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Dear authors and readers!
Dear colleagues!

Traditionally, we inform our authors and readers about the most important results. We have already
shared the great news that, according to the Scimago Journal & Country Rank (SJR) analytical platform of
May 3, 2023, the “Eurasian Physical Technical Journal” is included in the Q3 quartile in all scientific areas!

Hirsch SJR has now reached a value of 5! The achieved indicators were obtained thanks to the authors
who provided the results of scientific research on topical problems of physics and technology, as well as the
qualified work of the editors and reviewers of the journal.

In 2023, the journal indexing in the Scopus database continues in four scientific areas: Energy;
Engineering; Materials Science; Physics and astronomy. As of June 2023, the CiteScoreTracker Score is 0.9.
This indicator value directly depends on the citations number in the articles of other editions on the articles
published in the Eurasian Physical Technical Journal.

It should be noted that the percentile increased in all directions: Engineering — 25%; Physics and
Astronomy - 24%, Energy - 23%, Materials Science - 17%;
https://www.scopus.com/sourceid/21100920795#

The Materials Science section offers articles on the study of the properties of various materials, for
example, the dependence of metal destruction on the type and method of their processing; the influence of
the nature of the roughness of the contacting surfaces on the value of dry friction; the effect of laser
annealing on the electrical and magnetic properties of the nanoboron, which causes an increase in the
magnetoresistance of the material with increasing laser temperature, etc.

Articles of the section "Energy" are devoted to the problems of increasing the efficiency of thermal
power plants and studying the possibilities of using alternative energy sources for the functioning of
engineering systems of isolated consumers. So, for example, the development of automated control
systems for the operation of a solar dryer, taking into account changes in climatic conditions; methanation
technologies for the production of synthetic methane; technologies for using thermal air from an animal
stall for heating or cooling rooms; development of combined blades to increase the traction force of a wind
power plant, etc. The results of a study of heat removal from photovoltaic installations due to the mass
flow rate of the coolant in the Baghdad agglomeration, Iraq are of practical importance.

Authors of Engineering section articles propose a solution to topical technical problems, such as the
study of radio transparency and dielectric constant of glass-aramid-epoxy composites; development of a new
information-entropy method for detecting gravitational wave signals, supplementing the standard matched
filtering method; performance analysis and loss prediction of television signals using the example of
distribution in the state of IMO, Nigeria; development of a model of the mechanics of contact destruction of
tribounits during friction under conditions of complex dynamic loading, etc.

The Physics and Astronomy section presents the study results of the physics of phenomena at the micro
and nano levels, such as: assessment of the effect of silver nanoparticles on intramolecular processes of
deactivation of the electronically excited state in molecules of polymethine dyes of various ionicity;
development of a small-sized highly sensitive electron spectrometer for analyzing the composition of
corpuscular flows in a wide range of measured particle energies for space vehicles; improvement of
photometric characteristics of samples of yttrium-aluminum garnet doped with cerium due to annealing in
radiation synthesis; molecular dynamics simulation of plasma interaction with wall materials in a
thermonuclear reactor by the Monte Carlo method.

We hope that the presented research results will be of interest and will be useful for scientists, teachers,
researchers, doctoral students and undergraduates. We will be glad to see you among our readers and authors
of the next issues, where it is planned to publish custom-made review articles by leading scientists on topical
and priority areas of modern physics and technology.

Best regards,
Editor-in-chief, Professor Sakipova S.E.
June, 2023
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The effect of coatings with surface-active properties and aerothermoacoustic treatment on Mo and Nb
stampability, mechanical properties, and microdistortions of the crystal lattice is considered. An improvement in
the quality of products obtained by drawing using these technologies has been established due to an increase in
plasticity and a decrease in microdistortions of the crystal lattice. Modification of the surface of the tool reduces
distortion in the micro-regions of the crystal lattice, reducing the stresses of the 2nd and 3rd kind of deformed Nb
and improving its formability and the quality of semi-finished products and finished products. Low formability of
Mo and Nb is associated with the presence of brittle phases of lamellar and sharp-edged shape, which reduce
ductility and toughness. For Nb, an additional negative factor is the presence of grains up to 40—50 um in size.

Keywords: coatings; molybdenum; niobium; microstructure; aero thermoacoustic treatment; deformability

Introduction

A variety of products are made from refractory metals (molybdenum and niobium) - honeycomb panels
of spacecraft, heat exchangers, shells of rockets and capsules, thermal and other screens, wing edge trim and
stabilizers in supersonic aircraft, and much more. The shaping of semi-finished products from refractory
metals and alloys is carried out, among other things, by cold stamping, for example, screens - hollow
axisymmetric thin-walled parts with a flange or bottom, as well as without them. The screen material must
have heat resistance, heat resistance, high electrical and thermal conductivity, high-temperature long-term
strength. When operating at high temperatures, an important feature is the low thermal neutron capture cross
section. Materials providing a complex of these properties - niobium and molybdenum [1].

To carry out cold plastic deformation (CPD) operations, for example, drawing, which is widely used for
the production of a number of products, the workpiece material must have, in addition to the required
strength values, the necessary plasticity characteristics.

Molybdenum is a valuable refractory metal with a melting point of about 2610°C [2]. The strength of
the interatomic bond of molybdenum is so great that at room and high temperatures its strength is always
high [3]. In addition, unlike other refractory metals such as Ta, Nb, Co, W, etc., molybdenum not only has a
high melting point, excellent thermal conductivity, good electrical conductivity and corrosion resistance, has
a low thermal expansion coefficient and high hardness [4]. However, its use as a structural material is limited
by the increased brittleness that is known to occur due to intragranular fracture. Yoshinaka [5] believed that
grain boundaries with sufficiently high energy are responsible for intragranular fracture in molybdenum.
Meanwhile, Watanabe and Tsurekawa [6] investigated the relationship between intragranular fracture and
grain boundary microstructure in 2D polycrystalline molybdenum and pointed out that increasing the
resistance of polycrystalline molybdenum to intragranular fracture can be achieved by controlling the
character of grain boundaries. Moreover, molybdenum and its alloys, due to their high melting point, high
hardness [4], low-temperature brittleness [7], and poor ability for high-temperature oxidation resistance [8],
could hardly be obtained by casting, forging and other mechanical processing, for except for the powder
metallurgy method. However, the conventional processing of molybdenum by powder metallurgy requires
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long-term sintering at high temperature, which leads to excessive grain coarsening and subsequent
deterioration of mechanical properties. Garg et al. [9] investigated the sintering mechanism of molybdenum
powders and proposed an accurate model for calculating optimal molybdenum sintering cycles using the
powder metallurgy method. On the other hand, molybdenum must be processed in a narrow range of high
temperatures due to its significant resistance to deformation [10]. Microstructural analysis, mechanical
behavior and testing of the properties of molybdenum and its alloys have been carried out by many
researchers in recent years. For example, Laribi et al. [11] investigated the metallurgical and mechanical
properties of molybdenum coating formed by flame spraying, studying its microstructure, hardness, and
tribological resistance. In addition, Ciulik and Taleff [12], as well as Wang et al. [13] investigated the
behavior of molybdenum sheet at temperatures from 1300 C to 1600°C, as well as its properties at elevated
temperatures.

In industry, molybdenum strips of technical purity are used, obtained using the technology of cold
plastic deformation (Specifications 11-90. Molybdenum strips). At the same time, blanks are obtained
according to the scheme: annealing, cold rolling in two mutually perpendicular directions, which provides
the required level of strength Giemporary resistance = 800-980 MPa, but at the same time the level of plasticity is
low — & = 1-2% (Specifications 48-19-272-83 Molybdenum bands), which makes it difficult or impossible to
carry out cold plastic deformation (drawing). Plasticity can be increased during vacuum annealing of
workpieces up to & = 3%, but in this case the strength decreases t0 Giemporary resisance = 685 MPa.
(Specifications 11-90).

Niobium (Nb) is a metal with a melting point of 2468°C, a density of 8.57 g/cm’, and a cubic crystal
structure [14]. Niobium is used in the chemical, nuclear and electrical industries and in the production of
superconducting wire [15, 16]. Niobium is able to interact with oxygen (O2), nitrogen (N2), water vapor
(H20), carbon monoxide (CO) and gases present in the environment. Because of these characteristics,
niobium is produced and purified in an inert atmosphere or high vacuum.

There are three methods for producing products from Nb: powder metallurgy (PM), vacuum arc
welding (VAW), and electron beam melting (EBM). The EBM process is more common and produces high
purity metal, around 99.99%. During plastic deformation, the hardening process occurs due to the
multiplication, interaction and distribution of dislocations, which is strongly influenced by the ESF (energy
stacking fault). The evolution of the microstructure during plastic deformation is very important with respect
to the deformation mechanism, mechanical properties and material formation. In addition, the deformation
characteristics of the microstructure affect the behavior of the material during recrystallization [17, 18]. To
conduct a qualitative microstructural analysis, niobium needs special preparation for metallography due to
mechanical characteristics that can cause various surface disturbances. Niobium is supplied in the form of
strips according to Specifications 48-19-264-84 in the annealed state.

However, it should be taken into account that Mo and Nb strips of the same batch according to
specifications can differ significantly in deformability, which, when drawing followed by vacuum annealing,
can lead to significant product defects.

One approach to improve ductility is microalloying molybdenum and niobium with aluminum,
tantalum, magnesium, chromium, zirconium, or vanadium. However, the anisotropy of plastic deformation
can often lead to the destruction of the material [19, 20, 21].

In this regard, it is advisable to study the possibility of using technologies that improve the
deformability of metals by increasing plasticity, not only by intermediate annealing. These technologies
include: aero-thermoacoustic treatment - ATAT and the application of coatings with surface-active
properties - surfactants, the use of which on steels and alloys has shown the possibility of increasing
plasticity and deformability.

1 Materials and methods of research

The study of the effect of ATAT and surfactant coatings was carried out on sheets of Mo and Nb with a
thickness of 0.15 mm. Mo was conditionally divided into 2 subgroups: Mol - with good deformability and
Mo?2 - with poor; the result of which are defects in the workpieces (scallops, cracks, poor-quality surface).
The cause of the defect in the stamping of caps from an anisotropic strip is the texture of recrystallization,
which results in a wavy edge - scalloped. Scallops are the result of different metal drawing in different
directions with different wall thinning (Fig. 1b).
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Aerothermoacoustic treatment (ATAT) was carried out on a facility created at Baltic State Technical
University "Voenmeh" D.F. Ustinov according to the developed technology [1]. The surfactant FLUORO-
surfactant coating was applied according to the developed scheme using ultrasonic cleaning. Mechanical
properties were determined by static tensile testing on a Shimadzu AGX-100kN machine on flat standard
specimens. The microstructure of the alloy was studied using a DSX 510 OLIMPUS optical microscope with
software and a scanning electron microscope.

To determine the qualitative phase composition and microdistortions of the Nb crystal lattice in the
initial state, with surface modification and subsequent drawing, a Rigaku Ultima IV multifunctional X-ray
diffractometer was used. The diffractometer is equipped with a complex of control programs and a
processing complex PDXL (X-ray Pow-der Diffraction Software). X-ray diffraction was carried out in
focusing geometry according to the Bragg-Brentano scheme in filtered CuK[11 radiation. Microdistortion
calculations (Ad/d) were carried out for all peaks using the Williamson-Hall method. The Nb sample without
cold plastic deformation was used as a reference.

2 Results and discussion

The results of mechanical tests of Mo and Nb in the initial state, after acoustic treatment and application
of pav-coating are presented in Table 1.

Table 1. Mechanical properties of Mo and Nb in the initial state and after ATAT.

No. Type of initial Additional processing, processing time Mechanical properties

mode  processing o Gtemporary o
0,2

’ resistance

MPa %

Mo

1 annealing, cold - 949 986 1.5
rolling (as
delivered)

2 annealing, cold The impact of air flow and acoustic field with a 830 960 2.8
rolling sound pressure level of 140-160 dB. within 10 min.

3 annealing, cold The impact of air flow and acoustic field with a 935 1115 33
rolling sound pressure level of 140-160 dB. within 20 min.

4 annealing, cold - - 900-980 1-2%
rolling

5 annealing, cold Annealing for 30-40 min. - 685 2,0;
rolling 3,0%*

Nb

1 delivery condition - - 151 230 8,2
annealed

2 delivery condition -  The impact of air flow and acoustic field with a 122 250 27
annealed sound pressure level of 140-160 dB. within 15 min.

3 delivery condition - - 200 15
— annealed

Mo: 4.5 —Mode TV 11-90, Specifications 48 -19 -273-91, *Nb- Mode 3 Specifications 48-4-317-74

From the above results of testing the mechanical properties of Mo samples that have undergone acoustic
treatment (ATAT) according to the optimal mode No. 3, it can be seen that both ow (slightly) and &%
increase simultaneously, which makes it possible to avoid the appearance of defects in the product when
using cold plastic deformation technology, such as scalloping and cracks.

According to the test results of Nb samples that have undergone acoustic treatment (ATAT) according
to the optimal mode No. 2, it can be seen that the strength (ctemporary resistance) practically does not
change, but significantly, more than 3 times, % increases compared to the initial value. This allows both to
use a large degree of deformation in the production of products, to reduce processing time, and to reduce the
loss of expensive materials due to defects. The study of the Mo microstructure of both subgroups showed
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that in the Mol structure with good deformability, slip lines and bands, fault bands (slip line curvature) are
fixed, which indicates that during the deformation process, dislocation slip in two or more systems of planes
and reactions at their intersection, which corresponds to the stage of multiple slip (Fig. 1). In this case, slip
bands are formed, which are a pack of slip lines. At the stage of multiple slip, the structure of the metal
becomes more complicated (Fig. 1.a), the dislocation density increases significantly.

Fig.1. Mol microstructure with good deformability, a — slip lines are continuous stripes, a high value of Mo plasticity is
noted, b — slip lines are strongly fragmented, a slight decrease in the value of Mo plasticity is noted

The structure of Mo indicates a relatively uniform distribution of dislocations. Dislocations bypass
barriers (fields of elastic stresses, inclusions of different sizes) that arise during their movement due to the
transverse slip of screw dislocations. The presence of blocked dislocations leads to fragmentation of slip
bands (Fig. 1.b). The metal under consideration is characterized by a rather fine-grained structure with a
grain size range of 3-15 um n, and the largest number of grains has sizes in the range of 4-10 pm, which
allows having sufficient plasticity with the required strength.

The microstructure of a material with poor deformability - Mo2 is shown in Fig.2. It is characterized by
a significant decrease, in comparison with Mol, in the length of slip lines in slip bands. The reason may be
the “jamming” of possible slip planes inside the sample by various barriers, such as inclusions, including
sharp-edged ones (Fig. 2. a).

Fig.2. The microstructure of the material with poor deformability - Mo2, a - there are sharp-edged inclusions in the slip
planes, the plasticity of Mo is slightly reduced, b - a cellular streaky structure is formed, where light subgrains are cells
with a smaller number of dislocations, dark stripes are zones with a high density of dislocations , there is a more
noticeable decrease in Mo plasticity, ¢ - there are lamellar inclusions up to ~5-8 um in size, which significantly reduce
Mo plasticity.

In metals with a bcc lattice (Mo, Fe, Nb), during plastic deformation, the processes of formation of
dislocation tangles develop in the local volumes of crystals, where they intersect, i.e. a cellular dislocation
structure is formed. Due to the unevenness of the sizes of grains and cells, a cellular streaky structure is
formed (Fig. 2. b). Light subgrains are cells in which there are fewer dislocations, dark stripes are zones in
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which the density of dislocations is high. When the content in Mo of more than 0.1% of interstitial impurities
may be the segregation of impurities along the grain boundaries, which leads to delamination of the metal in
the process of plastic deformation. Stratification is a manifestation of the anisotropy of mechanical properties
and the segregation of impurities. Stratification also occurs when the banded structure remains after
recrystallization, which is present in Mo2, and can determine its reduced plasticity (Fig. 2. b).

In the structure of Mo2 with especially degraded deformability (Fig. 2. c), there are lamellar inclusions
(or cavities formed after brittle inclusions are chipped) up to ~ 5-8 um in size, as well as small inclusions,
obviously reducing the plasticity of Mo. The structure of Nb in the initial state is shown in Fig.3.

Fig.3. Microstructure of Nb, with phases of different sizes, separated along the grain boundaries
and along the grain and causing a certain decrease in the plasticity of Nb.

The Nb grain size is in the range of 5-50 um. The largest number of grains have a size of 15-40 pm.
The metal is characterized by a significant uneven grain size. According to specifications, the Nb grade (Hb-
1) contains 0.01% of each of the impurities (nitrogen, oxygen, carbon). In Fig. 3, one can see the presence of
phases of different sizes, separated along the grain boundaries and along the grain. The grain size
significantly affects the plasticity and deformability of Nb. The embrittlement of Nb with coarse grains is
determined by the higher concentration of oxygen and other impurities along the grain boundaries, which is
associated with its shorter length. This results in a reduced plasticity of Nb and the presence of defects,
which are also characteristic of Mo. In the Nb static tension diagram (in the neck region), the deformation
proceeds according to a mixed mechanism: zones of ductile and brittle fracture alternate with a large zone of
brittle fracture.

