for most flavonoids lies in the range of 0.25-0.75. The complication reaction of quercetin
with metal ions is characterized by the formation of a ligand-metal bond by transfer of an electron
from d-dwelling metal to ® * -orbital quercetin. The structure of the resulting complex compound
depends on the nature of the electron density distribution in the ligand. In particular, on the charge
on oxygen atoms, where the electron density is maximal. It was found that higher values of the
negative charge are located on the oxygen atom of the carbonyl group (-0.312). Charges on other
oxygen atoms range from -0.111 to -0.248. Proceeding from the above, it can be assumed that for
the quercetin molecule, a complex with metal ions is formed through the oxygen atom of the
carbonyl group [13].

On the basis of experimental studies and generalization of the literature data [14], it is
established that the derivatives of flavone rutin and quercetin tend to form complexes with metal
ions. Based on the results obtained, it is possible to develop spectroscopic techniques for
determining the derivatives of flavonoids in aqueous dye extracts from onion husks. For this
purpose, the gradient curves for quercetin and routine were added as aluminum sulfate was added in
their aqueous solutions.

In Fig. 4 shows the gradient curve of the aqueous solution of quercetin as the metal ions are
added. The obtained dependences of the gradient curve are linear. Using the gradient curve, the
proportion of biflavonides in the aqueous extract of the onion husk was determined. Quantitative
determination of the content of the sum of flavonoids in onion husks was carried out on the basis of
the gradient curves (Fig. 4).
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Fig.4. Grading chart for quercetin A = 440 nm. Comparative solution:
aqueous solution of aluminum sulphate.

Based on the results obtained, a method for the spectrophotometric determination of the total
content of flavonoids in terms of their content for rutin or quercetin has been developed. It was
found that the content of the sum of flavonoids (in terms of rutin) in the husks of onion -90.3 + 4.8
ng / ml, (in terms of quartzite) -47.5 + 2.6 pg/ml.
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Conclusion

Thus it is shown that in extracts of onion husks the main coloring pigments are quercetin and
rutin. The proportion of biflavonoids is determined in the band of complexes of coloring pigments
with metal ions, based on spectroscopic methods of investigation.
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Zhunussov Y.T.", Zhumadilov K.Sh.> 7, Chaizhunusova N.Zh.", Sayakenov N.B’,
Shabdarbaeva D.M', Gnyrya V.S.3, Azimkhanov A.S.%, Stepanenko V.F.*,
Fujimoto N.°, Shichijo K.%, Hoshi M.°

1Semey State Medical University, Semey, Abay Str. 103, Kazakhstan
2L.N. Gumilyov Eurasian National University, Astana, Kazakhstan, zhumadilovk@gmail.com
3National Nuclear Center of the Republic of Kazakhstan, Kurchatov, Kazakhstan
4 A.F. Tsyb Medical Radiological Research Center, Obninsk, Russia
SHiroshima University, 734-8553, Japan
6Nagasaki University, 11112014, Sakamoto, Nagasaki 85218523, Japan
"National Research Nuclear University "MEPhI", Moscow, Russian Federation

Internal dosimetry study is conducted during rats exposure by dust of *’Mn powder during
experiment to study exposure effect in Kurchatov reactor complex Baical-1 (Kurchatov city, East-
Kazakhstan region). This study was performed by group of scientists from Japan, Kazakhstan, and
Russian Federation. It was important to study effect of radiation, due to effect of possible influence to
human, and effect of possible internal exposure because of close location to Semipalatinsk Nuclear Test
Site and post effect of irradiation due to Hiroshima and Nagasaki atomic bomb, Chernobyl accident
and others. It was comparison of data of two scenarios of rat irradiation: a) the experimental box was
supplied with air filter only (targeted for animal’s breathing); b) the experimental box was supplied
with the system of forced ventilation. After exposure to radioactive powder of **Mn radioactivity in
organs and tissues of the rats was measured. The result of assessments of internal doses from neutron-
activated *°Mn in powder, sprayed over experimental animals was compared.

Keywords: internal exposure, Kurchatov, rats, organs, powder of %Mn, samples.

Introduction

The Semipalatinsk Nuclear Test Site (SNTS) is located in Kazakhstan, served for nuclear tests
of the USSR in the atmosphere from 1949 to 1962. Radiation doses in this area have been
reconstructed in several ways. All the problems of dosimetry at this site were covered in an earlier
publication [1-3]. In general, the average doses estimated by biophysical (individual) methods, were
lower than the average doses received by physical (environmental) methods. This difference is still
the subject of ongoing research [4, 5].

Doses were reconstructed for a cohort of Russian and Ukrainian workers in response to the
accident and residents in contaminated Russian territories due to Chernobyl accident. Due to the
large number of restored doses, these studies revealed endogenous (with an internal cause or origin)
dental Electron Paramagnetic Resonance (EPR) dosimetry problems that appear when the method is
applied to large-scale reconstruction of doses [6]. EPR dosimetry is currently used to validate other
dosimetry methods that are used in case-control studies to assess the risk of radiogenic cataracts and
leukemia [7].

The study of the EPR reconstruction of the dose in survivors of atomic bombing is described in
various articles [8, 9]. EPR dosimetry with tooth enamel was used in this case to check doses
assessed using cytogenetic dosimetry [6]. EPR doses estimated from 100 tooth samples (69 donors)
were compared with doses for the same individuals that were determined cytogenetically from
lymphocytes. The agreement between doses evaluated using the two methods confirmed that the
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cytogenetic method can be used even several years after acute exposure and that the translocation
yield after irradiation in vivo and in vitro were similar. It should be noted that the radiation
sensitivity of the tooth enamel to neutrons was not taken into account in this study, as well as in an
earlier article [10], which used EPR dosimetry to estimate the dose of external radiation [6].

The applied dose data are based on the tables listed in the DS86 final report such as the free-in-
air kermas, the house shielding factors, and organ dose factors for the active bone marrow and the
breast. Calculations for the 13 other organs provided in DS86 are possible. To obtain the organ
doses for each survivor, it is necessary to obtain information concerning (1) place exposed, (2)
whether they were shielded or not, and (3) age. ABS93D body transmission factors for active bone
marrow for neutrons and gamma rays agreed with DS86 to within a few percent. Of the survivors
studied, 35.123 of them were used for the relative risk estimation of leukemia mortality, adopting
the same method as the Radiation Effects Research Foundation (RERF) for comparison. For the
observation period from 1968 to 1989, the analyzed relative risks for leukemia mortality at 1 Gy by
shielded kerma and by active bone marrow dose are 2.01 and 2.37, respectively, which are
consistent with the RERF results [11].

After the atomic bombing of Hiroshima and Nagasaki, Japan, initial radiation directly produced
during or shortly after the explosions and residual radiation contributed towards a radiation
exposure of the survivors [12]. There are two sources of residual radiation: (1) neutron-activated
radioisotopes from materials on the ground and (2) radioactive fallout containing fission products
and residual fissile materials from the bombs. Understanding the former is particularly important for
evaluating the risks to those people who moved to these cities soon after the detonations and might
have inhaled radioactive dust [12-14]. Such individuals were reported to suffer from various
syndromes similar to acute radiation effects [15].

1. Materials and methods
a. Animals

Male Wistar rats were delivered from Karaganda State Medical University, Kazakhstan. With
purpose to understand the effect of *°Mn radiation, neutron activated **MnO, powder was sprayed
over rats, and its biological effects were evaluated. The highest doses of internal irradiation were
detected in the digestive system, followed by the lungs [16, 17].

They were maintained with free access to basal diet and tap water. In Experiment 1, rats were
divided into four groups, with six rats for the **Mn group and three rats per group for the Mn and
control groups. The **Mn and Mn groups were exposed to **MnO2 and non-radioactive MnO»,
respectively. Three rats organs of the **Mn group were used for dosimetry 3.5-4 h after the
exposure. One rat per each group was used on days 3, 14, and 60. In Experiment 2, the exposure
was repeated with 12 rats in the **Mn group and nine rats each in the Mn and control groups. Three
rats of the *°Mn group were used for dosimetry 3.5-4 h after the exposure. Then, three rats from
each group were killed and examined on days 3, 14, and 60 after the irradiation [18].

b. Irradiation and dosimetry of each organ of rats

Details of irradiation using *°Mn and the corresponding internal dose estimation have been
described in previouse publications [16, 17]. In brief, **MnO, was obtained by neutron activation of
100 mg of MnO, powder using the Baikal-1 nuclear reactor at Kurchatov, Kazakhstan. A thermal
neutron fluence of 4 x 10"* n/cm? was applied to produce 2.74 x 10°* Bq of **Mn activity.

The activated MnO, powder was sprayed into sealed boxes containing six rats per box (one
box was used for Experiment 1, and two boxes were used for Experiment 2) [18]. In Experiment 1,
the exposure box was equipped with air filters only, while an additional forced ventilation system
was installed to improve animal welfare in the boxes in Experiment 2. The same total activity of
*Mn equal to 2.74 x 10® Bq was used for irradiation in both experiments. The specific activity of
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*Mn powder was the same (2.74 x 10° Bq/g) as well. After 1 h, rats were removed from the
exposure box(es) into clean (not contaminated) cages, cooled down for 2.5-3 h. Then, three of the
animals were killed by intraperitoneal injection of an excessive dose of pentobarbital. A piece of
each organ was dissected, weighted and put into a vial. The radioactivity of **Mn in samples of each
organ was measured with a gamma spectrometer. Assessment of internal radiation doses was
performed by measuring of *°Mn activity in each organ and calculating the absorbed fractions of
internal exposure to photons and electrons. Details of the dosimetry are described in an
accompanying paper [16, 19].

2. Results and discussion. Radiation doses due to **Mn exposure

The radiation dose received from **Mn varied among different organs (Figure 1). Although the
initial activities of neutron-activated MnO, powder were similar in Experiments 1 and 2, the
radiation doses of each organ received in Experiment 2 were substantially lower than those received
in Experiment 1, i.e., the small intestine received 1330 mGy in Experiment 1 while 150 mGy in
Experiment 2. However, the distribution of dose values between tissues was similar in the two
experiments, being very high in the digestive system, followed by the lungs and skin. Details are
given in Stepanenko et al. [16].

In figure 1 shown Specific activity of >°Mn, Ao, and accumulated doses of internal irradiation,
D, in different organs of experimental rats. In Figure 1 we compared two types of results. First is
comparison between boxes without ventilation and with ventilation. With same influence of neutron
fluencies. In figure 1 (a) is data of activity in different organs and in Figure 1 (b) is data of absorbed
dose in organ with two different scenario of irradiation. Numbers of organs are shown in Table 1.

Table 1. Numbers for different organs which were subjected to internal exposure.

Numbers Organs
1 Liver
2 Heart
3 Kidney
4 Trachea
5 Lung
6 Tongue
7 Esophagus
8 Stomach
9 Small intestine
10 Large intestine
11 Eyes
12 Skin
13 Whole body

According to figure 1, the highest value of Activity and dose are detected in organ number 10
(Large intestine) for both experiments, but due to ventilation in Experiment number 2, those data
were smaller. And all data are showed the same tendency for decreasing data for experiment
number 2 compare to activity and dose in experiment number 1.