An increase in the plasticity of Mo and Nb during ATAT (Table 1) is associated both with the
refinement of phases, grains and their fragmentation, and with a decrease in internal stresses. deformation
also proceeds through a viscous mechanism with minimal fracture.

To determine the microdistortions of the crystal lattice, X-ray diffraction analysis of 6 samples of
niobium was carried out after various stretching. X-ray diffraction qualitative phase analysis of the samples
revealed the following: the main phase in all samples is Nb. There is no texture in the first sample (the ratio
of the peak intensities corresponds to the tabular data of the powder state (textureless). In all other samples,
some redistribution of the reflection intensities is observed, probably caused by the previous plastic
deformation. Surfactant was applied to samples 3, 5, 6 before deformation. Results of microdistortion
calculations crystal lattice are given in Table 2.

Defects, manifestations in the process of shaping of tissues from Nb coating with a decrease in
plasticity, which in turn may be associated with damage in microregions - stresses of the second kind, i.e.
accumulation of imperfections in the crystal structure. Data on the damage of the crystal lattice (Ad/d) allow
us to judge the amount of elastic deformation, which is a material. The width of the diffractive paints (in
terms of the magnitude of the values of Ad/d) can be produced with the growth of lattice defects. The role of
growth in the reduction of plasticity in the process of plastic deformation is determined by the fact that
elastically damaged microregions under external load become decomposition concentrators and turn into
crack nuclei.

From the dislocation point of view, elastically distorted microregions are clusters of edge dislocations if
they are located in such a way that the stress fields reinforce each other. This contributes to the appearance of
microcracks and a decrease in ductility and toughness.
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Table 2. Calculations of microdistortions of the crystal lattice

Calculations of microdistortions of the crystal lattice Ad/d. 10° (110) - (220)
’ cos(0;)/cos(8,)  Bof Br tg(62)/tg(61)

1 source disk - 1.26 1.22 2.51

2 tubule with a diameter of ~ 3 mm, 1.9 1.26 2.28 2.51

3 - « + surface-active substance 1.7 1.26 2.31 2.51

4 glass with a diameter of ~ 8 mm, min h=4mm L5 1.26 2.33 2.51

5 glass w1.th a diameter of ~ 8§ mm ,min h=8mm + 25 126 297 551
surface-active substance

6 glass with a diameter of ~ 12 mm + surface-active 21 126 230 259

substance

As is known, in the presence of lattice distortions in metal microregions, the width of the lines is
proportional to the tangent of the reflection angle, and in the case of small crystals, to the secant of the same
angle. An analysis of the values of microdistortions (Ad/d) in samples 2—6 Nb showed that the found ratios
of the true linewidth at large and small reflection angles B2/p1 were closer to tg(62)/tg(61) than to
ces(02)/ces(01). Therefore, distortions occur mainly due to the growth of distortions in the microregions of
the crystal lattice.

The distortion in the microregions of the crystal lattice of sample 3 with surfactant is somewhat less
than that of sample 2 without coating at the same degree of deformation. Consequently, the surfactant
ensures greater plasticity of Nb during deformation and better product quality. With a decrease in the degree
of deformation of sample 4 with respect to samples 2 and 3, the distortion of the crystal lattice decreases. In
the presence of surfactants on samples 5 and 6, an increase in the degree of deformation to 30% makes it
possible to obtain a sample without defects.

Conclusion

1. Low formability of Mo and Nb is associated with the presence of brittle phases of lamellar and sharp-
edged shape, which reduce ductility and toughness. For Nb, an additional negative factor is the presence of
grains up to 40-50 pm in size.

2. Acoustic treatment of Mo and Nb improves ductility and toughness without compromising strength,
improving formability.

3. Modification of the surface of the tool reduces distortion in the micro-regions of the crystal lattice,
reducing the stresses of the 2nd and 3rd kind of deformed Nb and improving its formability and the quality
of semi-finished products and finished products.

4. In the technological process of obtaining products according to the Mo and Nb drawing-annealing
scheme, annealing can be replaced by ATAE, which will reduce the duration and cost of the process, while
improving the quality of products.
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At present, the process of designing dry friction units for mechanical engineering and some other structures
is becoming more and more laborious, forcing designers to make more and more efforts in this work. A significant
complication of the work performed gives the random nature of the roughness of both contacting surfaces and this
circumstance forces the designers to look for new ways to solve existing problems. In this paper, we consider the
contact interaction of two rough parts, the roughness of which is modeled by spherical surfaces. The proposed
friction pair model makes it possible to estimate the interaction forces of contacting rough surfaces acting
between the considered surfaces. It should be emphasized that this paper considers the interaction of contacting
bodies with an applied external force capable of starting the relative movement / sliding of the considered bodies
with rough surfaces.

Keywords: Rough surface; analytical modelling; static interaction of rough surfaces

Introduction

Descriptions of the various friction phenomena was attempted in numerous studies by considering the
surface roughness effect. Surface topography observed in microscopic scale was proved to be extremely
rough and of random nature, composed of alternating ledges and hollows of various dimensions referred to
as surface heights, or asperities and micro cavities. One of the earliest models to describe surface roughness
was presented by Archard. It represented the rough surfaces as spherical asperities consisting of smaller
asperities in recursion, which would deform elastically at the points of contact with another surface [1]. The
true area of contact then would be the summation of the areas of contact of each of the asperities [1].

On the other hand, Zhuravlev modeled roughness as spherical irregularities of the same size, located at
different heights with a linear distribution [2]. Based on the Hertz solution for two contacting rough surfaces,
it was concluded that the true contact area is proportional to the normal load [2]. Archard’s and Zhuravlev’s
models were further developed by Greenwood and Williamson to incorporate Gaussian distribution of
asperity heights and plastic deformation of asperities beyond the elasticity limit [3]. They showed that
whether the asperities deform elastically or plastically did not depend on the normal load, and as an
indication of the type of deformation plasticity index, v, was introduced.

Later Bush, Gibson and Thomas proposed a model (BGT model) of roughness as elastically deformed
paraboloids distributed according to the random process model [4]. On the other hand, Kragelsky et al. [5]
modelled roughness as elastic rods of varying heights. The authors’ equation for the function of the normal
force, N, with respect to rough planes’ separation, a, revealed that the contact area, 4., had linear dependence
on normal load [4].

Numerical modelling is also used to describe the roughness and analyze the friction. For example,
Ogilvy [6] produced a numerical model of statistically distributed elastic and plastic asperities, and estimated
the friction coefficients through the adhesive force (microscale) and the overall true area of contact
(macroscale). On the other hand, Karpenko and Akay [7] did computational three-dimensional modelling of
elastic deformations. Ford also numerically estimated the effect of contact angle in the Greenwood and
Williamson’s model for elastic and plastic deformation [3]. These deformations were also addressed in [§]
taking into account the control volume conservation. Statistical calculations were also performed for micro-
slip [9] and fretting phenomena [10]. Serious works include the book by Kragelsky [11] and the book written



Materials science. 13

under the direction of Chichinadze [12]. In these books, the geometric parameters of rough friction surfaces
are considered in detail and the processes of their contact interaction are modeled.

The contact of surfaces was considered in [13] with spherical roughness in the absence of an external
horizontal force. The performed calculations made it possible to come to the conclusion about the
reasonableness of using the model considered here for calculating the forces of contact interaction.

1 Friction force model

The main goal of this work is to calculate the static friction force, for which the model of a friction pair
was adopted, the initial consideration of which was carried out in [13]. To calculate the forces of contact
interaction, we use the model shown in Fig. 1. It is quite obvious that in real conditions not all irregularities
of the contacting parts of the friction unit are in contact with each other and the calculation will be performed
in this way - the most realistic case will be taken into consideration when only a part of the roughness of both
parts are in contact.

L

Figl. Two rough contact surfaces (the slider and the base):
R and R are micro-roughness radii of the slider and the base, respectively, § is the overlapping of the pair of

contacting micro-asperities in the vertical direction, L; and L, are period of micro-roughness of the slider and the base.

The contact of the roughness of the slide and the roughness of the base is shown in Fig. 2, the
irregularities shown here are interacting. The vertical force and the horizontal force are shown in Fig. 2 and
we will consider how these forces can be determined. Obviously, the sum / integral of all vertical forces in
each contact must be equal to the external vertical force and the sum / integral of all horizontal forces in each
contact must be equal to the external horizontal force.

Fig. 2. Mechanical contact model between two asperities:
fis the contact reaction along the line connecting the centers of the radii of the slide and the base,
n and 7are the vertical and the horizontal forces of interaction in the normal and horizontal directions,
a is the radius of the contact circle of microroughness, 6 is the angle between the vertical line and the
line connecting the centers. 7 is that part of the external force that acts on the considered roughness.
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Different authors approach the calculation of the friction force with different bases [11]:

- friction is explained by lifting along microroughness;

- friction is explained as the result of overcoming the forces of molecular interaction between two
solids;

- friction arises as a deformation force;

- a combined approach to determining the friction force.

In this work, the forces of interaction arising from the contact of spherical roughness will be
determined. During friction of rough surfaces, a rather large number of pairs of roughness come into contact,

as in Fig. 2; all contacting pairs of roughness are at different angle 6. For further consideration of a real
friction pair, a model will be adopted in which all contacting spheres of the base are reduced to one
protrusion (part of the sphere) in Fig. 3, and the contacting protrusions of the slider, i.e. undoubtedly in
different positions in relation to the base are shown in Fig. 3 as a deformable medium (here it looks like a

gray mass).
A
T

Fig. 3. Contact of the roughness of the slide, reduced to one roughness of the base.
- is the initial contact angle.

We consider the moment of the beginning of contact, Fig. 3 is shown somewhat simplified for such a
position - in the left part of the upper body, the material allegedly "does not have time" to return to the
"undeformed state", but in fact the left part of the body does not deform and the figure shows it in such a way
that the process under consideration was clearer. Consider the case when an external horizontal force T is
applied to the slider on the right-hide side, forcing the slider to move to the left. For the slider to start sliding
on the base, the magnitude of this force must reach a certain value, which is classified as the static friction
force. It is quite reasonable to assume that at the moment of the beginning of sliding, the contact forces
between the roughness of the slider and the base in the left half of the roughness of the base become equal to
Zero.

The primary consideration of the forces of contact interaction of the slider with the base without the
application of an external horizontal force T was carried out in [13]. Now we must calculate the horizontal
force T, and also take into account the fact that the contact of the roughness of the slider and the base occurs
as shown in Fig. 3. In [13], the following formulas were derived for calculating the contact forces of the
roughness of the slide and the base

n = cg(82 —62)3/2; (D
T =ce0(0% — 6232, (2)

where 6, is the angle at which the beginning of contact between the roughness of the slider and the base is

possible (6 has the same definition, but it is used in the absence of horizontal forces including friction
forces as shown in Fig.3); the following values were also taken in [13] for calculations:

3/2
R{+R 4
co=c("5) 1 c=3RVE,

and
1 1, 1,  RR, _ E,E,
R Ry Ry Ri+Rp’ - E;(1-pd)+E,(1-p3) °
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(1) and (2) describe the p,forces of interaction in a single contact. The total force of interaction of
friction surfaces can be found by summing / integrating all contacts of the roughness of the slide and the
base. The vertical and horizontal forces of contact of friction surfaces are:

— ]acef (92 2)3/2 de. (1)
“4)

3/2
Jacef (92 2) 0do

Here 8, = ———— is the greatest angle up to which it is assumed that the micro-asperity of the slider is
L= (R +R2)

opposed to the micro-asperity of the base, j, is the number of contacting pairs of roughness in the contact
zone; the calculations will use the value of the change Aj, with an increase in the vertical force N and the
approach of the friction surfaces under the action of an external normal force.

In the future, we will carry out calculations with the assumptions that as the slide and the base come
closer under the action of an external force, the number of contacting pairs of roughness increases. The
stiffness of the roughness of the slider and the base, which come into contact with an increase in the normal
force and the approach of the contacting bodies, undoubtedly differs in magnitude from the stiffness of the
roughness that came into contact before the considered moment. However, in the proposed primary
consideration of the contacting surfaces, we will assume that the rigidity of all contacting pairs of roughness
is the same.

As can be seen, in equations (3) and (4) the integral is taken within the limits different from the limits

used in [13] - here it is taken from zero to . on the side where the contact begins and, as can be seen, after

passing the vertex roughness contact disappears. As a result of integrating formulas (3) and (4), we obtain the
following expressions for calculating the normal force and horizontal (frictional) force

_ 3mjqCo b4
N = 320, ®)
_ jaCeef‘
106, (6)
The coefficient of friction now can be calculated
T
=l (7)

The used model of two contacting bodies with a rough surface makes it possible to trace the process of
the formation of the friction force at relative rest of the contacting bodies and to simulate the process of
friction of rough surfaces. In our opinion, the considered model also makes it possible to explain the main
reasons for the increase and decrease in the coefficient of friction. We believe that the theoretical calculation
of the friction force performed in Section 2 makes sense and gives a good idea of the dependence of the
friction coefficient on the normal force.

2 Results and discussion

Based on the experience of our work, we want to say that as the vertical external force increases, the
slider and the base approach each other and, at the same time, the number of pairs of new microasperities
entering into contact decreases. Nevertheless, we believe it is possible to perform the initial calculation of the
process of increasing the external force with a constant number of pairs of roughnesses coming into contact,
but this can only be done at the initial stage of modeling a contacting friction pair. Further, on the basis of the
formulas presented here, graphs of the dependence of the friction coefficient on the values characterizing the
considered friction pair are constructed.
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Table 1. Common parameters for all systems shown in the following graphs

R1,m Rg,m L1,m Lg,m E,,Pa 7 EZ,PCI )7

1.5-10° 2.0-107 1.610™ 2.0-10* 2.2000E+11 0.25 2.2000E+11 0.25

Fig. 4 shows three graphs of the dependence of the coefficient of friction of materials with the
characteristics indicated in Table 1, and the radii of roughness and the number of these roughness are given
in Table 2. It can be seen that with an increase in the normal force N applied to the friction pair, the
coefficient u of static friction increases.

H Table 2. The parameters of the graphs in
Fig4.
0.25
, 1 2 3

0.2 L

Ja 10 7 15
0.15

Aj, 1 1 2
0.1

a 50 100 150 200 250 300 350 400 450 N, N

Fig. 4. The dependence of the coefficient of friction p on the pressing
force (all values are in table 2).

Earlier it was said that the change in the number of contacting roughness Aj, occurs with an increase in
the vertical force N. It would be more correct to specify the change in the number of roughness depending on
the increase in the depth of immersion of the slider roughness in the roughness of the base, but in this first
work it is assumed in a simplified way that the number contacting roughness increases depending on the
applied vertical force N.

Fig. 4 shows graphs of the coefficient of friction for three different friction surfaces. The curve
constructed for friction pair 2 has the least roughness and, in our opinion, with a smaller number of
roughness, the slider penetrates deeper into the roughness of the base and this creates a greater value of the
friction coefficient. The friction pair, for which curve 3 is constructed, has a large number of roughness and
this leads to less convergence of the bodies and a lower coefficient of friction. Friction pair number 1 has an
average number of roughness and creates an average value of the friction coefficient.

On Fig. 5 graphs are constructed for materials with the same roughness parameters (radii) as those
considered in Fig. 4, but the amount of roughness is different. It can be seen that in Fig. 4, the initial number
of roughness is greater than in Fig. 5, but the subsequent increase in the number of contacting roughness is
less than that shown in Figs. 5. As can be seen, a large initial number of roughness and their slight increase
with an increase in the vertical force pressing the slider to the base leads to an increase in the friction
coefficient with an increase in the vertical force pressing the slider.

v

023 4 Table 3. The parameters of the graphs in Fig. 5.
0.20
1 2 3
0.15 e — =re A e
0.10 : Ja 5 10 8
0.05 Aj, 2 3 2
0

0 50 100 150 200 250 300 400 450 N N

Fig. 5. The dependence of the coefficient of friction u on the
pressing force (all values are in table 3).
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In the case of a smaller initial number of roughnesses and with a larger number of roughnesses that
come into contact with an increase in the vertical external force, the friction coefficient decreases with an
increase in the external vertical force. As becomes obvious, with a larger number of microroughnesses, the
friction coefficient decreases. Why? With a larger number of roughnesses, each contacting pair has a smaller
contact force and this leads to the fact that the contact angle is smaller, the contact roughnesses of both
friction pairs are in contact at a smaller angle (closer to their top).

Fig. 6 shows three graphs with the same parameters at the initial moment of contact, but with a
subsequent increase in force, the number of microroughnesses that come into contact again differs. The
deformation turns out to be greater for the friction pair, in which the number of roughnesses is less, and if the
friction pair has more microroughnesses, the friction coefficient is lower.

i Table 4. The parameters of the graphs in
1 Fig. 6.
0.30
0_25\¥ /_ panm 1 2 3
020 Ja 5 5 5
0.15
AV 2 4 6
0.10
0.05

30 100 150 200 230 300 350 400 450 NN

Fig. 6. The dependence of the coefficient of friction p on the pressing
force (all values are in table 4).