136 ISSN 1811-1165 (Print) ISSN 2413-2179 (Online) Eurasian Physical Technical Jounal, 2018, Vol.15, No.2(30)

—Oo— Experiment 1 —o0— Experiment 1
—4— Experiment 2 —4— Experiment 2

Number of organs Number of organs

a) b)
Fig.1. Specific activity of **Mn, A, (a), and accumulated doses of internal irradiation, D (b), in
different organs of experimental rats.
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Fig.2. Dependence a) of doses from experiment # 1 versus dose of experiment #2; b) activity from
experiment #1 versus activity from experiment #2 in different organs of experimental rats

Correlation between of dose and activity for two scenarios are almost linear, except two values
of Dose and Activity for Small intestine and large intestine. The reason for these high doses and
activity already explained in [17, 18].
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Fig. 3. Dependence of doses from experiment # 1 versus activity of experiment #1 in different organs of
experimental rats
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Figure 3 is showing the correlation between dose and activity of different organ, which is
linear and can confirm correct calculation of internal dose due exposure. Also data of two scenarios
compares by statistical t-test with 95% confidence interval of this difference. The two-tailed P value
equals 0.1696 and by conventional criteria, this difference is considered to be not statistically
significant.

Conclusion

This study investigated the effects of radiation exposure by **MnO, powder in male Wistar rats
over 60 days and amount of activity and dose calculation in different organs for two scenarios of
irradiation. Comparison of this type of irradiation showed significant difference. And it will be
recommended to use first scenario of irradiation of rats for better efficiency of irradiation. Although
whole body radiation doses from *°Mn were relatively low, higher internal doses were noted in the
small intestine and lungs. Increasing of neutron fluencies in future can lead to increasing doses in
some other organs like a liver.
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SUMMARIES TYCIHIKTEMEJIEP AHHOTAIIUN

Ilomanoe A.A.

@pakTaJAdblK PaAHOdJIeKTPOHUKAHBIH Macejeaepine. 1 0Oesim. Kemenmemai padbligapael — enaey,
PaanoJIoOKanusl, HAHOTEXHOJIOTHSIIAP, PATHOTEXHUKAIBIK 3JIEMEHTTEP MeH JaTYNKTep.

JKyMBICTa PaguOTONKBIHAAPABIH COYJICICHYI JKOHE KAOBUTHAyIbIH OaplibIK CaThUIApBIHA KIPETiH aKHapaTThl COHFBI
OHJICYMEH JKYPETIH PaJHodJIeKTPOHUKAHBIH €CEeNTEePiH ey Ieri ppaKTaIbIK o1ic-Taciiepi KenTipuren. MakajiaHbIH
Oyt OeiMiHIE paTUuOXKYHEIepIeri aknapaT aFbIHAapPbIH OHJICY CYPaKTaphl KapacThipburaH. DpakTanablK aHTCHHATIAP
JKoHe (pakTamapl JATYMKTEPIH JKaHAa THUNTEPiHIH CYI0aTeXHWKAaHBIH HeETi3lepi KEeNTIpiareH, QpaKTalIbIK
HaHOTEXHOJIOTHUSHBIH ~ JaMy  cyperi  OepinreH.  IllpiHaiibl  MUHHWATIOpAi  (QpPaKTaNABIK  aHTCHHAJAPIIBIH
AJIEKTPOJAMHAMUKAIIBIK ~ MOJACNBACYIIH EpeKIISTIKTEepiHiH KbhICKAIlla CHIaTTamMachl KenripinreH. ®pakraimbl-
CKEHIIMHTTIK HEMeCe MacCITa0ThI-HHBAPUAHTTHI PaAHOIOKAIMSHBIH HeTi3aeMeci OepinreH.

Ilomanoe A.A.

K npobaemam ¢pakranbHoil pammodnekTponukn. Yacrte 1. O0padoTka MHOIOMEpPHBIX CHIHAJIOB,
PaaHOIOKALNS, HAHOTEXHOJIOTHH, PATHOTEXHHYECKHE JIeMeHThI H JaTYHKH.

B pabote npezncraBneHs! (ppakTaabHbIE TTOAXOABI K PEIICHUIO 3a7ad PaJHO3JIEKTPOHUKN HA BCEX JTanax M3JIydeHUs U
npueMa paaroBOJIH ¢ Mocienyoleii oopaboTkoii mocrynaronied nHpopManuu. B 1aHHOH 4acTH cTaThil pacCMOTPEHBI
BOIPOCHI 00pPaOOTKH MOTOKOB MH(OpMAIWKU B paguocucTeMax. IIpeacTaBiIeHbl OCHOBBI CXEMOTEXHUKH HOBBIX THUIIOB
(pakTadbHBIX aHTEHH W (PpaKTaIbHBIX JATYUKOB, TAH ICKHU3 Pa3BUTHS (pakTaJbHBIX HaHOTeXxHoJorui. IlpuBeneno
KpaTKOoe OIMMCAaHHEe OCOOCHHOCTEH 3JEKTPOJMHAMUYECKOTO MOJACIMPOBAHUS PEealbHBIX MHUHHATIOPHBIX (paKTaIbHBIX
anTeHH. /laHo 000CcHOBaHME (paKTaTbHO-CKEHIIMHTOBON MITH MacIITAOHO-HHBAPUAHTHON PaIHOIOKAITUH.

Ilomanog A.A.

@pakTaJabIK PaauodIeKTPOHUKAHBIH MacesenepiHe. 2 0oiM. PaauoTONKBIHIAPABIH Tapajybl MeH
IALIBIPAYbI, PATHOKBLIYABIK Y deKTinep, kaHa MoAeabAep, YIKeH GppaKkTalabIK Kyiieaep.

MakaaHblH eKiHII OeiMiHIe Ke3aeHCOoK-O0ipTeKci3 opTajapAarbl TOJIKBIHAAPABIH Tapallybl MEH HIalIbpaybl Ke3iHzae
naiija  OonaTelH  QpakTanablk  dddekrinep KapacThlpbuFaH. @pakTaiaslk  00BEKTiHI  30HATAY  Ke3iHze
panvoNoKalMsHEIH TeHAEYl HaKThbUIaHFaH. OCIMIIK >KaObIHBIMEH PaJHOTOJIKBIHAAP/BIH MIaNlblpay HpolecTepl YIIiH
(pakTanmap MeH Fakal aTTpaKTOpJiap HETi31HJeTi MOJIeNb/IeP YChIHBUIFaH.

Ilomanoe A.A.

K mnpodiaemam ¢pakTanbHoii paguodjiekTponuku. Yacth 2. PacnpocTpaHeHHe M paccesiHHe PaaUOBOJIH,
paauoTerioBbie 3Q(PeKThl, HOBbIE MOEIH, 00JIbIINE PPAKTAILHBIE CHCTEMBI.

Bo BTOpO# 4acTH CTaThbH PaCCMOTPEHBI (PpakTaibHbie 3G (GEKTH, BO3HUKAOIINE IPH PACIIPOCTPAHEHUH U PACCESIHUN
BOJIH B CIIy4ailHO-HEOIHOPOIHBIX Cpeaax. YTOYHCHO ypaBHEHHE PAIMOJIOKAIMHA NPHU 30HAUPOBAHMH (DPaKTaIbHOTO
o00bekTa. IIpenmoskeHsl MOIEIIN Ha OCHOBE ()PAKTAIOB U CTPAHHBIX aTTPAKTOPOB IS MIPOIICCCOB PACCESIHUS PATUOBOIIH
PacCTUTEIBHBIMH ITOKPOBAMH.

Kascurenosa C.II1I.

7Korapel TemnepaTypaaarsl 0a1KbIMAJIAP/ABIH aFbIHBIHBIH KOMIIBIOTEPJIiK MO/IeJIbACYI.

BankpiManapaply (QU3MKaNbIK KacHeTTepiH 3epTTEYIiH €H CBHIHIApJbl 9icTepiHiH Oipi KOMITBIOTEPIIK MOAENbICY
0oy TaObUTATBl. Bynm TpaHCchepTTiK KO3QQUIMEHTTEpPre KATBHICTH ANBIHFAH aKMapaTTHIH YJIKCH TCOPHUSUIBIK JKOHE
KoJIqaHOaIbl KYHABUIBIFBIHA, aTall alTKaHAa, KOJIEM/Ti )KOHE JKbUDKBIMAJIBI TYTKBIPJIBIFBIHA OaiIaHBICTHI. AJaiiia HAKTHI
ecenTeyyep YIIiH TONBIK (pH3MKa-MaTeMaTHKANBIK ammapaT KakeT. JKYMBICTBIH MaKcaThl - KBaHTTHIK ITOTCHIIHAIIAP
KOMETIMEH AaHBIKTAaJaThIH, TYTKBIPIBIKTEIH KOPPEISAIFLUIBIK (YHKIMUIAPBIH JKYMBUIABIPY apKbUIBI THAPOJMHAMHUKA
TEHICYJEPIH CaHIBIK eIy OIICTEeMECIH JXy3ere achlpy, OaJKbITIIa aFbICHIHBIH JKbUITAMIBIKTAPHl OeHiHiHIH
YAecTipinyiH 3epTTey, GU3NKAIBIK MaFbIHACKHI Oap THIPOJUHAMHKA TEHACYJICPiHIH OacTanKbl )KYHECiH aca KaparmaibiM
perteHaipyai amy. OceiHIan OGarmapiaMaHbl )Ky3ere achbpy YIIiH CTATHUCTUKAIBIK (GU3WKAHBIH 9MIICTEPIH KOJTaHAMBI3.
YCBHIHBIIFAH 3EPTTEYJICPAIH COTiHE CYUBIKTBIKTHIH THAPOJAMHAMUKAIBIK TEHACYJICpiH IIenly VIIiH, TOMEHT1
TEMIEpaTypablK CYWBIKTBIKTAp YIIIH TYTKBIPIBIFEI eckepiiMereH. Ocbl Makanaia >KOFapbl TEMIIEPaTypalbK
OaTKpIMaNTapAbIH aFbIHBl YIIiH MaTEMATUKAIBIK MOJETh YCHIHBUIBIN, OJAapJAbIH KhICKAa KAIIBIKTHIKTHI TOPTIOIH eckepe
OTBHIPHIN, CTATUCTUKANBIK (U3UKA OMICIMCH CKIHINI TYTKBIPJIBIK KOA(GQGUIMEHTIH KapacThipaabl. CaHIBIK
9KCIICPUMCHTTED HETi3iH/e OaNKBITIIa aFBIHBIHBIH JKBUTLAAMJIBIKTAPBIH YJICCTIPY CallbIHFaH. MeTaul OalKbITIamapiapl
KYIOJBIH TEXHOJIOTHSUIBIK IapaMeTpiiepiH OoipkayFa MYMKIHIIK OepeTiH, THApOAWHAMHUKa TEHIEYJEepiH CaHIbIK
UHTETpaay alrOPUTMI 93ipJICHICH.
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Kascuxenosa C.I1I.

KomnboTepHoe MoeUpOBaHHE MOTOKA BHICOKOTEMIIEPATYPHBIX PaclJIaBoOB.