Thus, the chosen model of two contacting bodies with a rough surface makes it possible to trace the
process of the formation of the friction force at relative rest of the bodies under consideration and, in our
opinion, makes it possible to explain the main reasons for the increase and decrease in the coefficient of
friction. The graphs in Fig. 7 turned out to be interesting. As can be seen from Table 5, the radii of curvature
of the roughness of all three surfaces are the same, only the number of roughness differs, but an increase in
the number of roughness occurs with the same ratio j, / Aj, = 5 with an increase in the external force by 10 N.

As can be seen in Fig. 7, while all three graphs of the friction coefficients remain constant - they do not
change at any value of the vertical force. It should be said that we obtained the same effect with the same
ratio (j, / Aj, = 5) in other systems with other values of the roughness radii. Apparently, it is worth pondering
over this phenomenon and finding out how real the effect obtained here is.

l{ Table 5. The parameters of the graphs in
035 Fig. 7.
030 -

. 1 2 3

0.20 ———

- Ja 5 5 5
0.15
0.10 - Na 2 4 6
003

50 100 150 200 250 300 350 400 40 N,N
Fig. 7. The dependence of the coefficient of friction p on the
pressing force (all values are in table 5).

We find another graph of the dependence of the coefficient of friction on the force useful. On Fig. 8
four graphs of the dependence of the coefficient of friction on the number of microroughnesses are shown;
we are ready to say once again that not all the graphs shown in this paper can be found in real friction pairs,
but they allow us to understand the law of formation of the friction force.
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Fig. 8 shows four graphs of the dependence of the coefficient of friction on the pressing force of the
friction bodies. As can be seen, the fourth friction pair has the largest initial number of microroughnesses
(this is unlikely), but the subsequent number of microroughnesses grows absolutely the same for all four
friction pairs. The second friction pair seems to be the most realistic, because the friction coefficient shows
the most frequently occurring values. It is possible to see the first and third pairs of friction in real life, but
not very often; the fourth pair seems quite unrealistic.

n 1 Table 6. The parameters of the graphs in
0.30 > Fig. 8.
025 = - -
Ja Aja
0.20
1 5 3210
0.15
0.10 2 10 3210
0.05 = 3 20 3210
®0 50 100 150 200 250 300 350 400 N.N 4 90 3210

Fig. 8. The dependence of the coefficient of friction p on the pressing
force with different number of microroughness.

n
0.30 Table 7. The parameters of the graphs
in Fig. 9.
025
020 Ja Aja
[ —
015 M
= 1 5 3210
0.10
0.03 2 15 2310
0

50 100 150 200 250 300 330 400 450 NN

Fig. 9. The dependence of the coefficient of friction p on the pressing force
with different number of microroughness.

As can be seen in Fig. 9, the coefficient of friction of material 1 first decreases and then very slowly
increases. Material 2 grows noticeably at first, but then grows very slowly (outwardly, the graph looks
almost unchanged). We have chosen to include these two graphs because they seem to be quite typical and
have not yet included other friction pairs in this article, since the friction model requires understanding of
real contact processes.

Conclusion

We modeled many friction pairs and chose for this article those that exhibit the most characteristic and
understandable friction properties, and added several other friction pairs that seem unlikely, but show quite
interesting properties. This article examines the static contact of rough surfaces under the action of normal
and shear (horizontal) forces on them, the action of which is resisted by the static friction force. When
solving such a problem, the surface roughness is represented by spherical protrusions, the parameters of
which are the same within one surface. The results obtained as a result of solving these problems allow us to
consider the reaction of rubbing bodies for different characteristics of rough surfaces.
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This study explores the impact of laser annealing on the electrical and magnetic properties of nano boron
deposited on oxidized porous silicon (n-B/PSiO,) and its potential for spintronic applications. The Nd: YAG laser
was used at varying energies to anneal the n-B thin films. Increasing the laser energy increased grain size and
more ordered grain structures. It also increased surface roughness due to forming new grain boundaries and
secondary phases. The electrical properties of the material were also affected by the laser annealing, with an
increase in forward and reverse current and an increase in electrical resistivity with increased annealing
temperature. The study also found that the magnetoresistance of the material increased with increasing laser
temperature, attributed to tunnel injection through the thin silicon dioxide layer, and could be up to 7 times higher
than non-annealed n-B/PSiO; in a magnetic field. The study highlights the importance of controlling materials’
grain size and structure for their physical and electrical properties. In addition, it provides insights into the
electronic properties of n-B/PSiO, and the behavior of charge carriers in a magnetic field.

Keywords: Extraordinary Magnetoresistance, Laser Annealing, Nano Boron/ Oxidized Porous Silicon, Electrical Properties,
Magnetic Properties, Spintronic Applications.

Introduction

Silicon is a material with exceptional promise for magneto electronics, thanks to its long spin coherence
of up to 7 meters. However, in conventional micro- and Nanoelectronics, the functional state of a device is
determined by electric current and electric field, which can lead to energy dissipation and leakage. Spintronic
offers the solution to limitations by manipulating the spin degree of freedom instead of electric current [1].
The demand for non-volatile memories with high storage density, operation speed, and low power
consumption has increased in recent years. One promising solution is Resistive Random-Access Memory
(RRAM), which has the advantages of high integration, low power consumption, high read-write speed, and
compatibility with CMOS technology. RRAM devices are resistors whose electrical resistance can be
changed by an externally applied magnetic field. They operate based on the electrodynamics principle of
/FB/=q/V//B/sin 6, where the resistance of material’s resistance. The material is proportional to the magnetic
field [2].

The Extraordinary Magneto Resistance (EMR) effect, discovered in 2000, is more effective than the
Giant Magneto Resistance (GMR) effect. When a transverse magnetic field is applied, the EMR effect occurs
in semiconductor-metal hybrid systems. At room temperature, it shows lower resistance in the absence of a
magnetic field, and when a strong magnetic field has higher resistance, which can operate without physical
contact, have many applications, including in MRAM, hard disc drives, magnetometers, ferrous detection,
electronic compasses, bio-sensors, position sensors, magnetic field sensors, and for measuring electric
current [3]. The conventional theory of magnetoresistance in metals and semiconductors relies on a
distribution of scattering times among conducting carriers that a unique Hall field cannot compensate for.
According to scientific research, materials with a fast, free electron Fermi surface and a significant charge
carrier led to positive magnetoresistance that is quadratic in weak and saturates in strong magnetic fields [4].

Laser annealing is a technique used to modify the properties of a material's surface by applying intense
laser pulses. While it is true that the effect of laser annealing on morphological features of the surface is an
important aspect to consider, it is essential to note that the specific details regarding these effects may vary
depending on the material being annealed and the parameters of the laser annealing process. The general
overview of the potential effects of laser annealing on surface morphology is given by[5]; Surface Melting
and Solidification: Laser annealing can induce localized melting of the surface material, followed by rapid
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solidification as the laser beam moves away. This process can lead to changes in the surface topography,
such as the formation of re-solidified regions, which may exhibit different morphological features compared
to the original surface; Surface Roughness Modification: Laser annealing can also influence the surface
roughness of a material. The energy delivered by the laser can cause material ablation, vaporization, or
rearrangement, leading to the smoothing or roughening of the surface [6]. The laser energy density, pulse
duration, and repetition rate are crucial parameters that determine the extent of roughness modification;
Surface Crystallization: In some cases, laser annealing can induce the recrystallization of the material's
surface occurs when the laser energy is sufficient to heat the material above its recrystallization temperature,
allowing the atoms or molecules to rearrange into a more ordered crystal structure. This recrystallization
process can result in changes in surface grain size, orientation, or texture; Surface Morphological Defects:
Depending on the energy and intensity of the laser, certain morphological defects may arise on the material
surface. For instance, laser-induced surface ablation can generate pits, craters, or microscale roughness.
These defects may affect the material's surface properties and functionality [7].

It is important to note that the specific morphological changes induced by laser annealing will depend
on the material properties, laser parameters (such as energy density, pulse duration, and repetition rate), and
the desired outcome. Therefore, it is recommended that the authors provide detailed information on the
material, laser parameters, and characterization techniques used to evaluate the morphological changes
induced by laser annealing in their specific study [8]. The nano Boron surface temperature after laser shot
given by [9-11]

21,(1 — R)(N©)2
K

Tot<r) =TO+ (1)

where T, initial surface temperature (29K), I: R: reflectivity 0.74 at 1.064 um, K: thermal conductivity
W/em. k), N: thermal diffusivity (cm*/s), and t: pulse duration (7ns). The thermal properties were measured
by transient (frequency-domain) 3m method (FDTR technique) by depositing cooper micro heater/sensor
design as in figure (3, a).

1 Samples and Experimental Details

The crystalline wafer of p-type silicon with a resistivity of 3.5 Q.cm, 508 pum thickness, and (111)
orientation was used as starting substrates. The substrates were cut into a square with areas of 1x1 cm®. The
native oxide was cleaned in a mixture of HF and H,O (1:2). After chemical treatment, Photo-electrochemical
etching was performed in a mixture of 48% (1:1) HF-Ethanol at room temperature using a Pt electrode. The
schematic diagram of the electrochemical etching system is shown in Fig. 1. The porous area was 1 cm? and
as-prepared porous silicon was dried by rapid hot air (using a drayer) and stored in a container containing
ethanol to reduce oxidization and contaminations. The current of 40 mA/cm® was applied for 10 min.
Samples were illuminated by a semiconductor green laser 514.5 nm and powered at 100 mW. The rapid
thermal oxidation (RTO) system consists of the tungsten halogen lamp type (OSRAM 64575) with a power
of 1000 W based on a ceramic base. A parabolic reflector-like half circuit was put under the lamp to increase
the heating efficiency. (2) A quartz tube has a 3 cm diameter opening from two sides to circulate the dry
oxygen source. The quartz tube is attached to a halogen lamp to obtain the desired temperature. The RTO
temperatures are 30 C at an oxidation time of 60 s. They can be calibrated using a thermocouple type J with a
digital reader above the sample.

The nano-boron (n-B) was deposited on the PSiO, surface, and n-Boron (0.3 mg/L) was dissolved in
ethanol. Ethanol is a polar solvent that can dissolve nano boron if it is soluble in this solvent. Ethanol is a
commonly used solvent in spin coating due to its low evaporation temperature, which makes it easy to
evaporate from the substrate after spin coating. Ethanol is also a relatively safe solvent, but it is flammable
and should be handled cautiously. After dissolving, the n-B was deposited by the spin coating method, using
a rotation per minute of 3000 for 60 seconds. Then, ten drops of n-B were dropped on the surface of the
rotated PSiO2. After that, the n-B thin film was dried at 150°C for 10 minutes to remove any volatile
components. These processes were repeated ten times to increase the thickness of the n-B thin film.

Nd: YAG laser used in the experimental work at a wavelength of 1.06 pm. This laser is made by
DELIXI and used in this work to provide pulse energy ranging from (50-500) mJ in 7ns pulse duration. A
spot diameter focuses the laser beam on the target. In this work, the laser beam diameter on carbon targets is
0.08 cm. The distance between the sample and the laser is 12 cm. The LSP set up a flow chart as in Figure 2.
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Fig.1. (a) The schematic diagram depicts the PEC process. (b) The photographic image, (¢) The photographic
image RTO system, (d) Schematic diagram of the RTO system.
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Fig.2. Laser annealing images: a) photographic image; b) Schematic diagram

Thermal properties were measured by copper deposited by the evaporation method as a heat sink,
shown in Figure 3; the purpose of this measurement is to find the thermal constant used in equation 1 for a
calculated surface temperature where thermal conductivity is (113.12 107 W/cm. k), and thermal diffusivity
is (0.27cm?/s). 0.1 um-thick silver layers were deposited by one drop on the wafer
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Fig. 3. (a) Chart diagram of the experimental 3@ measurement. Finally, n-B thin films were annealed at different
overlapping 50:50 by Nd: YAG laser energy and study the prober energy gives the best electrical properties, (b) Hall
measurement schematic diagram.

The structure properties, such as surface morphology, layer thickness, and pore diameter, were
measured. AFM measured these grain size distributions and surface topography. The silver past electric
contacts. Where deposited paste using one drop on samples by Aluminum mask has a circular area of about
3mm?’ and connected wire; after three days, the Aluminum mask was removed, and remain the silver with the
connected wire dried; the electric circuit is shown in the figure below as a schematic diagram. The Hall
Effect measurement system ECOPIA (HMS-300 VER3.5) input data temperature 300K, current (0.1mA)
delay time (0.1s) applied magnetics 0.55T.

2 Results and discussion

2.1 Surface heating temperature

The surface heating temperature was determined from relation (1). Fig.4 (a, b) shows the experimental
data of silicon; a photometer from PIER-ELECTRONIC measured the transmission and reflection. At 1064
pm wavelength, the transmission and reflection values were 14% and 74%, respectively; the obtained
reflectivity was used to calculate surface temperature. Figure (4, ¢) shows that the absorption of laser energy
can cause increased surface temperature by increased laser energy on the material surface. The laser energy
is absorbed by the n-B/PSiO,, which raises its temperature. The magnitude of the temperature increase
depends on various factors, such as the absorption coefficient of the material, the laser fluency, and the
duration of the laser exposure. In addition, the material’s thermal conductivity also plays an essential role in
the magnitude of the temperature increase. Materials with low thermal conductivity will have higher
temperatures, as heat is not efficiently transferred away from the surface. It's essential to consider the effects
of the increased temperature on the material, as it can cause structural changes, chemical reactions, and other
effects that can impact the material's properties [10 -12].
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Fig.4. The (a) transmission and (b) reflection measurement of n-B deposited on OPSi, and (c) Laser temperature
on the surface at different laser energies.
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2.2 Atomic Force Microscopy

Atomic Force Microscopy (AFM) analysis is a powerful tool for investigating materials' surface
morphology and roughness, including nano-sized boron deposited on oxide porous silicon before and after
annealing it by laser. An AFM obtained high-resolution images of the surface at the nanoscale. It obtained
information about the surface topography, roughness, and any parameter changes due to annealing with
different laser energies. Fig.5. Show the AFM images before and after annealing samples with different laser
energies, which cause changes in the surface morphology and roughness of the material.
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Fig.5. AFM images (al) before laser annealing, (a2) 100mJ, (a3) 150mJ, and (a4) 200mJ laser energy, while (b1, b2,
b3, and b4) represented grain size distribution.

The number of grains increased by increased laser energies after annealing being influenced by various
factors, including the laser energy used during the annealing process. In the case of nano boron deposited on
oxide porous silicon, increasing the laser energy can increase the number of grains. Higher laser energy can
cause a higher temperature during the annealing process, leading to more rapid and intense n-B/PSiO,
recrystallization, new grains' formation, and the growth of existing grains, increasing the number of grains
[13]. Additionally, the increased laser energy can promote boron diffusion and segregation within the
material, further promoting grain growth and the formation of new grains. The laser energy 100mJ generated
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a heat temperature of 963C, causing structural defects in the material to anneal and heal, leading to a more
ordered and uniform grain structure; increasing laser energy decreased the maximum grain size [14].

When annealing of n-B/PSiO, at laser temperatures of 1430°C and 1897°C. The results show that the
maximum grain size of the material decreased after the annealing process. The decrease in grain size can be
attributed to several factors, such as the increased concentrations of the material's atomic structure at high
temperatures, which can lead to grain boundary migration and the formation of smaller grains. The n-B may
also influence the grain growth behavior of the PSiO, material. It is important to note that a material’s grain
size and structure can significantly impact its physical and mechanical properties. Understanding how to
control the grain size through processes such as annealing is vital in developing advanced materials. [15, 16]

Surface roughness refers to the small-scale deviations of a surface from its average height. At the
annealing temperature of 963°C, the surface roughness of the n-B/PSiO, decreased after the annealing
process. For example, the decrease in surface roughness after annealing laser energy 100 mJ due to several
factors; 1. The migration of grain boundaries can lead to a more homogeneous and smooth grain structure; IL.
Although the recrystallization of the material can result in the formation of larger and more uniform grains,
the surface roughness of the n-B/PSiO, increased after annealing by laser energy 150 and 200mJ that heated
the surface temperatures to 1430°C and 1897°C respectively, due to several factors, such as the formation of
new grain boundaries, which can lead to a more heterogeneous grain structure. In addition, the precipitation
of secondary phases can result in the formation of tiny, localized rough features on the surface [17]; the grain
size information and surface properties are shown in Table 1.

Table 1. The grain and surface information estimated from AFM analysis for annealing n-B/PSiO,, (a) without
laser annealing, (b) 100mJ, (c) 150mlJ, and (d) 200mJ laser energies.