OnHuM W3 HauOOJIee KOHCTPYKTHBHBIX METOJOB HM3YYCHHUS (PU3MYCCKMX CBOWCTB PACILIABOB SIBIISICTCS KOMITBIOTCPH
MOJICIUPOBaHUE. ITO OOBACHICTCA OONBIION TCOPETUYCCKOH M MPHKIATHON IEHHOCThIO MH(OPMAIUH, MOIYYCHHOM
OTHOIICHNH KO3()(UIIMEHTOB TEepeHOca, B YaCTHOCTH OOBEMHON M CABHIOBOM BsA3KoCTH. OMHAKO ISl KOHKDPCTHH
pacueToB HEOOXOAUM JICTATBHBIA (PH3UKO-MaTeMaTHUeCKUH ammapar. L{enb paboTel — peanu3anus METOAMKH YUCICHHO,
peIeHNs YpaBHEHUIA THAPOANHAMUKHY C TIPUBICYCHUEM KOPPEISIIIMOHHBIX (YHKIUH BSI3KOCTH, OMPEACISCMBIX C TIOMOIITH
KBaHTOBBIX MOTCHIIMAJIOB, UCCICIOBAHNC pACIPEACICHUS TPOQUIT CKOPOCTEH TCUCHUsI paciiaBa, MOJyYCHHUE HauOoJ
MIPOCTON PETYJIAPU3alN UCXOJHON CHCTEMBI ypaBHEHUHN TUAPOJAMHAMHUKH, COJEpKamieil B cebe pusmueckuii cMbich. [
peanm3anuy TaKOW MPOTrpaMMBI MBI OyAE€M HCIIOJIB30BATh METOIBI CTATHCTHYECKOH ¢u3mku. K MoMeHTy mpemaraemy
HCCIIeIOBAaHUN OBUIM M3BECTHBI CIIOCOOBI PEIICHUS YpaBHEHUH THAPOINHAMUKH ISl HI3KOTEMIIEPaTyPHBIX KHUIKOCTEH O
ydera 00beMHON BA3KOCTH. B maHHOH paboTe mpeaniokeHa MaTeMaTHYecKas MOJENb TEUEHHUs BBICOKOTEMIIEPATypHE
pacIUIaBOB, YYHTHIBAIONIAsl TPHPONY ONIKHETO MOpsAKa B HUX W YYUTHIBAIOMAs BTOPOH KOA((OUIIMEHT BI3KOC
METOJIAMH CTaTHCTHUYecKoU (u3mku. [locTpoeHO pacmpeiesicHHEe CKOPOCTEH TEUCHHs pacilaBa Ha OCHOBE YHCIICHHE
9KCIEPUMEHTOB. Pa3paboTaH anropuTM YHCICHHOTO HMHTCTPUPOBAHUS YPaBHEHUH THUAPOTUHAMUKH, TO3BOJISIOL]
[IPOTHO3UPOBATh TEXHOJOTUUECKUE MTapaMeTPhl PO3JIMBa METAJUIMYECKUX PACIUIABOB.

Caynebexos A.0., Tpyouywvin A.A., Kamoéapoea K.T., Caynebvexoea /].A.

«CaKHMHa-0Cb» TOFBICTAY PpeKHMiHAE KYMBbIC ICTeHTIH KBaJApyNOJBAIK-IWIMHAPJIIK epic HeriziHgeri
3apsAATAIFaH (00/IIeKTEePAIH IeKTPCTATHKAIBIK YHEPTrusl TANAAFbIIIBI.

KBaapymoiapaik-IuTHHAPIIIK epic Heri3iHaeri OYphIH YCBIHBUIFAH dJIEKTPCTATUKAIBIK YHEPTHUS TaJIIaFbII CYJIOACHIHBIH
KOPIYCKYIABI-ONTHKAIBIK TTapaMeTpiiepi 3epTTelreH. 3apsaaTairad OemeKTepaid Ko3i 1Kl MIHHIPIE, Al IeTEKTOP
CHMMETpHS OCiH/Ie OpHAJIACKaH («CaKMHA-0Ch» TOFBICTAY PEXHMI) JKaFIaibl YIIH SHEPTUS TATIAFBIIITHIH )KYMBIC iCTEY
pPeKUMI KapacThIpbUFaH. KBampynodsaiK-IMIIMHAPIIK aifHAHBIH TOFBICTAYIIBI KACHETTEpl ecenTeNreH. ATNMmapaTThIK
¢yHKUMSA ansiEFad. KYpBUTFBIHBIH CATBICTBIPMAIIBI SHEPTUSIIBIK XKBIPATYHl MEH JKapBIK KYIIIi aHBIKTAJIFaH.

Cayneoekos A.0., Tpyouuvin A.A., Kamoaposa K. T., Caynebdexosa /].A.

DJIeKTPOCTATHYECKUI IHEProaHaIu3aATOP 3apPsSKEHHbIX YAaCTHII HAa OCHOBE KBaJPYNOJIbHO-HUJIHHAPUYECKOTO
10Jisl B pexkuMe (oKyCHPOBKH «KOJIbI[0-0Ch).

ITpoBeneHo uccaeqoBaHue KOPITYCKYISIPHO-ONTHYECKUX [TAPAMETPOB CXEMBI AJIEKTPOCTATHYECKOTO HEProaHaIu3aTopa
HAa OCHOBE KBaJpPYyMOJbHO-IUINHIPUUECKOTO TMOJIsI, TIPEUIOKeHHOW paHee. PaccMoTpeH pexum  paboThI
SHEProaHaIn3aTopa, P KOTOPOM UCTOYHUK 3apsHKEHHBIX YaCTUI] PACIOJIOKEH HA BHYTPEHHEM LUINHJpPE, & JETEKTOP
— Ha ocu cummeTpud ((OKYCHPOBKA «KOJBIIO-OCh»). Paccumransl (oKycHpyrolne CBOWCTBA KBaJIpyIOJIBHO-
MUIHHAPUYECKOTo 3epkana. [locTpoeHa anmmapatHas GyHkius. OLEHSHO OTHOCUTEIBHOE YHEPTETHYESCKOE pa3pelIcHue
U CBETOCHJIA YCTPOUCTBA.

/youn U.B., Hapumanoe P.K., Hapumanoea I'.H.

TYTKBIPJbI CYHBIKTAaFbl JUIMNICOMATHIH alHAJYBI Ke3iHAeri Keaepri MoMeHTi. DIUIMIICOMA MBICAIBIHAA KATTHI
JIEHEHIH CYUBIK iNTiHe aifHaIybl Ke31HAeT1 CYHBIK TapanblHaH KeIepTi KYIIi OpeKeT eTeTiHAIr KepceTiiren. bepinren
KYII YHKeJNiCc KYITepiMeH Jie, KBICBIM KYIITEPIMEH Jie Kypbuiaapl. Onap KOCBUIFAH MacCaHbIH opeKeT eTy 3 deKTicCiHig
Oalikanmy HoTwXKeciHne maima Oonansl. Ke3 kenreH geHe YIIiH KeIEpriHi ecenTey oJicTeMeci OHMIEI IIbIFapbUIFaH.
TYTKBIPABI CYWBIKTAFl alHAJATHIH AIUTUIICOMITHIH KEJepri KYIITepi YIIiH aHAIUTHKAIBIK (opMyraaap OpHATHUIFaH.
AJTBIHFaH HOTIDKENepAl TEXHUKAIBIK KYPBUIFbUIAp/a eKi(a3alsl aFbICTap/bl €cenTey YIIiH KoJJaHyFa 0omaubl.

youn U.B., Hapumanoe P.K., Hapumanoea I'.H.

MoMeHT CONPOTHBJIEHHS PH BPAIleHHH YJIHIICON/IA B BA3KOM KHIKOCTH.

Ha npumepe ssuncona moka3aHo, 4To MMPU BPALICHUH TBEPAOTO Tejla B )KUAKOCTU, HA HETO CO CTOPOHBI MOCIeHeN
JIEMCTBYET CUlla COMPOTHBJICHUs. JlaHHAs CHia CO3JAeTCsl KaK CHUJIaMH TPEHHS, TaK W CHIaMHU JaBIICHHUS, KOTOpPbIC
BO3HUKAIOT B pe3ylbTaTe MposiBieHHs dPQekTa AeHCTBUS MPUCOSTNHEHHOH Macchl. Pa3paboraHa MeToquka pacyera
COTPOTHUBIICHHS MJISl TIPOM3BOJBHOTO Teja. YCTAHOBJCHBI aHAJUTHYECKHE (OPMYIbl JUIS CHI COMPOTHBICHUS
BPAIIAIOIIErocs B BA3KOHM JKUAKOCTH AUIHIcouaa. [loydeHHble pe3ylbTaThl MIPUMEHUMBI ISl pacdeTa ABYX(ha3HbIX
TEUYCHUH B TEXHUYCCKHUX YCTPOUCTBAX.

Kyuepenko M.I'., Hanoanoan B.M.

@oHOH/IAP MeH INeKapaJblK OeTTepieri 3JeKTPOHAAPABIH IIANIbIPAybl Ke3iHaeri HaHOOOIIIEeKTepAiH
TUIA3MOH/BIK Pe30HAHCTHIH CHEKTPJIK KOHTYPBIHBIH €HiH KYpY.

HanoOemnmexrepaiH I1a3MOHABIK PE30HAHCTHI TeMIepaTypaHbl TOMEHIETY eCeOIHEH TapbUITy OICIHIH THIMJIriHe
Oaranay xyprizinres. Paguycer 70 HM-1eH KeMm OeimiekTep YHIiH Oemmiek OeTiHIeTi 3JEeKTPOHAAP.BIH IIalIbIpayblH
€CKepy KaXeTTUIr1 KepceTireH. byl mambipayablH TEMIIEPATYpalbIK PETTEY MYMKIHIITIH aWTapJIbIKTall MeKTeH .
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CBIPTKBI MAarHUTTIK ©picTe «KOp-KaOBIKIIay KYPBUIBIMBIHA He KaOaTThl cepanblk HAHOKOMITO3UTTTEPAIH KYTHUTY
CIIEKTPIHIH OSKCUTOHABIK JOHE IIa3MOHJBIK >KOJAKTApIbIH TpaHCHOPMANMACHIH 3epTTey OOWBIHIIA MOIMETTED
KeaTipinren. MarHuTTIK opicTeri MIa3MOH/IBIK PE30HAHC KOIAFBIHBIH KikTenyi 10'2 ¢! —TeH ToMeH >IeKTpOHIapIBIH
[IanIbIpay KULTIT1 Ke3iHae FaHa 0akbuTay MYMKIHIITT KOPCETIITeH.

Kyuepenxo M.I'., Hanoanoan B.M.

@®opMHPOBAHHE WIHPHHBI CHEKTPAJIBHOIO KOHTYpa IIa3MOHHOIO Pe30HAHCA HAHOYACTHI NPH PAaCCesiHMH
3JIeKTPOHOB HA (DOHOHAX M TPAHUYHON MOBEPXHOCTH.

ITpousBenena oneHka 3((EKTUBHOCTH METOJAa CYKCHHS IUIa3MOHHBIX PE30HAHCOB HAHOYACTHI[ ITOCPEICTBOM
cHIKeHUs TemrepaTypbl. [lokazaHo, yTo s "acTun paguycoM Menee 70 HM HEOOXOOUMO YUYHUTHIBATH paccesiHHE
JIEKTPOHOB OBEPXHOCTHIO YACTHIBI, KOTOPOE CYIIECTBEHHO OTrPAaHHYMBAECT BO3MOXKHOCTH TEMIIEPAaTYPHOTO
perynupoBaHust paccesHus. lIpuBeneHBI NaHHBIE 110 WCCICJOBAaHMIO TPAHC(HOPMAIMM SKCHUTOHHBIX M IUIA3MOHHBIX
MI0JIOC CIIEKTPOB MOTJIOMIEHH C(HEePUIECKUX CIOUCTBIX HAHOKOMIIO3UTOB CO CTPYKTYPOH «KOp-000JI09YKa» BO BHEITHEM
MarHuTHOM Tosie. [loka3aHo, 9TO pacIUEeNyIeHHE IOJOCH IUIa3MOHHOIO PE30HAHCA B MAarHUTHOM II0JIE MOKHO
HAGTIONATh JIMIIT PH YACTOTAX PACCEAHHS IEKTPOHOB Hivke 10 ¢,

T'yuenxo C.A., Kosans H.H., IOpoé B.M., Kpvicuna O.B., 3asauykasn O.H.