Sample Total grain Avg. diameter Maximum grain Surface Surface area
no. number (nm) high(nm) roughness (nm) Rq ratio x10*
a 320 1.41 1.4 19.3 15
b 293 1.94 2.3 15.1 6
c 887 1.86 1.8 20 16
d 1227 1.51 1.4 20 21

2.3 Electrical and Magnetic Properties
2.3.1 I-V Characteristics

Both forward and reverse currents were increased after annealing by Nd: Yag laser with different
energies. Figure 6 shows that increased current before annealing nano boron deposited on porous oxide
silicon because of oxygen-related defects in the n-B/PSiO, can impact the charge transport and increase the
forward and reverse currents [17]. The decrease in forward and reverse current after annealing is due to
many reasons.

I. Surface morphology: The laser annealing process can alter the surface morphology of the nano boron
deposited on the porous oxide silicon, decreasing the forward and reverse currents due to the nano boron
particles fusing or aggregate, creating areas of high resistance that can impact charge transport [18].

II. Laser annealing can alter the interface states between the nano boron and oxide porous silicon and
decrease forward and reverse currents. The formation of new interface states can increase the interface's
resistance and impact the material's charge transport [19];

III. Dopant activation: laser annealing can help to activate the dopants in the nano boron, leading to
improved charge transport and reduced forward and reverse current [20];

IV. Oxygen Content: The annealing process can also lead to the formation of oxygen-related defects in
the n-B/PSiO,, which can impact the charge transport and increase the forward and reverse currents [21].
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Fig.6. I-V characteristics of n-B/PSiO, (a) before laser annealing, (b) 100mJ, (¢) 150mJ, and (d) 200mJ laser
energy.

2.3.2 Electrical and Magnetic Parameters

The occurred electrical parameters like; electrical resistivity, Electron mobility, bulk concentration, and
hall constant are shown in Figure 7. In the Fig. (7, a), the electrical resistivity is increased with increased
laser annealing temperature, which can be attributed to several factors; Firstly, introducing high-energy laser
radiation to the n-B/PSiO, material can cause defects in the crystal lattice structure of the material. These
defects can act as scattering centers for the electrons in the material, leading to increased electrical resistivity
[22]. Secondly, high-energy laser radiation can cause an increase in the concentration of impurities or
dopants in the n-B/PSiO, material, which can also contribute to an increase in electrical resistivity because
impurities or dopants can introduce additional energy levels in the band gap of the material, which can trap
electrons and increase resistivity. Finally, high-energy laser radiation can cause thermal effects in the n-
B/PSiO, material, such as localized heating or melting, altering its electronic properties and increasing
resistivity [23].

Fig. (7, b) shows that the decrease in electric mobility with increasing laser annealing energy of nB
deposited on OPS is due to several factors. One of the primary factors is the formation of defects in the
material. The high energy of the laser beam can disrupt the crystal lattice structure of both the nB and OPS,
leading to the formation of defects that act as traps for electrons. These defects can decrease the electrons'
mobility and reduce the material's overall conductivity. The thermal annealing effect is another factor that
can contribute to the decrease in electric mobility. When the material is subjected to high temperatures
during laser annealing, there can be a reduction in the number of charge carriers, such as electrons, due to the
formation of thermally activated defects, leading to a decrease in electric mobility. Overall, the decrease in
electric mobility with increasing laser annealing energy of nB deposited on OPS results from the formation
of defects and thermal annealing effects [21]. The authors [24] suggest the possibility of varying the change
in the concentration of defects and impurities. The Defects in vacancies, interstitials, or impurities can arise
during fabrication or through the interaction between boron and the underlying silicon oxide layer. Some
possible defects in this system include; Boron Vacancies: Vacancies occur when boron atoms are missing
from their lattice positions.

These vacancies can act as scattering centers for charge carriers and influence electrical conductivity;
Silicon Vacancies: Similarly, vacancies in the silicon lattice can be introduced during the fabrication process
or due to the interaction with boron. Silicon vacancies can also affect the electronic properties and
conductivity of the material; Interstitials: Interstitials are atoms or ions that occupy positions between the
regular lattice sites. Interstitial boron or silicon atoms can disrupt the crystal structure and influence
conductivity [25]; Surface Defects: The presence of defects at the surface, such as dangling bonds or surface
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states, can affect the electronic properties and charge transport at the interface between the n-B and PSiO,
layers [23]; Regarding impurities, they can be introduced during the deposition process or originate from the
starting materials. Some impurity mechanisms relevant in this system include; Contaminants in the Boron
source: Impurities can be unintentionally introduced if the boron source used during the deposition process
contains impurities. These impurities could be elements or compounds not desired in the final material;
Diffusion from the substrate: The oxidized porous silicon (PSiO,) substrate can release impurities through
diffusion processes during the annealing step. These impurities could originate from the silicon oxide layer
or underlying silicon substrate [26]; Gas contamination: If the deposition or annealing processes occur in an
environment with impure gases, such as residual oxygen, moisture, or other contaminants, they can
contribute to the formation of impurities in the n-B thin films

Fig. (7, c) shows increased bulk concentration with increasing laser annealing energy of n-B/PSiO,
because the oxide on porous silicon enhances its surface area and reactivity [23]. When the laser energy is
increased, it can lead to higher temperatures and more intense heating of the nano boron and porous silicon
substrate resulting in various effects, such as improved crystallization of the boron and enhanced diffusion of
the boron atoms into the substrate. As a result, the bulk concentration of the nano boron can increase with
increasing laser annealing energy can benefit various applications, such as developing advanced electronic
and optoelectronic devices. However, optimizing the laser annealing conditions is essential to achieve
desired properties without causing damage or degradation to the materials.

In Fig. (7, d), The Hall coefficient is a material property that describes the behavior of charge carriers
in a magnetic field and is defined as the ratio of the electric field to the product of the magnetic field and the
current density. The sign of the Hall coefficient determines the type of charge carriers (electrons or holes),
and the magnitude of the coefficient depends on their concentration and mobility [27]. In the case of n-
B/PSi0,, the laser annealing process can affect the Hall coefficient; when n-B/PSiO, is subjected to laser
annealing, the Hall coefficient can show an interesting behavior with changes in laser annealing temperature.
Specifically, the Hall coefficient may increase with laser annealing temperature up to a certain point of 963
C due to enhanced diffusion of nano boron atoms into the substrate, increasing the carrier concentration.
Decreasing with a further increase in laser annealing temperature. When the laser energy is increased, it can
lead to higher temperatures and more intense heating of the n-B/PSiO,, which can result in various effects,
such as improved crystallization of the boron and enhanced diffusion of the boron atoms back out of the
substrate, resulting in a decrease in the carrier concentration and a corresponding decrease in the Hall
coefficient. Therefore, the Hall coefficient of nano boron deposited on silicon can exhibit a non-monotonic
behavior with changes in laser annealing temperature, increasing to a specific temperature before decreasing
with further temperature increases. This behavior can be necessary to consider when optimizing the laser
annealing conditions for the desired electrical properties of the material. The nano boron is represented as a
paramagnetic metal inversely proportional to applied annealing laser energy that decreases the hall
coefficient; some reports talk about decreased boron magnetism susceptibility (¥,.) Wwith increasing
temperature [10].

Figure (7, e) shows that increased magnetoresistance with increasing laser temperature is attributed to
the tunnel injection through the thin silicon dioxide layer causing a charge acceleration and providing the
energy to trigger a transition to a high mobility transport regime by an autocatalytic impact ionization
process [27]. A small annealing laser temperature probably causes shrinkage of the acceptor wave functions,
and the overlap by the tails is reduced for an average pair of neighboring acceptors. The effective acceptor
energy level increases concerning the valence band, by which the activation energy for impact ionization
significantly increases, strongly suppressing the current. The quasi-neutrality breaking of the space-charge
effect causes insufficient charge to compensate for the electrons injected into the device. They speculate that
in the regime of electric field inhomogeneity, the motion of electrons becomes correlated and thus dependent
on applying laser energy or being a component to construct spin logic [28]. The relationship between
magnetoresistance and sheet concentration is shown in Figure (7, f). An increase in sheet concentration can
lead to an increase in magnetoresistance because increasing the concentration of magnetic particles or
impurities in a material lead to a more robust response to an applied magnetic field, resulting in a more
significant change in resistance, also annealing n-B/PSiO, may be changed the electronic properties due to
the structure of the material changes, or changes in the interaction between the material and the magnetic
field [29, 30].

In the context of the relationship between the change in the concentration of defects and impurities and
the change in electrical conductivity, when considering a charge transfer mechanism as ballistic, the charge
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carriers (electrons or holes) move through the material without scattering or colliding with impurities or
defects. In this idealized scenario, the charge carriers' concentration and mobility determine the material’s
electrical conductivity [31]. In the case of n-B/PSiO,, the concentration of defects can have a twofold effect
on the change in the conductive properties.
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Fig.7. Electrical parameters of n-B/PSiO2 before and after annealing at different laser energy with
(a) resistivity, b) mobility, (¢) bulk concentration, (d) average Hall constant, (¢) Magneto resistance Vis different laser
annealing, (f) Magneto resistance Vis material sheet concentrations.

Let's break it down; Defects as scattering centers: Defects such as vacancies, interstitials, or impurities
can act as scattering centers for charge carriers. When charge carriers encounter these defects, they
experience scattering, reducing their mobility and decreasing electrical conductivity [32]. Higher defect
concentrations would result in increased scattering, leading to a more significant decrease in conductivity;
Defects as dopants: Impurities or defects can also act as dopants, introducing additional charge carriers into
the material. Depending on the nature of the defects and their energy levels relative to the material’s band
structure, they can either contribute to the population of charge carriers (n-type doping) or create electron-
hole pairs (p-type doping). This additional population of charge carriers increases the overall electrical
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conductivity of the material. Therefore, higher defect concentrations can lead to a higher concentration of
dopants, resulting in increased conductivity [33].

Now, when n-B thin films are annealed using an Nd: YAG laser at varying energies, the annealing
process can affect the concentration and distribution of defects in the material. The laser energy can modify
the arrangement of boron atoms and their interactions with the surrounding silicon and oxygen atoms,
leading to changes in defect concentration. If the laser annealing process reduces the concentration of
defects, it would likely result in improved crystallinity and reduced scattering of charge carriers, leading to
an increase in electrical conductivity. Conversely, if the annealing process introduces additional defects or
disturbs the existing defect structure, it could increase scattering and decrease electrical conductivity [34].

In the case of n-B/PSiO, and considering a ballistic charge transfer mechanism, the concentration of
defects can influence the electrical conductivity through two mechanisms: scattering of charge carriers and
introducing additional charge carriers as dopants. The annealing process using an Nd: YAG laser at varying
energies can alter the defect concentration, thereby affecting the conductive properties of the n-B thin films.

The relation between the Hall coefficient and magnetoresistance is shown in Figure 8, where the
average Hall coefficient increased at 545 Q magnetoresistance and decreased at 1352 and 1764 Q. The Hall
coefficient is a material property related to the behavior of charge carriers in a magnetic field.
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When the hall coefficient increases, the material's charge carrier concentration or mobility increases in
the presence of a magnetic field. Hence, n-B/PSiO, at an annealing temperature of 963 C generates a
stronger electric field for a given magnetic field. While decreased hall coefficient at magnetoresistance 1352
and 1764 Q suggests that the n-B/PSiO, is generating a weaker electric field for a given magnetic field,
which could be due to a decrease in the number of charge carriers, a decrease in their mobility, or a
combination of both. In general, the decrease in nano boron magnetism susceptibility (y,.) with the
increasing annealing temperature changes in the Hall coefficient can be used to infer information about the
charge carriers in a material, such as their density and mobility. It is a helpful tool for the electronic
properties studying of materials during magnetoresistance [35,36].

Conclusions

This study concludes that laser annealing is an essential technique for tailoring the electrical properties
of n-B/PSiO,. Still, the optimization of laser annealing conditions is essential to achieve the desired
properties without causing damage or degradation to the material. The study found that laser annealing with
different energies can affect surface morphology, electrical resistivity, electric mobility, bulk concentration,
Hall coefficient, and magnetoresistance of n-B/PSiO,. Increasing laser annealing energy can improve the
material's electrical conductivity, increase surface roughness, and introduce defects and impurities. The non-
monotonic behavior of the Hall coefficient with changes in laser annealing temperature is an important
consideration when optimizing the laser annealing conditions for the desired electrical properties of the
material. The study provides valuable insights into the impact of laser annealing on the properties of n-
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B/PSiO, and can inform the development of new materials and applications; the increased electrical
resistivity of n-B/OPSi with increasing laser annealing energy due to many factors, including the
introduction of defects, an increase in impurity or dopant concentration, and thermal effects. Increasing the
laser annealing temperature can generally lead to changes in the crystal structure, defect density, and carrier
concentration, affecting the Hall coefficient. As I mentioned earlier, the Hall coefficient measures the electric
field ratio to the magnetic field in a material. Therefore, a decrease in the Hall coefficient suggests that the
material generates a weaker electric field for a given magnetic field. This could be due to a decrease in the
number of charge carriers, their mobility, or a combination of both.

In summary, the increase in the number of grains observed with increasing laser energy of nano boron
deposited on porous oxide silicon can be attributed to the influence of laser energy on the recrystallization
and grain growth processes in the material. The grain size reduction, in this case, may result in improved
mechanical, electrical, or thermal properties of the material. The application prospects strongly motivate this
research and show huge magnetoresistances in n-B/PSiO, after Nd: YAG laser annealing at energy 200mJ.
The device could be suitable as a magneto-resistive sensor for high-density data storage, forming the basis of
an avalanche spin-valve transistor. Furthermore, this behavior can be necessary to consider when optimizing
the laser annealing conditions for the desired electrical properties of the material.
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Temperature and relative humidity are the key control parameters in drying processes for preserving and
improving food quality. To achieve this goal, an automatic control system has been designed and built to provide
adequate heat and drying streams according to the ambient requirements of various climatic zones and the kind of
dried product. The control system combined with sensors allows the temperature and humidity of the drying
chamber to be adjusted online by predetermined parameters. When there is little or no radiation present or when
rapid drying rates are required, the heated air stream may be produced utilizing an electric motor fan in addition
to an electrical backup heater. The fan automatically modifies its speed using the Pulse Width Modulation
technique for energy efficiency depending on the required temperature of the drying chamber. The control system
based on Arduino Uno board is built within the solar dryer, after which tests are carried out. The test results are
displayed on a display. The management system was set up to maintain an ambient temperature between 40 and
60 °C and relative humidity between 10 and 20 %. The system is a flexible solution for different climatic zones
and dried products, according to experimental findings demonstrating its efficiency in managing the drying
environment. Finally, this paper can conserve energy because it only works when the temperature around the food
is below 60 °C.

Keywords: Solar dryer; temperature and humidity control; Arduino UNO; electric fan; backup heater; monitoring
system, printed circuit boards

Introduction

Controlling the temperature of any room as a result of solar radiation is an essential responsibility in
many automated activities. One of the important activities of the solar dryer is food applications [1,2].
Specialized sensors, ranging from simple to intelligent sensors, as well as the application of environmental
monitoring, are used to detect the temperature in the room. There are several research publications on
controlling room temperature, but few of them have used Arduino to autonomously manage room
temperature and humidity, especially for monitoring purposes. We looked at several publications and have
highlighted a few key points.

Abed [3] designed and evaluated the performance of a solar dryer, which is made of three basic parts, a
drying solar collector, solar dryer chamber, and chimney. To improve the drying efficiency, a fan was
installed at the chimney outlet to manually exhaust the hot air outside the solar dryer. A developed
computational and experimental setup of a hybrid PV Thermal double-pass counterflow system coupled with
a mixed-mode solar dryer system was suggested by Jadallah et al. [4]. The temperature of the solar cells was
reduced by manually pumping air into the PVT system via a fan created by the PV module, hence increasing
the PV module's electrical efficiency. The air is passed from the fan to the PVT solar system, then into the
drying chamber, using the forced convection mode.

Some studies used different controllers and techniques to manage the climate inside the room. Abdullah
et al. [5] presented a temperature control system concept that may be implemented on the Tudung Saji
microcontroller. Both the hardware implementation and software simulation were tried and results were
achieved. The goal of this study is to guard against bacteria when a particular temperature has been reached.
The program appears to be quite excellent at managing and rather preventing bacteria, as bacteria may be
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destroyed at a particular temperature. This might also be tried using the Arduino IDE. Widhiada et al. [6]
recommended the introduction and designed a control system for temperature distribution for use in a
newborn incubator. To ensure a baby's optimum health, it is critical to maintain a specified temperature
within the room in this system. The experimental setup employed a microcontroller-based incubator system
for temperature sensing and control including humidity as well. This has proven to be a very beneficial tool
for baby care and wellness. Humidity was also taken into consideration in the experiment, which used a
microcontroller-based system for measuring and controlling temperature. This was a critical application for
the well-being and care of children.

Kesarwani et al. [7] produced a case study to control the temperature in systems using microcontrollers,
bridge rectifiers, and TRIACs. To adapt temperature measurement, Bhatia, V. and G. Bhatia [8] developed a
speed control system that relies on temperature fluctuations. To build the hardware and simulate it on the
computer, PWM and simulation tools were utilized. Wellem et al. [9] used an Atmel Atmega 8385 system
and an LM35 temperature sensor to evaluate a temperature monitoring technique. Asraf [10] developed a
PID controller and implemented it using National Instruments' LabVIEW virtual laboratory environment. It
was proposed that an Arduino-based hardware implementation would yield far more related and acceptable
temperature management results. Sami et al. [11] used the PWM principle and utilized LCD monitors to
display temperature readings. Okpagu and Nwosu [12] constructed a temperature control system for egg
incubators u with the aid of PID controllers, DC motors, sensors, a fan control system, and LCDs. This is a
critical sort of incubator system since it is necessary to monitor the embryo's growth and development; hence
control and monitoring of temperature values were crucial in this system. Devi and Kalnar [13] employed
temperature sensors to manage the drying chamber's atmosphere. The exhaust fan began to run based on the
chosen temperature, controlling the drying atmosphere.

In summarizing the previous literature, automatic temperature and humidity control, particularly
autonomous monitoring, has not been addressed by researchers, focusing primarily on the temperature and
humidity in question. We recommend an Arduino-controlled and hardware-based temperature and humidity
control system, with online monitoring and measuring as the primary focus. The goal of this work is to
design an autonomous system for managing fan speed and switching the auxiliary source (backup heater).
The control system is integrated into the solar dryer and tested using an Arduino Uno board. The test
findings are shown on an LCD screen. To control and ease the display of temperature and relative humidity,
the control software is built-in Arduino IDE. This design is regarded as a user-friendly automatic
temperature-controlled fan regulator that decreases energy consumption while also assisting in improving the
drying rate, hence enhancing the solar dryer's efficiency and getting a nutritionally valuable output. This will
certainly be reflected in maintaining the quality and freshness of the drying food. Finally, this paper can save
power energy which only functions when the temperature around the food is below 60 °C.

1 Problem identification for the drying process

The most common errors made in solar drying are related to ignoring the factors that are critical in most
drying operations; time, air temperature, air velocity (and air exchange). However, certain renewable
energies, such as solar and wind have the drawback of only being available for a limited time. Because
renewable energy is reliant on weather-related natural events such as wind, rain, and solar energy, it is
difficult to manage. These sources are external factors that depend on weather conditions and are not
controlled by them. Increasing or decreasing energy leads to:

1.1 Overheating

During normal drying, water is continuously removed from near the material's surface. As depicted in
Figure 1, we will begin with moisture inside a slice of the material, then blast warm air over the surface
moisture that is traveling to the surface of the material, which will subsequently be removed by evaporation
and exit the drier as wet exhaust air.

Some sun dryers generate enough heat inside the drying chamber to case harden the material being
dried. This is due to insufficient ventilation and excessive warmth. Extremely high temperatures can quickly
evaporate surface moisture. This dries the surface and prevents moisture from the inside of the material from
diffusing outwards to it. As a result, a dry, sometimes leathery covering forms surrounding the substance.
This layer then functions as a moisture barrier, preventing the moisture from escaping.
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Fig.1. Normal drying process

After a period, the material will feel dry to the touch and have a leathery texture, giving the impression
that it is completely dried. However, as seen in the figure, moisture trapped inside the material will
eventually make its way to the top of the leathery layer, which will reverse the process as shown in Figure 2.
Mold formation is a common side effect of storage or packing, and it can lead to major problems. Don't give
in to the temptation to use too much heat to hasten the drying process.
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Fig.2. Excessive heating in the drying process

1.2 Poor heating

In the sun drying process of several agro-commodities, two separate transfer processes occur
simultaneously, including heating the product and air and the mass transfer from the inside to the outside of
the product, as well as drying medium through evaporation. Temperature, air velocity, and concentration
differential all impact the passage of water and heat between the product and the drying air.

Heat and mass exchange between the material slice and the air is crucial throughout the drying process.
As a result, there is no thermal transfer when the temperature of the air surrounding the product drops since
there is no temperature differential between the product and the air. The mass diffuses down from a greater
concentration to a lower concentration. As the temperature rises, moisture vaporizes off the material's surface
and is released into the atmosphere. Low sun radiation and low air temperature within the drying chamber
result in high relative humidity, which stops the drying process and causes the product to rot. As a result, to
address the aforementioned problems, care should be made to preserve consistent drying air circulation and
maintain a proper temperature within the dryer. This is accomplished via designing and constructing an
automated system that online controls the temperature and humidity within the drying chamber, which is
ideal for all weather conditions and the type of agricultural goods to be dried.

2 Hardware implementation

The system is divided into three stages. The first detects humidity and temperature using the DHT11
humidity and temperature sensor. The second component receives the output of the DHT sensor module and
converts temperature and humidity readings into a useful percentage and Celsius scale number. The third
portion of the system uses an LCD to display humidity and temperature. Single-wire serial communication is
used to link the system. The Arduino first transmits a start signal to the DHT module, which is followed by a
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response signal including temperature and humidity data from the DHT. The hardware system comprises the
following components:

¢ Arduino, Uno

e Motor Driver, L293D IC

e Sensor, DHT22

e Display, 16x2 LCD

e Fan motor, 12 V DC

e Battery, 12V

e Potentiometer, 2.2kQ

e Relay, 5V DC

¢ Breadboard

¢ Back-up heater

Figure 3 displays the block diagram for the hardware implementation.

LCD DISPLAY 220V AC

{

0—>| RELAY +—)| HEATER I
;I MOTORDRIVER+—>| 12V FAN I

T 12V DC

Fig.3. Block diagram of temperature and humidity control

Temp. & Humid. Sensor ¢—= ARDUINO UNO

2.1 Arduino UNO Board

Using Arduino UNO to collect the data from the sensors efficiently enables the system to control the
indoor environment of the solar dryer based on the measured parameters. Arduino boards come in a variety
of shapes and sizes, including the Arduino Yun, Arduino Mega, Arduino Nano, Pro Mini, and others.
However, the Arduino Uno is the most well-known. It is used to regulate the entire solar dryer operation. The
microcontroller board called UNO uses the ATmega328P. On this board, there are six analog inputs, a 16
MHz quartz crystal, six analog outputs, a USB connection, an ICSP header, a power connector, and a reset
button. There are also 14 pins for digital input and output (six of which may be utilized as PWM outputs).
Everything required for getting started with the microcontroller is included; all you have to do is connect it to
a computer using the USB port or power it using a battery or an AC-to-DC converter.

2.2 DHT22 Temperature and Humidity sensor

A DHT22 sensor measures the temperature, which is used to control the fan speed. Relative humidity
can also be detected, which is used to control the fan speed. Relative humidity can also be detected. This
sensor comes in a 4-pin single-row device and has an integrated resistive-type humidity measuring
component, an NTC-type temperature measurement element, and an 8-bit microcontroller with a quick
reaction time. The serial communication method used by the DHT22 module is also referred to as "single-
wire communication." As contrasted with other sensors, this one is incredibly user-friendly and extremely
accurate. This module transmits data as a pulse train for a predetermined period. It requires certain
initialization commands with a time delay before transferring data to the Arduino. And the entire procedure
takes roughly 4 milliseconds. To begin, the Arduino sends high to low start signals with an 18 sec delay to
DHT?22 to assure DHT detection. The Arduino then pulls up the data line and waits for the DHT to respond
for 20-40 sec. When the DHT receives the start signal, it sends a low voltage level response signal to
Arduino with an 80sec time delay.

DHT?22 sensors are used in the dryer system to detect humidity and temperature inside the chambers.
This data is received and interpreted by an Arduino MEGA microcontroller. When the exhaust fan eliminates
extra moisture within the dryer chamber and the parameters do not reach the desired temperature limit, it
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signals to regulate the temperature. The storage chamber's humidity is controlled by adjusting the fan speed
based on the sensor's measurement.

2.3 L293D fan motor driver

An L293D motor driver IC combined with Arduino is used for controlling the exhausted DC fan motor.
Two DC motors can be driven by this IC. The motor speed is controlled by providing signals according to
the PWM technique [14]. The minimum and maximum temperature values can be adjusted in the program
code according to the fan speed requirement. The fan speed is automatically the PWM controlled according
to the chamber and that gives a lot more accuracy than the manual manner. To operate the DC motor fan, the
suggested program adjusts five distinct parameters. If the temperature value is below 40°C, the fan will be
turned off and information on the LCD will be shown. The DC fan will begin functioning at low speed if the
temperature is between 40 and 45 °C (25 % duty cycle). The fan will also spin at a medium speed if the
temperature becomes in the range of 45-50°C (50 % duty cycle). The fan will operate at high speed if the
temperature is between 50°C and 55°C (75 % duty cycle). The fan will speed up to the maximum value if the
temperature is more than or equal to 55°C (100 % duty cycle).

2.4 Liquid Crystal Display LCD

The information on temperature and humidity for the solar drying chamber is monitored using an LCD,
which offers information while managing the temperature and humidity values inside the chamber. The
temperature and humidity are displayed on the display, which is directly linked to Arduino in 4-bit mode, as
shown in Figure 4. RS, EN, D4, D5, D6, and D7 pins of the LCD are linked to Arduino digital pins 2-7. A 5k
pull-up resistor is also used to link a DHT11 sensor module to Arduino's digital pin 12.

2.5 Heating temperature controller

This Arduino is a good example of making an on-off type controller. The most basic type of
temperature control device is an on-off controller. The device's output is either on or off, with no in-between
condition. When the temperature exceeds the set point, an on-off controller will change the output. On-off
control is commonly employed in systems that require precise control and can tolerate having the energy
switched on.

3 Circuit Diagram

Figure 4 shows how to connect all of the essential components using Arduino and DHT22, as shown in
the circuit design for temperature-based DC fan speed control and monitoring. The Arduino is the brain of
the system, controlling all functions. An output voltage corresponding to the temperature in Celsius
(centigrade) is provided by the precision IC DHT22. The operational humidity and temperature ranges are 0—
100% relative humidity and 40-80 degrees Celsius, respectively. A digital signal is calibrated using the
DHT22 sensor output. Its stability and dependability are guaranteed by a patented digital signal-
gathering method, as well as temperature and humidity monitoring technology. The sensing devices are
connected to the 8-bit single-chip microprocessor.

4 System Flowchart

The system flowchart depicts the device workflow in the drying system. Figure 5 shows the system
flowchart for temperature and humidity monitoring. The backup heater and electric fan begin to run at the
preset temperature and humidity, controlling the drying environment. The electric fan is automatically
controlled to change the speed level according to temperature changes compared to the traditional dryer.

At first, when the temperature is less than 40°C, the fan will stop and the backup heater will work on,
also when the temperature is higher than 40°C, the fan speed will rotate at a slow value, and at the same time
the backup heater will turn off and when the temperature reaches 45°C, the fan will rotate at medium speed.
When the temperature reaches 50°C, the fan speed will be high, and if the temperature increases to 55°C, the
fan will rotate at the maximum speed. The same thing in the process of the temperature gradient downward,
the fan will work according to the temperatures received from the sensor until the temperature is less than
40°C, the fan will turn off and the heating coil will turn on again.
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The rotational speed of the fan depends on the rotational speed of the fan detected by the DHT22
sensor. The increase and decrease of temperatures depend on the intensity of the radiation when there is little
or no solar radiation

5 Results and discussion

In the exhaust, a temperature sensor is fitted. The fan speed is controlled by the microcontroller via the
temperature sensor, based on the specified desired temperature on the exhaust side. As a result, the
temperature within the drying chamber is kept under control. The experimental setup was completed, and a
large number of temperature measurements were recorded using the appropriate displays depicted in Figure
6. The illustration depicts how to connect the display to the board and Arduino hardware. In this work, the
LCD online produces four readings: two of them are for automatically showing the temperature and humidity
on the display. The third reading is for the duty cycle value of the PWM voltage to drive the DC motor fan at
a suitable speed, and the fourth reading is for automatically switching ON/OFF the heater. The fan's
operating state is determined by the pre-set threshold.

d)
Fig.6. Display the temperature, relative humidity, and status of the DC fan in automatic control:
a) lower range (40 — 45) °C; b) medium range (45 — 50) °C;
¢) high range (50 — 55) °C; d) highest range more or equal 55°C.

The operational ranges for temperature and relative humidity are 40—-60 °C and 0-100%, respectively.
The management system was set up to maintain an ambient temperature between 40 and 60 °C and relative
humidity between 10 and 20 %. In the first picture of Figure 6, the LCD demonstrates a temperature of 43.7
°C in the lower range of temperature which is between 40 °C and 45 °C at a relative humidity of 8% causing
the controller to send a PWM voltage with a 25 % duty cycle to make the DC fan runs with low speed.
Secondly, the LCD demonstrates a temperature of 47.8°C in the medium range of temperature between 45°C
and 50°C at a relative humidity of 6% causing a 50 % duty cycle to make the DC fan run at medium speed.
Thirdly, the LCD demonstrates a temperature of 54.9 °C in the high range of temperature, between 50°C and
55°C at a relative humidity of 5% causing a 75 % duty cycle to make the DC fan run at high speed.

The final picture of the figure shows the LCD findings temperature of 57.10 °C in the highest range
which is more than or equal to 55 °C at a relative humidity of 4% causing a 100 % duty cycle to make the
DC fan run at maximum speed.
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The results of temperature and humidity and corresponding motor fan speeds can be demonstrated
according to the following Table 1. From the findings, it can be deduced that the fan speed increases with
dryer temperature and decreases with relative humidity in the chamber.

Table 1. Temperature and relative humidity monitoring and corresponding fan speed

Readings Temperature (°C) Relative humidity (%) Duty cycle (%) Fan speed
1 43.70 8 25 Low
2 47.80 6 50 Medium
3 54.90 5 75 High
4 57.10 4 100 Highest

Conclusions

The proposed developed system overcomes the defects of the traditional approach in the process of
drying and managing products and maintains their quality and prevents spoilage. The key characteristics of
this system include cost-effectiveness, portability, robustness, quick usage, and satisfactory performance
under various circumstances.

The proposed design is seen as a built-in dryer with an easy-to-use automated fan regulator that is
temperature controlled to reduce energy consumption while also aiding in speeding up the drying process,
hence increasing the efficiency of the solar dryer and obtaining a nutritionally useful product. The food that
is being dried will undoubtedly retain its quality and freshness as a result. As a last measure to save energy,
this paper only works when the temperature around the product is 40-60°C.

Using an online monitoring system would improve the efficiency of drying and storing grains. The
entire drying time, storage temperature, humidity, and real-time sensor data may all be noted by the observer.

This study contributes to the creation of automated methods for enhancing drying system performance,
with the possibility of its use in agricultural products and medicinal herbs. It has been verified how this
system works and how to encode a temperature-controlled fan. This method of managing simply temperature
control automatically seems to be reliable. It might be made more reliable, and fuzzy regulated by using soft
computing technologies.

The given theoretical analysis can be used to create a mathematical model of thermal heating of printed
circuit boards (PCBs) in electronic devices and to analyze the heat emission from them caused by convection
and radiation. During the operation of PCBs, when heating occurs, it may lead to some deformations such as
twisting, bending, and delamination, which can be analyzed and predicted using the simulation results.
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Methanation technologies for the production of synthetic renewable methane are considered. The
possibilities of applying the methods of catalytic and biological methanation are analyzed. The implementation of
methanation technologies is carried out with the efficient use of renewable energy sources. The Power to Gas
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Introduction

There is a growing interest in renewable energy sources in the modern world energy industry. These are
solar energy, wind energy and biomass energy, which are an alternative to traditional energy sources - coal,
natural gas and oil. However, a number of factors hinder the practical use of these sources. For solar and
wind power plants that operate unstably in time (day-night, summer-winter, the influence of weather
conditions), there are difficulties in coordinating their operating modes with electric networks. For biogas
plants, direct transfer of the resulting biogas to existing gas networks is not possible due to the high (up to
50%) carbon dioxide content in biogas. Therefore, it is necessary to transform these types of renewable
energy into a form that is compatible with the possibilities of their use. For solar and wind power plants, this
is the accumulation of excess generated unstable electricity by generating synthetic methane - the so-called
Power-to-Gas (PtG) process [1, 2].

The PtG technological chain is a three-stage energy conversion process. The first stage is to convert the
primary energy from the sun, wind or biomass into electricity or biogas. The second stage uses renewable
electricity and biogas to produce carbon dioxide and hydrogen. The methanation process, which converts
CO, and H; into synthetic renewable methane, is the third final stage. Thus, synthetic renewable methane is
an accumulator of used renewable energy.

The purpose of the publication is to analyze the experience of foreign countries in obtaining synthetic
renewable methane and to determine the most effective technologies for implementation in Ukraine.

Research methods include the study and analysis of literature and other data, in particular, methanation
projects. Ukraine has great potential and prospects for the development of biomethane production [3], so the
use of world experience in the implementation of the PtG concept is an important issue for our country.