Kenkarnapasl Ti/Cu xa0GbIHIapBIHBIH KacHeTTepi.

Ocpr xymeicta Ti xone Cu karoxrapsl maiinanaHeuinbl. JKaOblHmap >KOFapblia aTainfaH KaTOATapIbl BakKyyMIIbI
KOHJIBIpFbUIapAa Oip yakbpITTa To3aHIary (ceOy) Ke3iHae HOHABI-IUIa3Malbl OonaT ynrinepre xarpurral. Kemn KaTmapis
XKaObIHIAp Kelneci Typle jkacaira: 2 MUHYT Ooiibl Ti xarpuiabl, coman keifin 2 MuHyT Ti+Cu skarbutansl. bapibirst
aproH MeH a3oT atMmocdepaceiHna 100 xabar arpulaabl. DJNEKTPOHIBI-MUKPOCKOMMSUIBIK 3eprreyiep TESCAN
¢upmaceiielH  MIRA 3 pacTpiibIK 3JEKTPOHIAB MHUKPOCKOIIEH XYpri3iareH Oomateid. 3eprreyiep 20 kBT yaerymn
KepHEy Ke3iHIe koHe 15 MM KYBIK KYMbIC KAaIUBIKTBIFBIHIA >kacanibl. ONTHKAIBIK MHKPOKYPBIIBIM OIMUKBAHT
MeTanrpaguKanblK MAKPOCKONTa 3epTTeni. JKaObHIapAblH MUKPOKATTBUIBIFBIH 3epTTey MUKpokaTThl HVS-1000 A
sxacanael. A3oTTarbl TiN+(Ti+Cu)N MUKpPOKATTBUIBIKTHI eiey HoTwxkenepi TiN THTaH HUTpaabl YIIiH >KaOBIHHBIH
KaJIBIITHI KaTTRIIBIFBIHGIH, ~ H = 20-71 an H = 30 I'Tla mefiinri MoH/Ie apTKaHBIH KOPCETTi. DIEKTPOHIBI-MHUKPOCKOTITHIK
seprreynep TiN+(Ti+Cu)N xaObtHIApBl 9ACTTE, 6CiMiHE Kapai CO3bUIFaH, TuaMeTpi 2-5 HM ximmie TyHipiepi Oap
OaraHaJbl KYPBIIBIM/IBI €KEHIH KopceTTi. Turan HuTpaabHbIH TiN KaslbIThl KOMIPTEKTI OonaT OOWBIHINIA KoHE Oenme
TEeMIIepaTypachlHIa JKbUDKY Ke3iHge yikenmic kodpduuuenti 0,9 Kypalabl, aix Kemll KaTmapibl KaObIHHBIH
TiN+(Ti+Cu)N yiikenic koaddurmenti 3 ece kemuni xone 0,3 aprmaiinel. TiN+(Ti+Cu)N xaObIHBI KaTTBUIBIFBIHBIH
apTysl MeH YiKenic ko3¢ GHUIMEeHTIHIH 3 ece apTysl Oipire OTBIPHII, TO3yFa TO3IMALTITIH alTapIbIKTall apTTEIPYFa aJIbIIl
kenmi. By acipece, keckill Kypamgap YLIIH ©Te€ MaHbI3IbL. AJIBIHFAH >KaObIHIAPABIH OapiiblK apTHIKIIBUIBIKTAPBIH
KOCaTbIH 0O0JICaK, OFaH KOCa XKOFapbl TeMIEpaTypasa TOTBIFYFa TYPAKTBUIBIFEI MEH CaJbICTBIPMaNbl TYPAE OJapIbIH
KYHBIHBIH, ap3aHAbIFbIH Koca anraHna, kemkatnapiasl TiN+(Ti+Cu)N xaOblH MeTald eHJIEy OHEpKociOiHme, MamrnHa
yKacayJa, SJHEpreTHKaa skoHe Oipkarap 0acka nma 6arpITTapia KeHiHEH KOJJaHBITYbI KYTUTETi.

T'yuenxo C.A., Kosans H.H., IOpos B.M., Kpvicuna O.B., 3asaukasn O.H.

CBoiicTBa MHOroca0iinbIX nokpbiTuii Ti/Cu.

B macrosimeit pabote ucronb3oBanuchk katoasl Ti m Cu. IToKpeITHS HaHOCHINCH Ha CTaJIbHBIE O00OpasIbl HMOHHO-
IUTa3MEHHBIM METOJIOM Ha BaKyyMHOH YCTaHOBKM NPH OJHOBPEMEHHOM pACHBUICHUU YKa3aHHBIX BBIIIC KAaTOJOB.
Co3aBanych MHOT'OCJIOWHBIE TIOKPBITHS CIEAYIONMM 00pa3oM: B TeueHHe 2 MUHYT HaHOcwics Ti, 3aTeM B TEUEHHUH 2
muHyT Ti+Cu. Bcero Hanocmmock 100 crmoeB B atMmocdepe aproHa M asora. DJIEKTPOHHO-MHKPOCKOIIMYECKOE
uccien0BaHue ObUTIO MPOBEACHO Ha pacTpoBoM auieKTpoHHOM MuKpockore MIRA 3 ¢upmer TESCAN. HccnenoBanus
MPOBOJWIIMCH TIpH yCKopstomieMm HampspkeHuun 20 kB u pabouem paccrosHuu okono 15 M. Onruueckas
MHKPOCTPYKTYpa HCCIIe0Bajach Ha METaIOrpaduueckoM MHUKPOCKOIe DNHKBaHT. MccrnenoBanne MUKPOTBEPIOCTH
TIOKPBITUH TIPOBOIMIIOCE HAa MUKpoTBepaoMepe HVS-1000 A. Pesynbratel m3mepenns MukpotBepaoctd TiN+(Ti+Cu)N
B a30Te MOKA3bIBAIOT YBEIMUYCHUE TBEPAOCTH TOKPHITHS OT CTaHAAPTHOTO il HUTpHuAa TuTaHa TiN 3Hauenus H = 20
no H = 30 I'lla. DneKTpOHHO-MUKPOCKOITMYECKUE HCcaenoBanus noka3anu, 9To MOKpeITUs TiN-+(Ti+Cu)N o0braHO
0071a1af0T CTONIOYATON CTPYKTYPOH C HUTCBUIHBIMHU 3epHAMH TUAMETPOM 2—5 HM, BRITSHYTBIMH B CTOpOHY pocTta. [Ipu
CKOJIbKeHUU HUTpuaa TuTtana TiN 1o 0ObIYHOM yTIIepOIUCTON CTAIM U KOMHATHOH TemrepaType Ko3(QQUIMeHT TpeHust
coctaBisietr 0,9, a koaddurmment tpenust muorocsoiHoro nokpsiTHs TiN+(Ti+Cu)N ymeHpmaercs B 3 pasa u He
npesbrmaet 0,3. Yeenuuenue tepaoct MOKpbITHs TiN+H(Ti+Cu)N u ymenbiienue ko3dduinenra Tpenus B 3 pasza B
COBOKYITHOCTH TIPHUBOJUT K CYIIECTBEHHOMY IIOBBIIICHHIO W3HOCOCTOMKOCTH. DTO OCOOCHHO Ba)KHO IJISI PEXKYIIEro
uHCTpyMeHTa. Ecnm  cnokuTh BCe  TpeMMYIIECTBa  IOJYYCHHBIX — TOKPBITHH, BKJIIOYash CTOHKOCTH K
BBICOKOTEMIIEPaTypHOMY OKHCIICHHUIO M CpPaBHHUTEIBHO HEOOJBINYI0O WX CTOMMOCTb, TO MOXHO OXHJIaTh, YTO
MHOTOCHOMHBIE TOKpeITHS ~ TiN+(Ti+Cu)N  HalgyT mupokoe TMpUMEHEHHEe B  MeTaiooOpadaTeIBaromeit
MIPOMBINIICHHOCTH, MAIlTAHOCTPOSHHH, YHEPTETHKH U PAIC APYTUX HAIPaBICHUIX.
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Hlaiikenosa A.A., Beiicenos P.E., Mypamos /].A.

WS, kpucTaiiiapblH XUMHSJIBIK Oyda3zaaa TYHABIPY diciMeH ocipy.

KBapu tecenimringe xyka Boib(paMm KabarTapelH XUMUSUIBIK Oy ¢aszana (CVD) cynpdypusanns apKpuisl ecipuireHn
WS, MOHOKpHUCTAJUTIAPBIHBIH  cHNaTTamManapbsl 3eprremingi. WS, 800-1000° C temneparypaga CVD xyiiecinne
xyprizinai. Kykipt Oysl apron rasnmapeiMen TtaceiMaiganisl (500 sccm). OnTukanblk MUKpockor, PamaH >xoHe
(OTOTIOMUHECIICHTTIK Tajjgaysap apKbulbl cunarranraH WS, MOHOKpHCTaiIgapsl ajblHAbl. ONTHKAIBIK MHUKPOCKOI
WS, ymOypeiuTel 6ip  (aszanel  KPUCTAUIABIK  KYpBUIBIMBI ~ Oap  OOMEHAEPIIH TY3UITEHMITIH  KOpCEeTTi.
DOTONFOMHUHECIICHTTIK TalIaylap HOTHIKENCpi THIUBIM CalblHFaH aynanbl 1,96 5B OomateiH, WS, MOHOKaOATTHI
KpHUCTaNIapbiHa coiikec keneTinaeit 600-660 HM mamaapbIHBIH apachlHAa KYIITI ITUKTEPi KOPCETTI.

Hlaiikenosa A.A., Beiicenos P.E., Mypamos /].A.

Poct kpucrasioB WS; MeTo10M XUMHYECKOT0 NAapo(}ha3HOro ocaskaeHusl.

W3y4yeHsl CHHTE3 M XapaKTEPHUCTHKA MOHOKPHUCTAIOB WS,, BBIPAIIEHHBIX METOAOM XHMHUYECKOTO OCaKICHUS U3
napoBoii ¢azel (CVD), myrem cynbdypH3alu TOHKOTO CJIOS OKCHJa BoJib()pamMa Ha KBapleBoH momiroxke. CuHTE3
WS, npoBoawmiicst npu 800-1000°C B cucreme CVD. Ilap cepbl TpancnopTHpoBayCsi aproHOBBIM razoM (500 sccm).
Iomyuyensl MoHOKpHUcTamasl WS,, HCCIENOBaHBl Ha ONTHYECKOM MHKpPOCKOIE, NMpoBeAeH PamaHOBCKuIl aHanu3 u
¢doromomunecteHys. OnTHYECKUH MUKPOCKOII TIOKa3an 00pa3oBaHHE TPEYTONbHBIX OJHO(MAa3HBIX KPUCTAIUTHUECKUX
cTpykTyp nomeHoB WS,. Tommmua WS,cocraBiser 6 cioeB, 4To OmpeernseTcss KOMOMHAMOHHOM CIIEKTPOCKOIHUEH.
AHanmu3 (HOTONFOMUHECIICHTHON CIIEKTPOCKONUU TIOKa3al CWIBHBIA THK Mexay 600-660 HM, Kak HpaBUIIO IS
MOHOCIIOWHOTO KpucTamuia WS,, T1ie mrpuHa 3anpernieHHoi 30861 paBHa 1,96 3B.

Hlaiikenosa A.A., Beiicenos P.E., Mypamos /].A.