1 Methanation process

There are two methods of methanation technology as the basis of PtG processes:

— in catalytic reactors in which the Sabatier chemical reaction is implemented;

— 1in biological reactors, where the methanation process occurs with the participation of methanogenic
microorganisms, the so-called archaea.

Studies of methanation processes in both of these directions are carried out in many countries: the USA,
Switzerland, Denmark, Germany, France, Japan, and others. Laboratory, pilot and demonstration
installations that implement the ideas of PtG are already known.
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1.1 Catalytic methanation

Catalytic methanation — is a chemical reaction in which hydrogen and carbon dioxide are synthesized
into methane. The production of methane through the Sabatier reaction (1) is an exothermic catalytic reaction
and usually takes place at temperatures from 200°C to 550°C:

C02 + 4H2 — CH4 + 2H20 + 165 kJ/mol (1)

To improve the efficiency of methanation, numerous studies have been carried out to develop catalysts
with high activity, CHy selectivity and stability under conditions of heat release during the reaction. Such
catalysts as Nickel, Ruthenium, Rhodium, Palladium, Cobalt, Iron were considered [4].

Reaction (1) is highly exothermic, so the adiabatic temperature rise associated with the reaction is quite
high. This increase in temperature leads to a decrease in the proportion of H, and CO, that have reacted (i.e.,
to a decrease in the amount of methane generated or the rate of methanation). To increase the yield of
methane, it is necessary to lower the temperature of the methanation process, as well as to increase the
pressure in the reactor. The search for economically feasible ways to lower the operating temperatures of the
methanation process is one of the main issues in creating an acceptable technology for the PtG process.

For catalytic methanation various types of reactors are used. In cooled fixed-bed reactors [1] the
working process takes place in cylindrical tubes with a catalyst, which are washed on the outer surface with a
coolant of a given temperature. In this case, water can be used as a coolant, but its main drawback is the
dependence of the boiling point on pressure, i.e. high temperatures require high pressure. Other concepts are
based on the use of three-phase reactors for methanation [5]. In suspension reactors, the working zone is
filled with heat-transfer liquids, in which small particles of the catalyst go into a state of suspension due to
the gas flow. The high heat capacity fluid allows almost complete removal of the heat of the reaction,
ensuring practically isothermal operation of the methanator.

A disadvantage of fixed bed adiabatic reactors is the appearance of high temperature and high pressure
drop zones. To overcome these shortcomings, structured reactors such as monolithic reactors have been
developed [6]. The use of an internal metal structure made it possible to increase heat transfer in the working
area by two to three orders of magnitude.

Microchannel reactors [7] are a modification of structured reactors. The advantages of such reactors are
compactness and good thermal control. Compactness is ensured by an increased ratio of the surface of the
metal microstructure to its volume. Ru-TiO, in powder form was used as a catalyst. The application of a
catalyst to a metal structure, as well as the removal of the used catalyst, make it difficult to operate such
reactors.

1.2 Biological methanation

The process of biological methanation is carried out using archaea of the genus Methanothermobacter
as catalysts capable of converting hydrogen and carbon dioxide into synthetic methane. Biological
methanation takes place in anaerobic conditions at atmospheric pressure and temperatures from 20 to 65°C.
There are two concepts of the biological methanation process:

— In situ methanation, i.e. in a biogas reactor, where hydrogen is directly supplied from some external
source;

— Ex-situ methanation in a special reactor - a methanator, where biogas (a mixture of 50-60% methane
and 40-50% carbon dioxide), hydrogenotrophic methanogens, and hydrogen are supplied separately.
Alternative CO, can also be supplied here.

During in-site methanation, hydrogen from an external source (electrolyzer) is fed into the lower part
(bottom) of the reactor, blown through the fermentation liquid, where with the help of archaea, it methanizes
CO,, which is released in the process of anaerobic fermentation of biomass. Intensive stirring of the
fermentation liquid activates the process. As the conducted studies have shown, it is extremely difficult to
achieve complete conversion of CO, released during the fermentation process.

Within the framework of the BTU-FESPE project of the Brandenburg University of Technology, the
process of biocatalytic methanation in an anaerobic trickled-bed reactor was investigated [8]. Such a reactor
contains a packed bed as a surface on which microorganisms can be immobilized. A three-phase system is
formed on the carrier surface (biofilm—liquid—gas). Thus, in the anaerobic trickle-bed process, methane with
a concentration above 98% can be obtained [8].
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An article by research organizations in Ireland [9] published the results of studies on in-sifu and ex-situ
biological methanation to produce synthetic renewable methane that can be fed into existing gas networks.
The work [9] proposes a sequential combination of several ex-situ blocks, as well as a hybrid model for
combining in-situ and ex-situ blocks, taking into account the advantages and disadvantages of each of these
concepts. The paper [10] also considers various systems and technologies for biological methanation, such
as in-situ and ex-situ. The main parameters that determine the cost-effectiveness of each technology, as well
as ways to optimize them, are noted.

1.3 Comparison of biological and catalytic methanation

Comparison of biological and catalytic methanation technologies was carried out in many works. In
particular, in a review [2] these comparisons were made according to the following indicators:
The volume of the reactor required to ensure the same productivity;

— Resistance to the influence of impurities;
Dependence of the methanation process on the load;
Energy efficiency.

The results of these studies showed that:

— The volume of the catalytic methanation reactor is less than the volume of the biological methanation
reactor required to provide the same productivity;

— Biological methanation is more resistant to impurities. Contaminants such as sulfur and oxygen do
not affect biological methanation, while in catalytic methanators sulfur and its compounds are harmful to
nickel catalysts;

— Fixed-bed reactors are the most sensitive to load changes due to catalyst temperature fluctuations.
The liquid phase present in biological and three-phase methanation buffers the effect of load changes;

— Considering that catalytic methanation does not require a stirrer and can use waste heat, this
technology is more efficient.

2 Implementation of the PtG concept in pilot, demonstration and laboratory plants

In [11], a detailed review of PtG projects implemented in different countries is made. The largest
number of projects during 2009-2019 was carried out in Germany and concerned both catalytic and
biological methanation. Among other countries, the leadership is held by Great Britain, Denmark,
Switzerland, the USA, Austria, Japan and others.

2.1 PtG projects with catalytic methanation

One of the largest PtG plants in Germany with a capacity of 5 MW Audi e-gas uses catalytic
methanation technology in one isothermal fixed-bed reactor [12]. Renewable electricity for electrolysis
comes from four wind turbines and CO, is generated in upgrading process at nearby biogas plant. The
efficiency of the PtG process is 54% without taking into account additional thermal energy produced. The
wind power plant itself, unlike a biogas plant, is not used permanently, but according to the power supply
scheme. The plant is now qualified for participating in what is known as the electricity balancing market
[13].

The idea of increasing the efficiency of PtG technology by thermally integration of high-temperature
electrolysis with catalytic methanation at high pressure was implemented in the project HELMETH [14]
(Fig.1). The project brings together partners from Germany, Italy, Greece and Belgium.

The efficiency of the PtG process was expected to be increased from 61% (using conventional
electrolyzers and low-pressure catalytic methanation) to 85% and higher at pressures up to 30 bar and a high-
temperature electrolyzer on the base of SOECs. The heat of the exothermic methanation reaction was used in
the process of high-temperature electrolysis under pressure, which increased the efficiency of the PtG
process. To achieve a high methane yield, the HELMETH project tested and optimized various nickel and
ruthenium catalysts, which ensured the content CH, in the methanation product at a level of more than 97
vol.-%, and hydrogen concentrations below 2 vol.-%.
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Fig.1. HELMETH PtG concept [14]

2.2 PtG projects with biological methanation

The first biomethanation-based PtG concept to reach commercial status in the world is the Bio Power 2
Gas project. It was started in 2013 and implemented in 2015 in Allendorf (Germany). Viessmann group
subsidiaries provided equipment for this plant [15]. Before the implementation of the project, laboratory
studies were carried out that confirmed the viability of the concept of biological methanation (the methane
content in biogas increased from 60 to 95%). Thus, biological methanation of pure CO, and H, was realized
in this project.

A significant recent event (April 28-29, 2022) was the official inauguration of Europe's first industrial
PtG plant in Switzerland. Based on biological methanation, this plant is the first in Europe and is an
important milestone both for its owner and operator Limeco and for HZI Schmack (a subsidiary of Hitachi
Zosen Inova AG), which proposed the innovative technology [16]. The new PtG plant uses renewable
electricity from a wastewater treatment plant to split water into oxygen and hydrogen using electrolysis. In
the second stage of the process, this hydrogen is fed to the HZI Schmack methanation reactor together with
the waste water gas. In the "BiON" process the microorganisms in this bioreactor convert hydrogen and CO,
contained in wastewater gases into biomethane under anaerobic conditions. The biomethane is then purified
and can be fed into the local gas network as a CO,-neutral substitute for natural gas.

Conclusion

In modern conditions, the production of synthetic renewable methane, which are an alternative to
expensive and sometimes scarce natural gas, is of great importance. The current PtG system can be
considered as a main generator of synthetic renewable methane. Today, in many countries of the world
(Germany, Great Britain, Denmark, Switzerland, USA, Austria, Japan, the Netherlands and others), active
work is underway to create technologies that implement the concept of PtG. Numerous laboratory, pilot and
demonstration projects have already been carried out, confirming the viability and promise of the PtG
concept.

The main efforts of researchers are aimed at increasing the efficiency of hydrogen generation and
methanation processes, as well as increasing the productivity of electrolyzers and methanators. For example,
for adiabatic catalytic methanation reactors, the main problem is ensuring the optimal reaction temperature
due to cooling. However, for instance, a three-phase reactor is devoid of this disadvantage. For biological
methanation reactors, the main problem remains the low level of mass transfer of hydrogen, which limits the
productivity of the process.

The PtG concept involves the production of synthetic renewable methane by catalytic or biological
methanation, i.e., combining hydrogen with carbon dioxide using surplus energy from renewable energy
sources to generate hydrogen in certain electrolyzers.

Comparing the results of the implemented PtG projects with catalytic and biological methanation
processes, we can draw the following conclusions:
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— Medium to large PtG projects (over IMW) are being implemented using catalytic methanation
technology due to their scalability and the ability to increase process efficiency by using the heat of
methanation.

— Small-capacity projects should be implemented using biological methanation, because
biomethanation requires the use of reactors with a large specific volume. However, its increased resistance to
such harmful impurities as sulfur and oxygen compensates this direction of biomethanation.

— Both biomethanation concepts of PtG — in-situ and ex-situ — have found their practical
implementation. The hybrid model in-sifu + ex-situ takes advantage of each of these concepts.

The world experience of implementing the PtG concept should become an example for Ukraine. A
separate task of this study was to determine the most appropriate methanation technologies for the
production of synthetic renewable methane in Ukraine. It should be noted that in recent years there has been
an increased interest in biogas technologies in Ukraine. To date, more than 70 biogas plants have already
been built in the country. Therefore, it is quite logical and economically justified to use biomethane
technologies for the production of synthetic renewable methane. For example, such a plant may combine a
biogas reactor as a source of carbon dioxide, which is an integral part of the resulting biogas, with an ex-situ
methanation process, where either biological or catalytic methanation is used. This way of developing
bioenergy can be a powerful incentive for the construction of solar and wind power plants as sources of
electricity for producing renewable hydrogen used in the methanation process. However, to get a final
answer to the question - which of the technologies can be recommended for implementation in Ukraine, is
possible only based on a feasibility study of synthetic renewable methane production technologies.
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The operation of many of the engineering systems that are necessary for the functioning of a detached
residential building depends on specific sources of alternative energy, the use of which can significantly reduce
the consumption of traditional fossil energy resources. A review of scientific works devoted to the operation of
engineering systems using alternative energy sources is given. Several schemes of power equipment have been
developed to obtain thermal and electrical energy supplied to isolated consumers. When designing a fixed
technical solar system using solar radiation for operation, the locations of all power equipment, the solar receiver
pitch on the roof of the building and the values of its optimal angle of inclination to the horizon were determined.
A scheme of a small transportable hydroelectric power plant has been developed, which generates electric energy
using the pressure created by the flow of water. A thermal refrigeration unit is designed, which uses the heat of
the air removed from the animal stall to heat the heated medium.

Keywords: alternative energy sources, hydropower, heat, thermal refrigeration unit, temperature, heated medium

Introduction

The growth of energy capacities for industrial needs is increasingly raising the issue of saving energy
resources, finding reliable alternative energy sources and creating energy saving, environmentally friendly
technologies. Alternative energy sources can substitute traditional energy sources. Among the alternative
energy sources, the most promising ones are solar energy and water energy.

The sun emits energy as radiation and about 30 % of its total amount is reflected back into space, and
about 70 % reaches the Earth's surface [1,2]. This energy can be captured and converted into electricity or
heat. That is why the issue of the efficient use of solar energy is receiving more and more attention.

The density of monochromatic radiation flux propagation in the form of solar radiation light depends on
a number of factors, including geographic location, season and time of day. When the Sun is low, the rays go
through a longer path in the atmosphere and they become more and more scattered, which results in a higher
percentage of scattered radiation. The seasons determine the amount of sunshine on any given day: up to 18
hours in the summer and only 8 hours in the winter. According to [3,4], a string of regions of the Russian
Federation with the number of sunny hours in the range from 2000 to 3000 per year can be determined.

There are technical systems that can be: 1) stationary devices oriented at a certain angle to the horizon;
2) devices that are able to change their position throughout the day and be under the constant influence of
solar radiation. Mobile technical solar systems are environmentally friendly power plants designed to heat
water and air, where a working medium is pumped through a circulation pump to a predetermined
temperature. These devices can work at both low and medium ambient temperatures.

In [5], a numerical study was carried out to determine the amount of daily solar energy consumed by a
mobile technical solar system with an evacuated "water in glass" tube collector for various angles of
inclination, azimuthal angles of the collector, and geometric parameters under changing mass flow rate of the
heated medium. The optimal inclination angles were obtained, at which the power plant works most
efficiently.

The authors of [6] compared the efficiency and performance characteristics of stationary technical solar
systems with tubes made of unglazed transparent material and ordinary glass under local conditions. The
controlled parameters were the inlet and outlet temperatures of the tubes, solar radiation intensity, ambient
temperature, wind speed and ambient relative humidity. In [7], a design of a stationary technical solar system
with tubes made of stainless steel was developed, which is a tube with a closed stainless steel thermosyphon,
which consists of evaporative and condensing parts. The developed parabolic grooved design of a stationary
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technical solar system, consisting of evaporative and condensing parts provides higher thermal efficiency
compared to other existing technical systems.

The authors of [8] examined the influence of various nanomaterials and nanofluids on the efficiency of
various types of technical solar systems. In the paper [9] a comparison was made between the technical solar
systems made of metal and polymer materials with free convection under environmental conditions. A
number of advantages of using polymeric materials in the manufacture of solar technical systems was
discovered in comparison with metal structures. The thermal refrigeration plant takes energy in the form of
heat from a low temperature source, increases the thermal potential of the taken energy and transfers the heat
to a consumer.

The implementation of the thermodynamic cycle of a thermal refrigeration plant assumes that in order
to increase the temperature of the heated medium, it is necessary to take heat from a low temperature source.
As a source of low temperature, the following can be used: humid air, soil, sewage, heat of the air removed
from the stall of animals, heat removed from cooled bodies in refrigeration units, etc. In a thermal
refrigeration plant, a condenser is a heat exchanger that pumps heat to a heated medium with the purpose of
its subsequent beneficial use in various engineering systems, and an evaporator is a heat exchanger that takes
heat from a low temperature source. Thermal refrigeration units are used to heat humid air.

The authors of [10] carried out a comparative analysis of the economic costs of converting the heating
system of private houses from oil boiler units to thermal refrigeration units. The authors of [11] conducted a
numerical experiment and formulated recommendations for the selection of heat pumps in relation to various
production processes. It was found that due to the recovery and modernization of removed heat, thermal
refrigeration units can save 15-78 % of the consumed hot water, depending on the specific process. In [12],
recommendations are given for choosing a specific type of thermal refrigeration units from several suitable
combinations. In [13], based on the developed simulation model, energy and economic characteristics were
analyzed and compared for four types of thermal refrigeration units operating at low-temperature waste heat
recovery. Recommendations are given on the choice of a thermal refrigeration unit depending on the specific
conditions of their operation. The authors of [14] described the operation of a refrigeration unit for cooling
milk with simultaneous heating of water (Fig. 1).

2

SR R s

_\ ) ; TE 7
== ®\i \i 91T|:/_

Fig.1. Layout of the refrigeration unit [14]: an evaporator in the milk tank; 2 - a compressor; 3 - condenser for
water heating; 4 - an air condenser; 5 - a throttle; 6 is a water tank; 7 - the cold water inlet; 8 the hot water outlet;
9 is a centrifugal pump; 10 - a fan

Freon R12 is used as a working fluid circulating in the refrigeration un it. The pressure in condenser 3 is
1.73 MPa, and the temperature is 45 °C. The pressure in the evaporator 1 is 0.34 MPa, and the temperature is
-3 °C. The refrigerant circulation circuit has an additional heat exchanger-condenser 4, which makes it
possible to increase the temperature of a small part of hot water from 40 °C to 70 °C due to the superheat of
the Freon in the reverse thermodynamic cycle. The total power of electric drives is 35 kW. The condenser 4
can be placed directly in the water heat storage tank 6.