XuMHAIBIK 0y (hazajibl KOHABIPY CHHTe3iHe rpadeHHiH TY3i1y MexaHU3MiH 3epTTey.

2D Marepuwangap e3iHiH epeKIle KacHeTTEepiHIH apKachlHAa op TYpJI cajanapaa KOJIaHbIC aschl eTe KeH. ' padenmi
CHHTE3/IeY Ke3iHae XUMHUIBIK Oydazama tyuapipy (CVD) omici KeHIHEH KOJMIaHBUIATHIHEI aThurFaH. Ochl Makayiajga
Mbic (Cu) dombraceiHga XUMHSUIBIK Oydaszaceiaga TyHAbIpY (CVD) omiciMen rpadeH KabaTTaphlH CHUHTE3ACYHiH
HKCIIEPUMEHTTEPIH HOTHKEJIEPl TAJIKbUIaHABL. AJaia, KaXKeTTi canaibl rpadeH KabaTTapblH alry opKalllaH Kol XKeTiMIi
Ooma Oepmeiini. Jlemek, KeH ayKbIMAbl KOCBIMINANAp YVINIH ©JIOIEMi MEH JOMEHIIK MOopQoioruscel OoWbIHIIA
OackappUIaThIH CcHHTE3 KakeT. IlonmkpucTanmsl »koHe Oip Kpucranisl TpadeHmi CHHTE3ACYyIiH Mapamerpiepi
kenripiared. CuHTe3 npomnecinae rpadeHHiH KajlblTacy MEXaHW3Mi 3epTTeNiHAl. YJNTiHI JalblHAAy MpolecTepi, Kor
KabaTThI jxoHe Oip KabarTel rpaden CVD aniciMeH ecy MexaHU3MIIEpiHiH HeTi3ri Tankpuianapl. CVD apKbUIbl anbIiHFaH
rpaden kabatTapel Paman, ACM xone COM Tannaynapbl apKbUIbl CUTIATTAIBIHIBL.

Hlaiikenosa A.A., Beiicenos P.E., Mypamos /].A.

N3yyenne mexanuzma (popMupoBaHus rpadeHa npu cHHTe3e XUMHYECKOT0 Napoh)a3HOro ocazKAeHu .

brnarogapss cBoMM YHHKaJBbHBIM CBOWcTBaM 2D MaTepwanasl WMEIOT OOJBINONW TMOTEHIHAT B Pa3IMIHBIX 00JIACTAX
MIPUMEHEHHS. Y TBEPIKIAACTCS, YTO METOJI XUMHUIECKOTO OCKACHUS 13 TapoBoil (hazsl (CVD) mmpoko UCToNb3yeTcs B
cuHre3e rpadeHa. B nmaHHOW pabore 00CyKHAlOTCS PE3yNbTAaThl IKCIICPUMEHTOB 110 CHHTE3y TIpad)eHOBBIX CIIOEB
METOJIOM XMMHYECKOTO ocaxaeHus u3 nmapoBod ¢asel (CVD) Ha mexnoit (Cu) dossre. OqHako sxeslaeMoe KadecTBO
rpadeHOBBIX CJIOEB HE Bcerjga AOCTKUMO. ClemoBaTenbHO, Uil KPYHMHOMACIITAOHBIX TPHIOKEHHH HEOOXOIUM
yIpaBisieMBId CHHTE3 10 pasMepy M MopQOoJoTMH JoMeHa. [IpuBeieHBl NpPUMEpHl TapaMEeTpOB CHHTE3a
MOJIMKPHUCTAJUIMYECKOTO M MOHOKPHCTAJUTMUECKOTO rpadena. Mexannsm oOpa3oBaHMs IpadeHa HW3ydeH B mpolecce
cuHTe3a. [Iporeccsl moaroToBku oOpasia U OCHOBHBIE MEXaHH3MbBI POCTa MHOTOCIOHHBIX M OJHOCIOWHBIX rpadeHa
meronoM CVD ob6cyxnanock. [Tomydgenasie CVD rpadenoBbie cion xapakTepusytorcs pamaHoBckum, ACM nu COM
AHAIIN30M.

Hopaee H.X., Agpanacwves /1. A.

Kymic HaHoOeJIeKTepMeH AONMHUPJIEHTeH :KapThLlaili OTKI3rimTi mojuMepi KaObIKIIAJAPABIH JJIEKTPJIK
CHIIATTaMAJIAPBbIHbIH epeKIIeTiKTepi.

Ag Oemmekrepnin  xoHe Ag-TiO, HaHOKYpBUIBIMAApABIH KocmamapsiHaH KypamateiH PEDOT:PSS momumep
Heri3iHAeri KOMIO3UTTI KaOBbIKIIaIap/AbIH 3JIEKTPIIiK KacueTTepi 3eprreire. [lomumepii KyH ysIIIBIKTapbIHBIH BOJIBT-
amrepiik cunarramanapbeiaeie emeyi PEDOT:PSS nonmumepre Ag Genmexrepi skoHe Ag—Ti10, HaHOKYPBUIBIMIAPEIH
KOCKaH >KaF/iaiiia KbICKa TYHBIKTaTy TOFBIHBIH apTyblH KepceTTi. Kymic HaHOOeMmeKTepieH KypalaThlH YSIIBIKTap/ia
PEKOMOMHAIMS JKBIJIIaMIBIFBIHBIH apTybl Oalikanabl. [Tomumepii KyH YSIIBIKTapbIHBIH AJICKTPIIIK UMIIEIAHCHIH OJIIIeY
Ke3inzae Kymic HaHoOemmekTepaeH KypanaTeiH PEDOT:PSS kaObIKIIachIHBIH TUAJIEKTPIIK OTIMALTITIHIH aifTapiabIKTai
apTybl OaKblUIAHFAH.

Hopaee H.X., Agpanacwves /1. A.
OCco0eHHOCTH IJIeKTPUYECKHX XAPAKTEPUCTHKH MOJYNPOBOJAHMKOBBIX MOJUMEPHBIX NJIEHOK, HOMHPOBAHHBIX
HAHOYACTHIIAMHU cepedpa.
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M3ydyeHbl dJEKTpUUYECKHE CBOWCTBA KOMITO3UTHBIX IUICHOK Ha ocHOoBe mosmmepa PEDOT:PSS ¢ moGaBkamu
HaHO4acTUI Ag u HaHOCTPYKTYp Ag—TiO,. M3mMepeHns BOIBT-aMIEPHBIX XapaKTEPUCTHK ITOJUMEPHBIX COJHEYHBIX
sTeeK TOKa3aJl POCT TOKa KOPOTKOTO 3aMBIKaHWA NpH T00aBICHHUM HaHOYacTHIl Ag W HaHOCTPYKTyp Ag-TiO2 B
nosmmep PEDOT:PSS. Tak-xe HabmogaeTcss pocT CKOPOCTH PEKOMOHMHAIINY B siYeiiKax ¢ HaHOYACTHUIIAMU cepedpa.
[Ipu w3MepeHUsX 3ICKTPUYCCKOTO HMIICIAHCa TOJMMEPHBIX COJHEYHBIX SYCeK OOHAPYKCH 3HAYUTCIBHBIA POCT
nuaNeKTpudeckoit mporumaemocty mwieHkn PEDOT:PSS, conepixarieit HaHOYaCTHIIEI cepedpa.

bespoonwiit M.K., Caxbinoe K.E., Aimmazamoemosa M.b., Kakuuee b.A.

OHjipicTiK K9HE TYPMBICTHIK KAJABIKTAP/AbI KJ/lere :KapaTy YIIiH Ta3JbIH 5KyKa Ta3ajay KyieciH naigauany.
JKympIcTa Ta3 KO3FaibIC OAFBITBIH ©3repTyre HETI3JCNTCeH INaH OeNIIeKTepiHiH (HeMece CYWBIK TaMINbLIapIbIH)
HIeTIHIUICPIHIH MHEPIHAIIBl dMiciHiH Moceneci memineni. [IIBIHABIFBIHIA, afaM3aT auAblHIA TYPFaH CH MaHBI3IbI
AKOJIOTHSUTBIK TpobIeManapabiy Oipi - KopiiaFraH OpTaHbl TYPMBICTHIK KOHE OHIIPICTIK KaIIBIKTAPMEH JIaCTaHybl. by
KQJIABIKTAp OJIETTE YIBUIBIK, KAHIIEPOTEHIIK, MyTareHIiK, KOPPO3HUIIBIK, PEAKTUBTIK KaOIETTIIIKKEe X)oHE OpT KayIi
CUSKTBI 3USHIBI KacueTTepre ue. Ke3 kKenreH rasasl Tazanay JKyHeciHiH THIMIUIIT Ta3 aFbIHBIHAH YCaK OeJmeKTepai
JKOFO MYMKIHIriMeH aHBIKTaaasl. OChI MOCETIeHI IIenTy YIH TPaJlueHT CenapaTOpblHA HETI3eNTeH Ta3aapabl KyKa
Ta3apTylbl NaMBITY apKbIIbl TETEPOTeHl ra3 KOCHaJapblH 067y MYMKIHIITIH KapacThIpABIK. ['pagvieHT cemapaTopbl
HETI31HJIe YCaK Ta3/bl Ta3anay XKylieci OeHIeH OOIIIeKTepIeH, KEeKe adpo30JbIepICH, CyOIUMaTTapIaH KoHe 0eIeK
reTepOreH/ Il KocnalapAaH ra3 arbIHIaphIH Ta3aJlayFa apHaIFaH.

bespoonwiii M.K., Cakunoe K.E., Aimmazamoemosa M.b., Kakuwee b.A.

Hcnosb3oBanne cHCTEMbI TOHKO# OYHCTKHA ra30B MPH YTHIA3ANHA MPOMBIILIEHHBIX H OBITOBBIX 0TX010B.
bespoonwiii M.K., Cakunoe K.E., Aimmazamoemosa M.b., ’Kakuwee b.A.

B pabote pemaercs 3amada 0 MHEPIIMOHHOM CIIOCOOE€ OCa)ICHUS YACTHI[ MBUTH (MU Kamellb XHUIKOCTH), KOTOPBIA
OCHOBaH Ha W3MCHEHHHU HAIPaBIICHUS BIKCHHUS ra3a co B3BELICHHBIMH B HEM YacTHLaMH. [IeWCTBUTENBHO OJHOI U3
CaMbIX CEPbE3HBIX IKOJOTHYECKHX MPOOJIEM, CTOSIIUX Mepell YeJIOBEUSCTBOM, SIBISIETCS 3arpsi3HEHUE OKpYXKarolien
cpenbl OBITOBBIMH M MPOMBIIUICHHBIMH OTXOJaMH. DTH OTXOJbl B OCHOBHOM O0JaJar0T TaKMMH HEXeJIaTelbHbIMU
CBOWCTBaMH, KaK TOKCHYHOCTb, KaHIEPOTEHHOCTb, MYTAareéHHOCTb, KOPPO3HWs, pEaKIMOHHAs CHOCOOHOCTh U
M0’KapoomnacHOCTh. M3BecTHO, 9TO 3(h(HEKTHBHOCTH JTIOO0H CHCTEMBI TA300YWCTKH OMPEIENACTCS €€ CIIOCOOHOCTHIO
YAAISATh MEJIKUE YaCTHIBI U3 TA30BOTO MOTOKA. YTOOBI MOMYYUTh PEIICHUE TAHHOH 3ala4d PACCMOTPEITH BO3MOKHOCTD
pa3eneHus TeTePOrCHHBIX Ta30BBIX CMECei, pa3pabOTKOI TOHKOW OYHCTKH ra3oB Ha 0a3e rpaJeHTHOTO cermapaTopa.
CucTemMa TOHKOH OYHCTKH T'a30B Ha 0a3e TpaJIieHTHOTO cemaparopa MpeIHa3HAYCHA IS OYUCTKU T'a30BbIX IIOTOKOB OT
JMUCTICPTUPOBAHHBIX YACTHII, CEMapald a’po30JicH, BO3TOHOB, pa3/lCiCHUS TeTEPOTCHHBIX Ta30BBIX CMeced Ha
OT/ICNIEHBIC KOMITOHEHTEHI.

Cakunoe K.E., Aoupoe A.A., Hlapugoe /I.M., Maxmyooe b.H.

KyibIHABI rUAPaBIMKAJBIK KOTEPrilTiH TIKipubesik 3epTTeyaepaiH HITHKeepi.

Makanaga aBTOHOMIBI Cy Ta3apTy JKYWECIHIH KYWBIHIBI THAPABIUKAIBIK JUQTIHIH OHTAWIBI )KYMBIC PEKHMIEPIH
Oaramay YIIiH TOXIpHOETiK 3epTTeyNIepaiH HOTIKeNepi kenripinreH. Toxipubemnik 3epTreyiepre CyHeHCEK, KYMBIC
JKOHE COPY aFbIHIAPbIH OYPY KYHBIHIIBI THAPABIUKAIBIK KOTEPTIIITEPIIH IKEKIUA KaOiJIeTiH alTapJIbIKTall apTThIpabl.
ATBIHFaH HOTIKENEpAl Tanaay (KeKus KodQQOUITMSHTIHIH KYJIBIH TapaMeTpiiepiHe TOYESNIITITiHIH KUCHIK CHI3BIFHI)
KYHMBIH/IBI THIPABIMKAIBIK QT MEH IUIPO NPUBATTHIH OHTAMIIBICHIHM MOHZAEP] 0ap, OyJ1 9xekuus KodpduIreHTiHIH
€H YJIKCH MOHIHE KOJDKETKI31UIreH KaObLIIay OpTachIHBIH TAHTCHCTIK KaOburaysiMeH. CoHiali-ak, aifHamMaIsl OeCeH Il
JKOHE TTACCUBTI aFbIHIAP THAPABIUKAIBIK TUDT aparacTeIpy KaMepachlHa CYHBIKTHI KaTy YIIIiH TETIKKe TyOerewii acep
eTemi. AWHANABIPY KapKBIHABUIBIFBIHBIH JKOFAphUIAYBl AFBIHHBIH apajacyblH apTTBIPaNbl, al YJIKEH KBICHIM
TpajMeHTTEepi TEK OCBTIK eMec, COHbBIMEH Oipre paauansl OarbITTa XKypeai. by axekuust KoappUIMEeHTIHIH YIIFalobIHa
okenemi. Ochutaiiiiia, OTKI3UITEH TOXKIPUOETIK 3epTTEYlep MEH aliblH-ala TEXHUKAJIBIK-3KOHOMUKAJBIK eCenTep
HETi3iHAe op TypJli Kocmajapisl THIpOIpenapanusiay YIIiH KYWBIHAB THUAPABIUKAIBIK JTUPTTEpAl Malgaiany
SHEPTHUSIHbl TYTHIHYAbI aWTapIBIKTail a3aliTaibl jKOHE OJapAbl KOJNIAAaHY THIMIUIITIH apTThIpaabl AeN KOPBITHIHIBI
Jkacayra 00Jajpl.

Cakunoe K.E., Aoupoeé A.A., lapugoe /.M., Maxmyooe b.H.

Pe3yabTaThl 9KCIEPUMEHTAILHBIX HCCIEI0BAHMIT BHXPEBOI0 rHAPO3JieBaTopa

B craThe mpUBOIATCS Pe3yAbTATHI SKCICPUMCHTANBHBIX UCCICIOBAHUN I OIICHKHA ONTUMAIIBHBIX PEKHMOB PaOOTHI
BHUXPEBOTO THAPOAJIEBATOPA CHCTEMBI aBTOHOMHOM BONOOYHMCTKH. Ha OCHOBE IKCHEPHUMEHTAIBHBIX HCCICIOBAHHN
MMOKA3aHo, YTO 3aKPYTKa pabovero W BCACHIBAEMOTO IMOTOKOB 3HAYUTEIBHO YBEIMYMBACT KEKIMOHHYIO CIIOCOOHOCTH
BUXPEBBIX THIPO3JICBATOPOB. [IPOBOIMMEI aHATIH3 MOJYYCHHBIX PE3YIbTATOB (KPUBBIX 3aBHCUMOCTEH K03 dHUIeHTa
PKEKIUU OT MApaMETPOB 3aKPYTKU), MO3BOJSIOT CHAEIATH BBIBOJ, YTO CYIICCTBYIOT ONTHMAJIBHBIC KPUTHYCCKUE
3HAYEHHMs ISl BUXPEBOI'O THAPOAIIEBATOPA U FHPOIJNIEBATOPA C TAHTCHIIUAIBHBIM MOJJBOJIOM BCACBIBAEMOW CPEbI, IPU
KOTOPOM JIOCTHraercsi Hawbosbliee 3HadeHHe Kod(hdHIMeHTa MKEKIUH. Takke BBISABICHBI, 4YTO 3aKpy4YeHHBIE
AKTHBHBI M MACCHUBHBII MOTOKH KOPEHHBIM 00pa30M BIIMSIOT Ha MEXaHHM3M BOBJICUYEHHs BCACBIBAEMOM JKHJIKOCTH B
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KaMepy CMELICHUS THAPO3JIeBaTopa. Y BeIMUeHHEe HHTCHCUBHOCTH 3aKPYTKH YBEIIMYUBACT OAMEIIMBAHNE TIOTOKA, TIPH
9TOM BO3HHMKAIOT OOJBIINE TPaTUCHTHI TABICHUS HE TOJIBKO B OCEBOM, HO W B PagHalbHOM HANPaBICHUH, YTO
MPUBOJUT K YBENWYCHUIO Kod(duimenta keknun. Takum o0pa3oM, Ha OCHOBE MPOBOAWMBIC IKCIIEPHUMEHTAIBHBIC
HCCIIeIOBAaHUS U NPEIBAPUTEIbHBIX TEXHHUKO-)KOHOMHYECKHUX PAcCu€TOB MOXKHO CJIENaTh BBIBOJ, YTO HCIIOJNb30BaHHE
BHUXPEBBIX THAPOIJIEBATOPOB MPHU THUAPO-TPAHCIIOPTUPOBAHUU PA3IUYHBIX CMeCEH MO3BOJUT 3HAYUTENBHO COKPATHUThH
9HEPro3aTpPaThl ¥ MOBBICUTH Y(PPEKTUBHOCTH UX MPUMCHCHUS.

Ilepuamkuna E.B., Munskoe JI.JI

OcuuAasnusiIAHTBIH KOFAphl KaObIPFaFa He Ka3bIK KAHAJAAFbI AbIOBICTAH ACKAH JKbLIIAMABIKKA Me Ta3IbIH
arpIChl TYPaJIbI €CeNTiH CAHABIK MIenIiMmi.

Bepinren >kympIcTa Ta3 YIIIH TapMOHHKAIBIK 3aH OOWBIHIIA TepOeNmicTepi KACAaWThIH, KOFaphl IIeKapamMeH
KBIJDKBIMAJIBI ©TKI30SHTIH jka3bIK KaHAJIIAFb! Ta3/bIH JBI0BICTAH aCKaH XKbUIIAMIBIKTHI aFbICHl TYpaslbl eCell MICIIUITeH.
I'a3 quHAMHUKACHIHBIH TEHACYJIEPIIH CaHABIK MENTMIH ally YIIiH KeHICTIK TIeH YaKbIT OOMBIHIIA anmpOKCUMAITUSICHIHBIH
Oipinmti perti Ban JIup onmici G0WbIHIIA aFBICTApIBI €CENTEYIIePiH KONIaHybIMEH albIPBIMIBIK CYJI0a iCKe aChIPBIIFaH.
Ban Jlup opmiciH KojmaHybIMEH adbIPBIMABIK TOPIBIH YSINBIKTAp KbIPJIApBIHAAFEl aFbIHIApABl €CerTeyre MYMKIHIIK
OepeTiH ra3JbIK AMHAMUKACHIHBIH TeHACYJIEpiH/Ie aFbIHIapAbIH epekine (gopmackl OepinreH. ['apMOHMKANBIK 3aH THII
MEH ra3 arbICHIHBIH OacTamKbl MIApTTapbIHAH TOYEINAlI KHCBIKCHI3BIKTHI OOJBICTAapAa KO3FajaThlH OYPBIIITHIK COKKBI
TOJIKBIHHBIH Tapally epekuiesikrei 3eprrenareH. KelOip HaKTHI KT Ke3iHae KaObIpFaHbIH TepOerici aFbIc CHITaThIHA
embip acep eTHeWTiHAIr aHbIKTanFaH. Hotmkenepnin nypeicteirbl AnsysFluent GarnapiamacsIMeH ajbIHFaH CaHABIK
LICIIIMIHEH CAIBICTBIPY apKbUIBI AQJIEIICH/].

Hepuamkuna E.B., Munwvxoe JL.JI.

YucneHHoe pelieHHe 3aJa4d 0 CBEPX3BYKOBOM Te€YEeHHMM ra3a B INIOCKOM KaHajle ¢ OCHWLIMPYIOIIeil BepXHei
CTeHKOM.

B nannoit paboTe pemaeTcs 3aaqa 0 CBEPX3BYKOBOM TEUCHHH rasza B IJIOCKOM KaHAJIEe ¢ TIOJBHKHON HETPOHUIIAEMO
JUIS Ta3a BEpXHEW TpaHUIICH, coBepIIaroiei kKojeOaHWs MO TapMOHHUYECKOMY 3aKOHY. J[JIs MmonydeHHss YUCICHHOTO
pelleHns ypaBHEHHUM Ta30BOM JUHAMHMKHU peaii30BaHa Pa3HOCTHAs CXeMa C HCIOJIb30BaHHWEM pacyuera MOTOKOB IO
Metoay Ban Jlupa mepBoro mopsijika ammpOKCHMAIIUU 110 IPOCTPAHCTBY M BpeMmeHu. JlaHa ocobast popma IMOTOKOB B
YpaBHEHUSAX Ta30BOM JHWHAMUKH, IO3BOJISIIONIAsl PACCUUTHIBATH IMOTOKM HA TpPaHSAX SYEEK PA3HOCTHOM CETKU C
ucrnosib3oBanueM Merona Ban Jlupa. B 3aBHCUMOCTH OT THIIa TApMOHHYECKOTO 3aKOHA M HAYAJIbHBIX YCIOBUN MPUTOKA
ra3a HCCICIOBaHBI OCOOCHHOCTH PACIpPOCTPAHCHUS YIJIOBOW YIapHOH BOJIHBI B JBIXKYIIUXCS KPUBOJIHMHCHHBIX
o0yacTsaX. YCTaHOBJIGHO, YTO TIIPH OMPEJCNIEHHOW dacToTe KoJIeOaHWH Hamudue TMPUCTCHOYHBIX KOJeOaHUi
MIPAKTUYCCKN HE BIIMACT Ha PEXKHUM IIOTOKAa BHYTPHU AOMCHA. CpaBHeHI/Ie YUCJIICHHOTO PEHICHHA, IOJIYYEHHOIO C
MTOMOIIBI0 pa3pabOTaHHON MNpPOTpaMMEI, C pemieHHeM 1o mporpamMme Ansys Fluent mokaspIBaeT KOPPEKTHOCTH
Pe3yIbTATOB.