The heat that is removed by fresh milk during its cooling, and the "waste" heat from the compressor 2
can be taken using the evaporator 1 and transferred to the heated medium by the condensers 3 and 4 of the
refrigeration unit. Figure 2 shows a diagram of the operation of a refrigeration unit on a dairy farm [15].
Fresh milk with an initial temperature of 37 °C enters the plate heat exchanger 7. A pipeline is installed in
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the first section of the heat exchanger, through which tap water with a temperature of 10 ° C is supplied,
moving in the opposite direction (countercurrent).
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Fig.2. Layout of a refrigeration unit on a dairy farm [15]: 1 is a hydraulic accumulator; 2 is a condenser; 3 is a
compressor; 4 is a pressure reducing valve; 5 is an evaporator in a tank with "ice" water; 6 is a body of the refrigeration
unit; 7 is a plate heat exchanger; 8 is a consumer of hot water; 9 is a centrifugal pump for forced circulation of cold
water; 10 is a centrifugal pump for forced circulation of "ice" water

At the same time, the temperature of the water rises to 28 °C, and the temperature of the milk drops to
about 20 °C. Then the heated water through the pipeline enters the condenser 2 of the refrigeration unit,
where the freon vapor (Freon R22), condensing, heats the water up to 55 °C. Warm water enters the upper
part of the accumulator 1, from which it is used as needed for household needs. Milk from the first section of
the plate heat exchanger 7 with a temperature of about 20 °C enters the second section, where “ice” water
with a temperature of 1 °C is supplied in a countercurrent from the refrigeration unit through the built-in
pipeline. Cooled to 4 °C, milk is pumped into vehicles or into storage containers.

Water, having heated up to 7 °C, enters the tank 5 with the "ice" water of the refrigeration unit, where
the boiling freon passing through the evaporator takes heat from the water and reduces its temperature to 1
°C.

Thus, by recuperating the "waste" heat of milk and the compressor unit of the refrigeration unit, without
additional energy costs, heated water is obtained for household purposes with a temperature of 55 © C in the
amount of 1.1 liters per liter of cooled milk. The scheme of operation of the thermal refrigeration unit TRU-
14 for a dairy farm [16] is shown in fig. 3.
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Fig.3. Layout of thermal refrigeration unit TRU-14 for a dairy farm [16]: 1 is an “ice” water line; 2 is centrifugal
pumps; 3 is an evaporator; 4 is a freon line; 5 is a compressor; 6 is a hot water line; 7 is a heat exchanger; 8 is a
pasteurization section; 9 is a regeneration section; 10 is a pre-cooling section; 11 is a final cooling section; 12 is a tap
water line; 13 is a milk line; 14 is a condenser; 15 is a thermostatic expansion valve TEV

The thermal refrigeration unit is designed to cool water used as an intermediate coolant in tanks, and
simultaneously heat it to meet sanitary and technological needs on livestock farms.
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The freon (Freon R22) boiling in the evaporator 3 removes heat from the water in line 1 and lowers the
water temperature to 0 °C. Then the freon vapor is compressed by the compressor 5 and fed into the heat
exchanger 7, where R22 freon is condensed due to heat exchange with water. Further, water, heated to
85...90 °C, from the heat exchanger 7 enters the milk pasteurization section 8.

In the condenser 14, freon R22 transfers all the heat obtained by compressing freon vapor in the
compressor 5 to running water, which is heated to 50 °C and used on a dairy farm for sanitary and hygienic
purposes. As shown by theoretical calculations, the use of a 75kW thermal refrigeration unit TRU-14 on a
dairy farm for 1,000 heads saves up to 100 tons of liquid fuel and 350,000 kW h electricity per year on the
farm. The technological scheme of operation of the thermal refrigeration unit TRU-14 for a dairy farm is
shown in Fig. 4.
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Fig.4. Technological scheme of thermal refrigeration unit TRU-14 for a dairy farm [16]: 1 is a compressor; 2 is a
condenser; 3 is a regenerative heat exchanger; 4 is a filter-drier; 5 is a membrane solenoid valve; 6 is a thermostatic
expansion valve; 7 is an evaporator; 8 is a heat exchanger; 9 is a heat exchanger; 10 is a capacitive water heater; 11 is
an electric heater; 12 is a cold water tank

Freon R22 vapors are compressed by the compressor 1 and fed into the condenser 2, where they are
cooled and condensed, giving off the heat to running water. From the condenser 2, liquid freon enters the
regenerative heat exchanger 3, and then moves into the filter-drier 4, where it gets dried and cleaned from
impurities. Further, passing through the solenoid valve 5, freon R22 is fed into the thermostatic valve 6,
where the freon is throttled to the boiling pressure, and enters the evaporator 7. In the evaporator 7, the freon
boils, absorbing heat and cooling the coolant (water). Vapors of freon R22 are pumped out by the
compressor 1 from the evaporator 7 through the regenerative heat exchanger 3, and then the refrigeration
cycle is repeated. Cold water (refrigerant) makes a closed cycle in the milk cooling system. Warm water at
the outlet of the condenser 2 is divided into two streams. Part of it enters the heat exchangers 8, 9 and 10 for
further heating, and its amount is set using a water control valve.

The water in the heat exchangers is heated by heat exchange with hot freon vapor moving in
countercurrent. The flow heat exchanger provides heating of water to a temperature of 40 °C in 10...15
minutes after turning on the refrigerating unit. The heat exchanger of the convective circuit heats water in the
amount of 150 liters to a temperature of 60 ... 65 °C in a cycle of 3.25 hours. If it is necessary to withdraw
hot water before the completion of the full cycle of the thermal refrigeration unit, the water temperature can
be brought to a predetermined level using the electric water heater 11.

At present, the use of alternative energy sources in the energy industry, which includes the energy of
water resources of rivers (hydropower), is becoming an urgent task. This type of energy owes its origin to
solar energy. The sun evaporates the water of rivers, seas and oceans, and then it rains over the entire
territory of the globe.

It has been estimated that the planet Earth has 10'® tons of water reserves, and only 1/2000 of it is
annually involved in the cycle. Hydropower provides around 2,600 TW- h of the world's electricity
generation per year, which is about 20 % of the world's total electricity demand, making it one of the most
reliable and cost-effective renewable energy sources. In 2001, the largest hydropower producing countries
were Canada (333.0 TW- h), the US (201.2 TW* h) and Norway (120.4 TW- h). Hydropower consumption
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in the EU countries grew by almost 27 % between 1991 and 2001. In 2001, hydropower accounted for
approximately 5 % of total electricity consumption in the EU countries. France is the largest producer of
hydropower in the EU. In 2001, the generating capacity of hydropower plants in France was about 25,000
MW [17].

As of 2015, over 47,000 small hydropower plants under 50,000 kW have been built in China. Most
hydropower plants are located in the mountainous regions of southern China, where there are large reserves
of water resources (rivers) [18]. According to [1], the average capacity of one small hydropower station was
143 kW. These small-scale hydropower plants (SHPPs) generated up to 0.01 % of the entire produced
electricity.

Lately, scientists and researchers have been looking for progressive and economically sound technical
solutions for small hydropower plants (SHPPs). HPPs and SHPPs can serve as a reliable reserve of electricity
for remote consumers. The authors of [19] describe the operation of the HPP as a power plant for generating
electricity from renewable energy sources and evaluate the possibility of building a HPP in the Republic of
Macedonia. The paper describes the possibility of using HPPs of low power (up to 10 MW).

In [20], the possibility of extracting energy from water resources is estimated using the example of the
Alviela River in Portugal using three types of turbines: two propeller turbines (with and without adjustable
blades) and an Archimedes screw turbine. The results showed that with an available head of 2.5 m, the most
acceptable solution is to use an Archimedes screw turbine with a nominal flow of 3 m’/s and a nominal
power of 55 kW. The further development of the world energy industry is connected with a more rational use
of energy.

Thus, it can be stated that:

- modernization of the existing structures of stationary and mobile technical solar systems, hydroelectric
power plants and refrigeration unit is required;

- there is a strong need for new information that will make it possible to study the issue of the
development and design of the simplest structures of technical solar systems, transportable small-scale
hydropower plants and thermal refrigeration units.

The purpose of the study is to develop specific recommendations and select design solutions for power
equipment for remote consumers, which will allow converting the energy potential of alternative sources into
other types of energy for their subsequent beneficial use.

1 Experimental technique

To assess the possible use of three experimental power plants by remote consumers, the design
calculation of power plants based on algebraic equations describing their operation was chosen as a research
method. As experimental power plant No. 1, the authors propose a layout of a stationary technical solar
system that can be used to ensure the operation of engineering systems for a residential building of a
detached consumer. The layout of the power plant is shown in fig. 5.

Experimental power plant No. 1 consists of a solar receiver, which is an aluminum corrugated pipeline
with a diameter of d = 0.08 m and a length of 1 = 10 m, which receives the energy of solar rays, a centrifugal

fan and an accumulator. Humid air with a temperature of AT 17 °C is taken from the environment through

the air intake grille and fed into the pipeline by a fan. Aluminum corrugated pipeline is mounted on the south
side of the roof of the building, which is inclined to the horizon at an angle of 30 °.

Owing to the centrifugal fan 2, air moves through the pipeline with a mass flow rate varying in the
range of G = 0.05 ... 0.054 kg/s and a corresponding volumetric flow rate of Q = 0.0417 ... 0.045 m?/s, and at

the same time at the outlet its temperature becomes turns fH = 39...41 °C. Heated air is supplied either to

the room or to the accumulator 3, which is located under the building. The design of the stationary technical
solar system provides for the use of recirculated air from the room and the supply of outside air directly to
the accumulator 3 in the case when the solar receiver 1 is not working (at night or in cold weather).

The design calculation of the power plant is performed in the following sequence.

1. Initial and final parameters of coolants are set.

2. Using the literature recommendations, the speeds of the coolant moving through the pipeline are set.

3. The values of the volumetric and mass flow rates of the coolant are determined by the value of the
velocity.
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4. The power of the heat flow is determined, which is transmitted with the help of solar radiation to the

cold coolant (air).
5. The efficiency of a stationary technical solar system is calculated.
Useful heat flow, which is transferred to the coolant through the pipeline wall, W

@, =Ge,(t, —1;), (1)

where G is the mass flow rate of the coolant, kg/s;
¢, is the specific isobaric heat capacity of air, which in this case does not depend on temperature, ¢, = =

1004 J/(kg " K);
ty is the humid air temperature at the inlet of the pipeline, ¢ 5= 17 °C;

tp is the humid air temperature at the outlet of the pipeline, ¢ h= 39...41 °C.

It was determined that the values of the useful heat flux vary in the range of ®.=1104 ... 1301 W.
The efficiency of a stationary technical solar system is the following:

o, @

where ndl is the pipeline side surface area, m?;

Jc is the total flux density of solar radiation incident on the surface of the pipeline, Jc = 600 W/m”.

It was found that the values of the efficiency of a stationary technical solar system varied in the range of
n=10.59 ... 0.7. As an experimental power plant No. 2, the authors propose a layout for a transportable small
hydroelectric power station, which can be used to produce electrical energy. The layout of the power plant is
shown in fig. 6. Experimental power plant No. 2 consists of a water intake device, a pressure hose, which is a
polyethylene pipe with a diameter of d = 0.025 m and a length of 1 = 5 m, a hydraulic turbine and an electric
current generator.

Water enters the intake device 1 and then, moving along the pressure hose 2, through the inlet pipe
enters the spiral chamber 3 of the hydraulic turbine. The flow of water inside the chamber spins the turbine
impeller and transmits torque to the electric current generator 4, which, during rotation, generates electrical
energy used for the needs of consumers.
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Fig. 5. Layout of a stationary technical solar system in a Fig. 6. Layout of a transportable hydropower station:
residential building: 1 is a solar receiver for solar rays; 2 isa 1 is a water intake device; 2 is a pressure hose; 3 is a
centrifugal fan; 3 is an accumulator (water, granite, spiral chamber of the hydraulic turbine; 4 is an
pebbles); 4 is an exhaust hood; 5 is a gable roof of the electric current generator

building; 6 is an air duct.

Water moves along the pressure hose with a volumetric flow rate, which varies in the range of Q =
=0.01...0.03 m’/s. We assume the available water head to be constant at H = 3 m, the efficiency of the
turbine is Nyw = 0.55...0.95 and the efficiency of the generator is ng, = 0.96...0.97. A small hydroelectric
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power station is operated for 6 months a year due to the freezing of the reservoir in the autumn-winter
period, that is, the time is t = 4320 h.

The design calculation of the power plant is performed in the following sequence:

1. The variety range of the volumetric flow rate Q is set.

2. The available head H is taken as a constant value.

3. Using the literature recommendations for small hydroelectric power plants, the efficiency of the
turbine N, and the efficiency of the generator 1, are determined.

4. The operating time is determined for a small hydroelectric power station (in hours) during the year.

5. Calculate the power of a transportable HPP N at a specific point in time, W.

6. The maximum power is calculated for a transportable hydroelectric power station N, called
installed power, W.

7. The amount of electricity E generated by a transportable hydroelectric power station for the entire
time of operation is determined, kW' h.

It was determined that the amount of electricity generated by the transportable hydroelectric power
station for a fixed period of time varied in the range of E = 740...2220 kW™ h. As an experimental power
plant No. 3, the authors propose a layout of a stall thermal refrigeration unit, which allows preparing and
supplying hot water and heated air to a residential building of a detached consumer. A diagram of the
thermal refrigeration unit that uses the heat of the air removed from the animal stall to heat the coolant is
shown in fig. 7.

The experimental power plant No.3 consists of an evaporator 1, which is located in the animal stall
(room No. 1), a primary heat exchanger 5, a condenser 3, located in a residential building (room No. 2), a
compressor 2 and a throttle 4. A primary recuperative heat exchanger 5 is mounted in the animal stall, which
transfers heat from the air to an intermediate heat carrier (water), which is sent through the pipes to the
evaporator 1 and gives off its heat to freon R12. In the evaporator, freon R12 circulating in the refrigeration
unit boils and enters compressor 2 in the state of dry saturated steam. In the compressor, freon R12 is
compressed and enters condenser 3 in the form of superheated steam.

As a result of the condensation process, freon flows in the form of a liquid into throttle 4 and then it
enters the evaporator 1, and the processes occurring in the thermal refrigeration unit are repeated. The
condensation process is accompanied by the release of heat, which, with the help of an intermediate coolant,
can be used to ensure the operation of an engineering system that replenishes the heat losses of a residential
building. If an engineering system with a working medium “dry air — saturated water vapor” is used in a
residential building, the air must be heated to the specified parameters in a water heater before being
supplied to the working area and then delivered to the room using the air distribution grille 6.

The design calculation of the power plant is performed in the following sequence:

1. The variation range of the volumetric flow rate of R12 freon circulating in the thermal refrigeration
unit is set to be M =0.1...0.3 kg/s.

2. Using the thermal Ts - diagrams of the refrigeration unit for difluoro-dichloro-methane (freon R12)
the thermodynamic parameters of the state at the characteristic points of the cycle are determined.

3. Values of the specific removed q; and supplied q, heat are determined.

4. The specific work of the refrigeration cycle 1. is calculated.

5. The adiabatic power of the compressor drive N is determined.

6. The cooling € and heating ¢ coefficients are calculated.

7. The theoretical volume V, described by the compressor piston in 1 s, is determined.

The stall thermal refrigeration unit operates on a throttling cycle. The boiling point of freon R12 in the
evaporator is to, the condensation temperature is t.. Freon R12 enters the compressor in the form of dry
saturated steam with a temperature t,. Before entering the throttle, the working fluid is supercooled to a
temperature of 7, =¢, —10°C . Freon R12mass flow rate is M = 0.1 kg/s. Let us build a cycle of operation of

a stall thermal refrigeration unit in a thermal Ts - diagram for difluoro-dichloromethane (Fig. 8). The
presented thermal Ts - diagram for freon R12 allows you to determine the thermodynamic parameters of the
state at the characteristic points of the cycle of a thermal refrigeration unit. The results of the 7s - diagram
are summarized in Table 1.

It was found that the heating coefficient remained unchanged at ¢ = 5.25. To implement the reverse
thermodynamic cycle, it is necessary to expend work on the compressor drive. The compressor is driven by
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an electric motor. The main task in this case is the selection of an electric motor with the smallest
power to ensure the economical operation of a thermal refrigeration unit.

To ensure the circulation of freon R12 with a mass flow rate of M = 0.1 kg/s, a piston compressor with
a 2.8 kW drive is required. To analyze the possible use of a stall thermal refrigeration unit the compressor
for a throttling cycle was calculated, results are summarized in the Table 2.