Epuuna A.K., blovipvicosa A.A.

Kenkenai sxeJ1 TYpOMHACHIHBIH 29POAUHAMHKAJIBIK XapAKTePUCTUKAJIAPBIH AHBIKTAY.

BapnbIk xen TypOMHANaphIH )KYMBIC iCTey NPUHIMNITEPiHE Kapai 3 Tuike Oeiyre 0oyiajbl: JKEJIKEH/I JKell TypOHuHAaChI
(CaBonnyc), mponesuiepIIik kel TypOHHACHI )KoHe Kajakmais! [lapbe Topizai sken TypOuHaizapbl. Makaasl KeJIKeH I
XKeJ TypOMHACHIHBIH KYPBUIBIC MEH JKYMBIC iCTE€y NMPHHIUNTEPI KapacThlpblirad. COHBIMEH KaTap el TYpOMHACHIHBIH
a’pOJMHAMHUKANBIK ~ XapaKTepUCTHKaJapbl: KajJakKLIaHBIH KeTepy Kyl MEH MaHJallblK Keaepri KYIIiHIH
ko3 punmeHTTepi, TypOMHAHBIH KyaTbl, JKeJl SHEPTUsACHIH Maiiianany Kod(QQUIMEHTI MEH JKYPAEKTIK IopeKeci jKoHe
T.0. TEOPHAJIBIK HEri3le aHbIKTaNFaH. HoTwmkeciHIe TEOPHSIBIK JKOJIMEH aHBIKTAIFaH MOHJAEP HSKCIEPUMEHTIICH
caJbICTRIphIIFaH. EcenTey HOTWKENEpiHiH OeNTiiai ToXIpHOemik MOIIMETTEpMEH MKAaKChl COWKeC KeJETiHMIT1
KOPCETUITCH.

Epuuna A.K., blovipvicosa A.A.

OnpenesieHne a3pOIHHAMUYECKHX XaPAKTEPUCTHK NAPYCHOI BETPOTYPOUHBI.

BetpoTypOuHBl 10 MPUHIOMITY paOdOTBI MOXKHO pasnenuTh Ha 3 Tuma: mapycHble (CaBOHHMYC), MpOIEIUICPHBIE H
KpbUIOBEIe (THma [laphe) BeTpOTYpOMHEI. B cTaThe KpaTKO M3JOKCHBI OCHOBBI TCOPHU IAPYCHOW BETPOTYPOHHEL.
OnpenencHpl a3pOJMHAMUYCCKUAE XapaKTePUCTUKU: KO3(DPHUIIMCHTH MOIBEMHON CHJIBI U JIOOOBOTO COMPOTHBIICHHUS,
MOIITHOCTh TYPOHHBI, KO3()(UIMEHT HCIOIB30BAHUS YHEPTUU BETPA, CTCIICHb OBICTPOXOMHOCTH | Ap. IIpemcTaBicHbBI
pe3yIbTaThl CPAaBHCHHS PACYCTHBIX M OKCICPUMCHTANBHBIX MaHHBIX. [lOKa3aHO YIOBICTBOPHUTEIHLHOE COTJIACHE
PEe3yIBTATOB pacueTa ¢ M3BECTHBIMU KCIICPHUMEHTALHBIMU TAHHBIMH.

Cammunosa 3.K, Pamazanoea I' U., JKanbacoaes Y.K., Acunoexos b.K., Mycenosa 3.K.

Bepuiiuii TOTBIFBI TEPMOILIACT IIJIMKEPiH KYIO NPOIECciHeri :KbLTYJIbIK PEXKHMIH 3epTTey.

Kyro KOHIBIPFBICHIHBIH KaHAJIBIHAAFbl TEPMOIUIACT IUIMKEPiHIH KO3FAIBICHI MEH JKbLIyaJIMACYbIHBIH MaTeMaTHKAJbIK
Mozelli OOMBIHIIA CaHIBIK €CeNTeyJIep HOTHKECI MEH DKCIIEPUMEHT JepeKTepi KenTipiiareH. Ecentey HOTIKeNEpi KYIO
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JKYWECIHIETI TUIMKEpIiH CalKbIHIATBUTYBl MEH KAaTYbIH KOPCETETIiH TeMIlepaTrypa OpiCiHiH Tapaiybl, MUIAKEepAl
(dhopmanay OGapbICEIHIA aKayIblH Maiga 00ysl MAapTHIH O0JDKayFa jKOHE KaTy MpOIECiHAe TeMIeparypa-hasabiK epic
e3repiciH OakpuTayFa MYMKIHIIK Oepemi. ANBIHFaH JepeKTep HeTi3iHAe MUIMKEPIiH KaTy IeKapachl alMarbIHBIH KYIO
pexuMIepi mapaMmeTpiepiHe TOYeNIiliri opHaThABL. Kylo TpoIleciHiH MaTeMaTHKaIbIK MOJETi OOWBIHINA CAHIBIK
QJIICTIEH JKYPTi3UITeH ecenTeyep HOTIKECI TaKIpHOe AepeKTepiMeH caliKec KeIeTIHIIr OpHATBULIBL.

Cammunoesa 3.K, Pamazanoea I U., ’Kanbacoaes Y.K., Acunéexos b.K., Mycenosa 3.K.

HcciienoBanue TEMJIOBBIX PEKMMOB Mpomecca (popMoOBaHUA TEPMOIUIACTHIHOTO IITHKEPA OKCHAA GepuiLIns.
[IpuBoaATCS pe3yNbTaThl IKCIIEPUMEHTOB U PACYeTOB MaTEMAaTHYECKON MOJCIH JIBHKCHUS W TEINTIOOOMEHA IITHKEPHON
MAacChl B KOJIBLICBOW TOJOCTH. Pe3ynpTaThl 3KCIEPHMEHTOB OBUIM aHATM3HPOBAHBI U 0OOOIICHBI C HCIIOIH30BAHUEM
MaTeMAaTHYECKOW Mozenu. UWCIeHHBIC pacyeThl MPOBOJMIMCH IPH TEX JKE PEKHMHBIX IMapaMeTpax M YCIOBHIX
MIPOBEACHUS IKCIIEPUMEHTOB, KOTOPBIC MO3BOJISIIOT MIPOTHO3HUPOBATH YCIOBHUS MOsABICHUS aAeheKkToB rmpu (hOPMOBAHUN
U3ICIUH, MOAYYHTh PAaCUPEACICHHS IOJICH TeMIIEPaTyphl, MOKA3bIBAIOIINEC TUHAMUKY OXJIaKICHUS M OTBEPACBaHUS
TEPMOIUIACTUYHOTO IUIMKEPa, OTCICAUTh H3MCHEHHE TEMIICpaTypHO-()a30BhIX IOJIEH B MPOIECCE OTBEPIACBAHMS.
PesynbTaThl pacdyeTOB HAXOISITCA B COMIACHH C JaHHBIMH OSKCIICPUMCHTOB, M IIOKa3bIBAIOT (DU3UYIECKYIO
000CHOBaHHOCTB TIPEJIOKECHHON MaTeMaTHIECKO# Moienu nporecca GopMoBaHHs OSPUIUTHEBON KEPaAMHUKH.

Hlpazep 3.P., Cakunosa C.E., Tanawesa H.K., Axmepoea K.E., bomnaeg H., Kycauvinosa A.K.
KentypOuHaaapbIHbIH 31eKTPGU3NKAIBIK apaMeTpJepiH 3epTTey.

Makaaja Kimri koHe opTalia KyaTThl XKeJl 3JeKTPJIK KOHBIPFBUIAPABIH THIMIUIITIH 3epTTey HATIIKeNepl KeNTipiireH.
ApHaifpl jkacajFaH Kill aiHaIMaibl 3JEKTp TeHEpaTOpPbIMEH €Ki Typili el TypOWHalapblHBIH YITiCIHAEr TaOurn
KEJJIH JKarJaiblHAa ChIHAKTap HOTIWDKEJEpl TalKbUIaHabl. JKenTypOWHAamapblH KOHIBIPFBI CHIIATTAMAChl JKOHE
TeXHUKAIBIK TIapamMeTpiepi KeNnTipiJireH. ¥3aK yakpIT apalblFbIHIA TaOWFU KENIH  KbUIIAMIBIFBIHAH
ANEKTP(OHU3UKATBIK CHITATTAMAIAPBIHBIH  TOYSJIUTIKTEPT albIHABL JKeaKeHAl THUINTI JKeJl JUipMEHre KaparaHza
OWIAHIPIIK KaJakTapbl Oap >kein JWipMEeHMEH KOCBUIFaH 3JIEKTP TEeHEePaTOPBIHBIH OHIIPETIH KyaThl YJIKEH eKeHi
KOPCETUII.

Hlpazep 3.P., Caxvinosa C.E., Tanawmesa H.K., Axmeposa K.E., bomnaes H., Kycaitbinosa A.K.

HccienoBanue 3jeKTpo-(pU3HIECKUX IAPAMETPOB BeTPOTYpPOHUH.

B crathe paccMaTpUBAIOTCS PE3yAbTATHl H3YYCHUS I(PPEKTHBHOCTH BETPOIHEPIETHUYCCKHX YCTAHOBOK MaJlod W
cpemHeir momHOCTH.  OOCYKTAIOTCSA PEe3yJIbTAThl MCHBITAHUI B YCIOBUSIX E€CTECTBCHHOTO BETpa IBYX PAa3IMYHBIX
MaKETOB BETPOTYPOUH KOMOMHHUPOBAHHEIX CO CICIHAIBHO pa3pabOTaHHBIM MajJ000OPOTHUCTEIM 3JIEKTPOTCHEPATOPOM.
[IpuBencHO omMCaHUE YCTPOMCTBA M TEXHHYCCKUX MapamMeTpoB BeTPOTYypOWH. [loMydeHBI 3aBHCHMOCTH 3JIEKTPO-
(U3NUECKUX XAPAaKTEPHCTHK OT CKOPOCTH €CTCCTBEHHOIO BETpa B TECYCHHC IMTEIBHOrO BpeMeHH. IlokaszaHo, 4TO
BbIpabaTeIBacMasi MOIIHOCTE 3JCKTPOTeHEpaTopa, COCANHCHHOTO C BETPOKOJICCOM B LMIMHAPUYCCKAMH JIOMACTSIMH,
00JIBIIIC MOIITHOCTH FCHEPATOPa C BETPOKOJIECOM IIAPYCHOIO THIIA.

Hlaiimepoenoea K.M., Cmoes M., Tycvinoaesa A.C., Paxmanxwizvt A., Cexepoaesa I

AHaJu3 BIIMSAHASA 3JIEKTPO-Pa3psaHoi 00pa0oTKH BOABI HA CTENeHb e¢ OYHCTKH.

B nmanHO# cTaThe paccMaTpWBAcTCS HCCICAOBAHHME aHAIM3a BISHUSA AIICKTPOMMITYIBCHBIX pa3psIoB Ha CTEIEHBb
OYNCTKH BOIBI. [IpHBeneHO ommcaHWE TEXHWKH H3MEPEHHS YACTBHON AIEKTPHYECKONW MPOBOIUMOCTH C MOMOIIBIO
KoHAyKTOMepa. [loka3aH TeXHWYECKHi perIaMeHT IMOJIYYCHUs OYHMINEHHOW M 00e33apaKCeHHON BOJBI NPH DJICKTPO-
paspsaHoli oOpaboTke. B  Xoxe wuccienoBanmii OBUTO HW3YYEHO W3MEHEHHE COJICCOACPKAHHUSA W YISIbHON
ANEKTPONPOBOJHOCTH BOJONPOBONHOW W TPHPOJHONH 0OpasoB BOABI MOCIE OOpPabOTKH 3IEKTPOMMITYIECHBIM
METOJIOM. B 3KcIepuMeHTaX YUUTHIBAIOCH BpeMs 00pabOTKH U KOJHUYECTBO IICKTPO-UMITYIBCHBIX Pa3psioB.

Hlaiimepoenoea K.M., Cmoes M., Tycvinoaeea A.C., Paxmanxuizvt A.,Cexepoaeea I.

Cynasl 271eKTp-pa3psaabIMeHOH/IEY e OHBIHTA3aPTyA9Pe:KeciHe dcepiH Tayay.

Bepinren Makanaga COKKBI TOJKBIHBI Pa3psATAPBIHBIH CAaHBI MCH SKCICPUMEHT XKYPTi3UITeH YaKBITTHIH CYABI Ta3apTy
JIOpeKeCiHe dcepiH Tajjnay >KyMbICTapblHa 3epTreynep Kypri3uimi. KoHIyKToMeTp apKpUIbI MEHIIIKTI 3JIEKTp
OTKI3TIITITT aHBIKTANIBI. 3epTTey OApBICHIHAA IEKTPUMITYJIbC dICIMEH OHJICITEH TaOWFH KOHE KYOBIP CYBIHBIH TY3
MOJIIIEP] JKOHE MEHIIIKTI AJIEKTP OTKI3TIIITIrI 3epTTeN . DIEKTPIIK pa3psaTap caHbl MEH YaKBITBIH €CKepe OTBIPHII,
AKCIIEPUMEHT TOXKIPUOCITIK YATIET1 dJIEKTPTUAPOUMITYIBCTIK KOHABIPFBICHIHIA KYPTi31IIi.

Daiizynnaee A.P., Acmanos C.X., Ipeamesa HM

IIns13 KaObIFBIHAH aJIBIHFAH OOSIFBILITAP/BI AJ1y NPOIECiH/Ie CEKTPOCKOMUSIHBIH KOJIIaAHBLTYbI.

Makanaga nus3 KaObIFbl  (OPMAChIHIAFbl KAJIBIKTApJaH OOSFBIMITHI aly TEXHOJOTHSICHI KapacCThIPbUIFaH.
CHeKTPOCKOMUSIIBIK dICTCPMEH IMUTMEHTTEP PEKUMIHIC IKCTPAKIHMS TEMICPATypachl aHBIKTANIBL. [1¥s13 KaObIFEIHAH
anplHFaH OMOQUIaBOHIAD MEH DKCTPAKTTAp METAJUT HOHIAPBIMEH KEHICHICPIl TY3y TEHACHIUWSICHIHA WC EKCHJIrI
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KepceTired. KBeprieTHHHIH MeTauT MOHIapBIMEH KEIIeH Ti T3y PeakIusICchl MeTalIblH d-opOuTaTiHeH KBEPIETUHHIH T
*-opOuTalliHe NMIEKTPOHBI TaCKIMAIAy Ke3iHae MEeTalIMeH OailaHbIc Ty3yiMeH cumartananbl. [1usa3 kaObirbl MeH PysH
OCIMAIriHIH KaOBIFBIHBIH TaOUFU OOSFBIIITAPBIH 3€pPTTEY HATIDKENepl TOKbIMAa OHEPKACiOIHIE KOJAaHBUTYBl MYMKIH.
BostFpimTapabiH HETi3ri 00sly MUTMEHTTEP] aHBIKTAJIFaH )KHE OOSFBINITAP/BI TYPAKTaHABIPY 9JIiCTEpP] YCHIHBUIFaH.

Daiizynnaee A.P., Acmanoe C.X., Ipzawesa HM

IIpnMeHeHNe CIEKTPOCKONMH B NMpoLecce MOTy4eHHs KPacuTeIeil u3 JTyKOoBoM 1IeJIyXu.

B cratee paccmarpuBaeTcsi TEXHOJOTHS TIONYYEHHUsl KpacuTelsl M3 OTXO0l0B B (opMme MIeTyXH JyKa.
CIIeKTpOCKOMMYECKUMH METOJaMH ONpeAesieHa TeMIlepaTypa SKCTPAaKIMH B pPEXHME NHTMEHTOB. [lokazaHo, 9TO
O6no(IIaBOHBI W SKCTPAKTHI W3 INEIyXH JIyKa WMEIOT TCHICHIWIO OOpa30BBIBATH KOMIUIEKCHI C MOHAMH METAJUIOB.
VY cTaHOBIIEHO, YTO PEAKIHWH KOMIDIEKCOOOpa30BaHM C MOHOM MeTajula KBEPIETHHA XapaKTePH3YIOTCS 00pa3oBaHHEM
CBSI3M C METAJUIOM TpH IepeHoce dJiekTpoHa ¢ d-opOuTaneld merauia Ha T *-opOWTanu KBepreTHHA. Pe3ymbTarhb
W3YYEHHUS] ECTECTBEHHBIX KpacuTeNledl MIemyxu Jyka M KOpPBl pacTeHHH PysSH NpuUMEeHHMBI B TEKCTHIHHON
poMBIIUIeHHOCTH. OTpeieIeHsl OCHOBHbBIE KpacsIie NUIMEHThI KpacuTesaeld M IpeIUIosKeHbl METOIbI CTaOWIN3aIin
Kpacurenen.

Kynycoe E.T., Kymaounoe K.II., Yaiincynycosa H.JK., Caakenoe H.b., Illaboapéaesa /.M., I'nwipa B.C.,
A3zumxanos A.C., Cmenanenko B.®., ®yoncumomo H., Illuuuoico K.., Xowu M.

Jlo3uMeTpUAIBIK daicTepAiH MylIejaepai imki coysesieHIipyde *JHe AJBICTATBLIFAH 3(dexTinepre MyMkiH
00J1aTBIH dcep eTyiHe KOJIAHBLIYBI.

«baiikan-1» KypuatoB peaktopisik komiiekcinae (KypdatoB k., [IIereic KazakcTan o0ipIckl) ocep eTy 3¢ deKTiciH
3epTTey GOMBIHIIA OSKCIEPUMEHT Ke3iHge ~'Mn VHTAFbl IIAHBIHBIH ereyKyipbIKTapra ocepi OOMBIHIIA  iIIKi
JO3UMETPUSIIBIK  3epTTey Kyprizinmi. bepinren 3eprrey Xamonums, Kazakcran sxone Peceit ®DenepallusiChIHBIH
FAJIBIMIAPBI TOOBIMEH KY3€re achIpbUIIbl. AJnamMFa MYMKiH acepi d¢dekrticimern xoHe CeMel SAPOIBIK CBhIHAK
MIOJIMTOHBIHA AaKbIH OpHANTACYbl OCEpIHEH MYMKIH IimKi coyieneHy 3¢dekTiciMeH, coHmaii-ak XupocuMa MeH
Haracakumeri atom OoMOachIHBIH JKapbhuUibichl, UYepHoObUE ADC-marel amaT, T.0. ocepiHEeH CoyJelieHy
nocTdhPexTiciMeH mapTTaaFal paJualust SCepiH 3epTTey MaHbI3Abl 00Jbl. EreyKyHphIKTapap! cayaeneHIipyaiH eKi
CIIeHapUHiHIH MATIMETTEPiH CANBICTHIPY JKYPTi3Ii: a) SKCIEPUMEHTTIK OOKC TeK KaHa aya (QUIbTPpiMEH >KaOabIKTaI bl
(ckaHyapnapAblH THIHBIC aJyblHa apHayFaH); 0) OKCIEPUMEHTTIK OOKc MOXOYpial BEHTHISALIUS SKyHeciMeH
XKaOIBIKTANABl. ~ Mn pajMOaKTUBTI YHTarbIMEH COYJEJICHAIPYAEH KeWiH ereyKyWpBIKTapIbslH MyIleliepi MeH
WInajnapblHIaFrel paJMOAKTHBTLIIK ©JIIICHIl. DKCIIEPUMEHTTIK jKaHyapiapra TO3aHIaThUIFaH YHTAKTaFbl HEHTPOHMEH
Gercenaipinren “°Mn coyleleHyiHIH iMIKi 103a1apblH Garaay HOTHKENEPIH CAIBICTHIPY KYPri3ii.

Kynycoe E.T., Kymaounoe K.III., Yaiincynycosa H.JK., Caaxenoe¢ H.b., Illaboapéaesa /.M., I'nvipa B.C.,
A3zumxanos A.C., Cmenanenko B.®., @yoncumomo H., Illuuuonco K., Xowu M.

IIpuMeHenne 103UMeTPUYECKMX METOAOB NMPH BHYTPEHHeM O0OJy4YeHHH OPraHoB M BO3MOKHOM BJIMSIHMH Ha
oTaajieHHble 3¢ deKThI.

BBIIO MPOBEJCHO BHYTPEHHEE TO3MMETPHUECKOE MCCICIOBAHHE IO BO3ACHCTBHIO IBUIM MOPOMIKA ~'Mn Ha KPBIC BO
BpeMsl 3KCIIEPHMEHTa MO H3YYCHUIO 3(QeKTa BO3ICHCTBHSI HAa pPEakTOPHOM Komiuiekce baiikan-1 (r. Kypuatos,
Boctouno-Kasaxcranckas 001acts). [laHHOE MCcaeI0BaHUE MPOBOIUIIOCE TPYIIIOi yueHblx u3 Snonun, Kasaxcrana u
Poccuiickoit ®enepanuu. B0 BaXHO H3yUCHHE BIMSHHUS pajHaldy, OOYCIOBICHHOE 3(PPEKTOM BO3MOKHOTO
BO3JICHCTBUS Ha YENOBCKa, W I(PPEKTOM BO3MOKHOTO BHYTPCHHETO OONYYCHHS W3-3a OJHM3KOTO PACHOJOXKCHUSA K
CeMUNaaTHHCKOMY HCHBITATEIBHOMY SICPHOMY TIOJIHIOHY M mOcTI((deKkTaM OONyYeHHUs BCICACTBUH aTOMHOMN
6oMOapupoBkH B Xupocume u Haracaku, aBapun Ha YepHoObutbcKOH ADC 1 npyrux. [IpoBeneHo cpaBHEHUE JaHHBIX
JIBYX CIICHApHEeB OONYYCHHsI KpPBIC: a) JKCIEPUMEHTAIBHBIH OOKC CHAOXKajcs TOJMBKO BO3AYIIHBIM (HHIBTPOM
(TpenHa3HAYEHHBIM JUIS JBIXaHWS JKMBOTHBIX); 0) dKCIIEPUMEHTAIBHBIA OOKC CHAOXKaJCsI CHCTEMON NMPHHYAUTEIHHON
BeHTHIAIMA. [Tocie 06Ty deH s pagHoaKTHBHEIM TTOPOIIKOM ~°Mn H3MepsIach aKTHBHOCTh B OPraHaX M TKAHAX KPBIC.
TIpOBE/ICHO CPABHEHHE PE3yIbTATOB ONEHKHM BHYTPEHHHX 103 OONyYeHHS HEHTPOHHO-aKTHBHPOBAHHBIM 'Mn B
MTOPOIIKE, PACTIEIICHHOM B OOKCaxX Ha 3KCIIEPUMEHTAIBHBIX KUBOTHBIX.
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