Table 1. State parameters of a cycle of a thermal refrigeration unit

) Working fluid parameters
Point number

t;, °C pi» MPa v, m'/kg hi, kl/kg s, kI/(kg " K)
1 -30 0.1 0.149 559 4.77
2 45 0.75 0.025 596 4.77
3 30 0.75 0.025 587 4.75
4 30 0.75 0.0025 449 4.28
5 20 0.58 0.0025 440 4.25
6 -30 0.1 0.05 440 4.29
-
K
2
% 4 T 4 /\3/
7 7 K
ﬁ [ % T |
Z — g H 5
= l / s
2 Z £
> | 2 To ! %
Z ? 6 @\\6 1 7&\)
S.=S S

Fig. 7. Layout of a house with a thermal refrigeration unit and an  Fig. 8. Operation cycle of a thermal refrigeration
animal stall: 1 - an evaporator; 2 - a compressor; 3 - a condenser;  unit in thermal Ts - diagram for difluoro-dichloro-
4 - a throttle; 5- a primary heat exchanger; 6 - a supply grille for methane (freon R12)

supplying heated air to the room; 7 - a hot water mixer.

Table 2. Compressor characteristics of a thermal refrigeration unit

No. Throttled cycle characteristics Values  No. Throttled cycle characteristics Values
1 G, kg/h 360 8 N'., kW 5.46
2 Vp, m’/h 53.64 9 n 0.725
3 G 7.5 10 N, kW 7.53
4 Ai 0.66 11 Nj, kW 2.45
5 Aw 0.8 12 N,, kW 9.98
6 A 0.528 13 ¢, KW/m’ 798.65
7 V,, m'/h 101.59 14 K, 1.19

2 Results and discussions

For the experimental power plant No. 1, which consists of an aluminum corrugated pipeline with a
diameter of d = 0.08 m and a length of / = 10 m, which is placed on the roof of a building to receive the
energy of solar rays, a centrifugal fan and an accumulator, a design calculation was carried out based on
algebraic equations. It was assumed that the temperature of humid air at the inlet to the pipeline was ¢ =

=17 °C, and the temperature of humid air at the outlet of the pipeline varied in the range of ¢ h= 39...41 °C.
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According to the accepted value of the velocity in the pipeline, it was found that the volumetric flow rate per
second varied in the range of L = 0.0417...0.045 m’/s.

The influence of the volume flow (velocity) of air moving through the pipeline on the efficiency of a
stationary technical solar system was studied. The dependence of the efficiency of a stationary technical
solar system on the volume flow (velocity) of air is shown in fig. 9. An analysis of the presented graph
allows us to establish that with an increase in the volume flow (velocity) of air, the efficiency of a stationary
technical solar system increases. This is due to the fact that with an increase in the coolant velocity, the heat
transfer coefficient of radiative-convective heat transfer increases and the intensity of heat and mass transfer
processes increases.

For experimental power plant No. 2, which consists of a water intake device, a pressure hose, which is a
polyethylene pipe with a diameter of d = 0.025 m and a length of / = 5 m, a hydraulic turbine and an electric
current generator, a design calculation was carried out based on algebraic equations.

It was assumed that water moves along the pressure hose with a volumetric flow rate, which varies in
the range of Q = 0.01...0.03 m’/s. The available water head is assumed to be unchanged at H = 3 m, the
efficiency of the turbine is Ny = 0.55...0.95 and the efficiency of the generator is g, = 0.96...0.97. A small
hydroelectric power station is operated for 6 months a year due to the freezing of the reservoir in the autumn-
winter period, that is, the time is 4320 h. The influence of the volumetric flow rate of water Q supplied to a
small hydroelectric power station on the amount of electricity generated by the generator was studied.

The dependence of the volume of electricity £ generated by the generator on the volumetric flow rate of
water Q is shown in fig. 10.
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Fig. 9. Efficiency of a stationary technical solar Fig. 10. Volume of electricity generated by the generator versus
system versus the volume flow (velocity) of air the volumetric flow rate of water

An analysis of the presented graph allows us to establish that with an increase in the volumetric flow of
water entering the small hydroelectric power station, the generation of electric energy by the generator will
increase. For the experimental power plant No. 3, consisting of an evaporator located in the animal stall, a
primary heat exchanger, a condenser located in a residential building, a compressor and a throttle, a design
calculation was carried out based on algebraic equations. It was accepted that the variation range in the
volumetric flow rate of R12 freon circulating in the thermal refrigeration unit is M = 0.1...0.3 kg/s. Using the
thermal Ts-diagram for freon R12, the thermodynamic parameters of the state at the characteristic points of
the cycle of the thermal refrigeration unit are determined. It was found that the total cooling capacity varied
in the range of Qo= 11.9...35.7 kW, and the specific work of the cycle remained unchanged at /. = 28 kJ/kg.
The theoretical power of the compressor drive of the thermal refrigerating unit varied in the range of N =
=2.8...8.4 kW. It is established that the cooling coefficient is € = 4.25, and the heating coefficient is p= 5.25.

The effect of the volumetric flow rate of R12 freon circulating in a thermal refrigeration unit on the
compressor drive power of a thermal refrigeration unit was studied. The dependence of the compressor drive
power on the volume flow rate per second is shown in fig. 11. An analysis of the presented graph allows us
to establish that with an increase in the volumetric second flow rate of freon R12, the power to drive the
compressor increases. To ensure the circulation of freon R12 in a thermal refrigeration unit with a mass flow
rate of M = 0.1 kg/s, it is most economical to use a piston compressor with a 2.8 kW drive, since the cost of
electrical energy in this case will be minimal.
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Fig. 11. The compressor drive power on the volume flow rate per second.

Conclusion

1. For the power plant No. 1, using the proposed research method, the variation ranges in the main
operating parameters were determined, namely, the volumetric flow rate of the cold coolant is L =
=0.0417...0.045 m’/s, the mass flow rate of air is G = 0.05...0.054. It is recommended to operate a stationary
technical solar system at these parameters in order to obtain a coolant temperature at the pipeline outlet of
1,=39...41 °C.

2. The temperature range for the air obtained at the outlet of the pipeline is quite sufficient to ensure the
operation of the engineering system that compensates for heat losses in the building.

3. The variation range of the efficiency of a stationary technical solar system for given operating
conditions was determined to be 1 =0.59 ... 0.7.

4. The temperature of the air at the outlet of the pipeline can be maintained around the clock by using an
accumulator (water, granite, pebbles) during those periods of time when there is no solar radiation (at night
or in cold weather).

5. The design calculation of the power plant made it possible to establish the operating ranges for
changing the main operating parameters. When conducting full-scale experiments using experimental power
plant No. 1, it is possible to expand the program of experiments by organizing a developed discretely rough
outer surface of an aluminum corrugated pipeline using rings that must be installed on it at the same distance
from each other. Periodic destruction of the boundary layer and turbulence of the flow in the region between
the ridges is an additional way to increase the heat transfer coefficient, which can be used to increase the
efficiency of the power plant No. 1.

6. For the power plant No. 2, using the proposed research method, the variation ranges in the main
operating parameters of a small hydroelectric power station were determined, at which it is recommended to
operate the power plant: the volumetric second flow rate varied in the range of O = 0.01...0.03 m’/s, the set
power varied in the range of Ny, = 171.3...513.9 W, the amount of electricity generated by a transportable
hydropower plant for # = 4320 h varied in the range of £ = 740...2220 kW"h.

7. A direct relationship was established between the volumetric flow of water entering a small
hydroelectric power station and the generation of electrical energy by a generator.

8. The main advantages of a small hydropower plant are mobility, relatively low cost and ease of
maintenance. In this regard, if necessary, the electric current generator can be upgraded into a power unit for
converting hydraulic energy into mechanical energy, or this power plant can be used to supply water to
remote consumers.

9. For the plant No. 3, using the proposed research method, the thermodynamic parameters of the state
were determined at characteristic points of the cycle of the thermal refrigeration plant. It was found that the
total cooling capacity varied in the range Qo = 11.9...35.7 kW, the specific work of the cycle remained
unchanged /. = 28 kJ/kg. The cooling coefficient € = 4.25, and the heating coefficient ¢ = 5.25.

10. A direct relationship was established between the change in the volumetric second flow rate of freon
R12 and the power to drive the compressor.

11. It was found that the change in the volumetric second flow of freon R12 does not affect the values
of the cooling and heating coefficients.
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12. The values of the cooling and heating coefficients depend only on the nature of the working fluid
circulating in the thermal refrigeration plant.

13. The main advantage of a thermal refrigeration machine with an animal stall is that the use of
physiological heat of animals as low-grade heat saves significant costs during construction and operation
compared to power plants that use geothermal heat from the earth and the heat of rivers, lakes and rivers as a
low-temperature source.

14. The results of the calculation showed that a thermal refrigeration unit with a 10 kW drive with a
heating coefficient of ¢ = 5.25 can provide 52.5 kW of heat. If the animal stall contains 300 pigs or cows, it
is recommended to operate the thermal refrigeration unit without an additional energy source.

15. A stall thermal refrigeration plant does not generate thermal energy, but "pumps" it from the
environment. At the same time, less electrical energy is spent on the "pumping" of heat than on the
generation of thermal energy. Thus, 1 kW of electrical energy gives 5.25 kW of thermal energy.

16. It has been established that for each paid 1 kW of electrical energy, we will receive 4.25 kW of free
thermal energy.
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An evaluation of the performance of the Iraqi environments in terms of electrical, thermal and exergy
efficiency is introduced in this study. The research is carried out in May 2022, in the Baghdad metropolis. The
extraction process of heat from the photovoltaic units which arises from the coolant liquid mass flow rate deem as
an essential point. The experimental studies were implemented by absorbing heat energy behind from the
photovoltaic cell's surface in insulated conditions and using a cooled water unit. The results indicated that at a
mass inflow rate of 0.2 kg/sec, the maximum average total efficiency of the system was recorded 22%. As a result,
it is advised that to reduce the payback interval, it is possible to design efficient solar photovoltaic—thermal
systems to promote the whole system's efficiency and lower the payback interval.

Keywords: Solar Energy, Energy and Exergy, Hybrid Solar PV/T Collector.
Introduction

Renewable energy become an indispensable resource due to several challenges represented by
increasing energy cost production, the population rising comes with increases in the power demand notably
the limitation of fossil fuel resources. All of these reasons motivated the researchers to search on finding for
alternating energy resources. Renewable energy is characterized by low cost. One of the outstanding
sustainable energy resources is solar power. In this vein, it can be classified into two kinds of resources
thermal and photovoltaic energies in other words conversion of solar power into thermal and electric energy,
respectively. Generally, in energy applications, these systems PV and thermal are applied separately;
however, it can adopt both simultaneously. It is noteworthy that such schemes (PV/T) have an energy
efficiency greater than that of PV and solar thermal techniques as endorsed in the literature by several
scholars. In this regard, the authors in [1] presented a new technique called BIPV/T aiming to drop the power
consumption in the facilities. In accordance with the results, the authors claimed that an efficiency of 7.6%
could be administered in terms of passive cooling in the summer, while about 12.5% was provided in winter.
Previous studies have reported that to improve a PV system efficiency cooled with nano-fluids employing an
adaptation technique called neuro-fuzzy inference system (ANFIS), the factors of solar irradiation, the nano-
fluid inflow rate, and various parameters of nano-fluids were investigated [2]. More recent attention has
focused on a BIPV/T approach comprising the phase alternating of material or so-called phase change
material (PCM). Such a study was conducted based in Tehran, the capital of Iran. The research reported that
the optimal thickness of PCM was measured to be 77.2 mm. Much of the available literature on the payback
period deals with the question of period reduction. Renewable energy resources can reduce the annually
emitted of CO, by 3.3 years of energy payback period. Besides that, a controlling load technique could apply
by load OFF-ON according to energy demand along with energy storage unit aiming to expense operation
reduction. On the other hand, the micro-grid could control the energy between the power network and the
upstream grid, wherein several approaches were proposed to model energy management toward declining the
expense operation [4-7]. More recent attention has focused on the light into electricity conversion unit
combined with the airflow as a coolant system [8]. In addition to geometrical design, the work emphasised
cell temperature, solar intensity, and mass inflow rate (MFR). The primary object was to enhance energy
production. Various parameters were studied to investigate the hybrid schemes behavior based on different
approaches applied in the simulation processes [9,10]. In this context, the author in [11] used Matlab
simulation to validate the water-cooled unit with the outdoor conditions model. In transient conditions, the
system PV/T provided an acceptable performance regarding the outlet temperature data. According to the
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results, the system response was quick to the change in wind speed. The RMSD for outlet temperature and
Pel were 2.07%, and 4.15%, respectively as recorded in May.

Previous studies in [12] have reported introducing a novel method of a water-cooled PV/T strategy
composed of a Toddler layer mounted with water tubes organized in parallel form. In conclusion, the
research revealed that thermal efficiency dropped to 40% out of 70% upon the increase in wind speed. Based
on a 3-dimensional prototype applied to a polymer (3-hexylthiophene), the authors in [13] introduced an
analytical module for a hybrid solar collector utilizing Matlab software and Comsol v.5.4. In comparison
between polymer-based PV/T prototype monocrystalline-silicon-based PV/T collector units it is found that
the first module has 6.57% lower and 85.77% higher for electrical efficiency and thermal efficiency,
respectively. In this context, for PV/T systems, a development was introduced based on physical quasi-
Steady thermal and transient thermal. The results appeared that both modules achieved identical results.
Further, the systems were greatly influenced by the temperature.

The scholars considered that the TRNSY'S tool might be the most suitable instrument for the simulation
of energy systems. The reason is that it has the capability to simulate transient and dynamic processes
[15,16]. For example, Klein [17] has formed a PV/T design in the TRNSYS software called type 50. In the
literature, several types were exhibited to illustrate were introduced on how the product transmissivity T —
absorptivity o was applied besides the calculation of thermal losses [18-22]. Also, these studies have
emphasized the thermal behavior of the PV/T unit, on the other side; researchers have not treated electrical
behavior in much detail. Therefore, this work highlighted the general behavior aiming to increase the
electrical-power output of the photo-voltage unit.

1 Experimental Strategy and Mathematical model of PV/T Unit.

The unit contains one identical separated pair of PV solar photovoltaic panels. The highest power at the
output is 60W with rated current and voltage 2.61A, and 23V, respectively, and the panel's dimensions of
0.44m’. Regarding the design, the first panel is composed of two systems. The first was manufactured so that
a film of water ran over its top shell made with no front glass, while the other system was utilized to exploit
the generated heat by the panel. On the other hand, the second-panel work as a traditional unit. Figures la
and b show the system under investigation and showing the water tube comes with a slit at the top of the PV
panel, pumping system and the heat exchanger.

The next paragraph shows an illustration of how the system works. The water is distributed in a thin
film after being pumped through the slit by a pump machine working with 0.25 HP, the inflow velocity is 1
lit/min. Another tiny tube comes with fins that work as a heat interchanger and consumer of heat acquired by
the water and also operates as heat dispersion maintaining the heat degree at a constant level. Note that the
water will be at the required temperature upon inflow to the panel surface.

In this work, the load of (8.7 Q) was adopted aiming to obtain the highest value of power at the output.
Next, using an Omega-type millimeter device the current and voltage were recorded with the accuracy of 1
mill ampere and 1 millivolt, respectively. The angle degree of panels is mounted to face the south direction
at 45°. At the same slop of panels, the Kimo SL100 solar meter device (use for measuring the irradiance) was
mounted at the corner of one of two panels. Additionally, the ambient heat was recorded in the shaded area
over a systematic time. Also, to measure the upper/lower heat of the panels, Patch-model thermocouples (k-
model) were employed. For more convenience, it used a surface probe to measure the upper side heat degree
of the panel. The recorded heat value was 1.5 °C, which was higher than that of the back of the panel.

Thus, was adopted 1.5 °C was a heat value difference between them. Using thermocouples (k type)
fixed at the finned tube end, the heat degree of the water prior to moving over the panel and the water heat
degree is sticking out of the heat interchanger. Every 10 minutes, the data was collected over the period of 30
days in Baghdad, May 2022 (latitude 33.34° and longitude 44.1°). The next hypotheses were adopted to form
the energy balance equation based on each PV/T solar collector element. The first is ignoring the heat
capacity of the PV/T collector, and the second, owing to the constrained condition of the procedure, heat
stratification in the water of the reservoir was excluded, third, the thermal distribution was considered to be
constant over the entire system.

The losses due to the resistance were ignored as it was very small. Also, we used no as an indication of
total efficiency as this symbol is communally utilized in the literature upon calculation of the PV/T
performance [19].

Mo =M+ Mg (D
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Where nt and ne are, the thermal and electric production efficiency of the PV/T unit, respectively. Take
into consideration that electric power is higher than thermal power. The inflow rate parameter (FR) is taking

the form:

UL FAm ( mC¢ )
F,=1—e ¢ \UAm )

The solar-panel complex competence, F', gives the following formula

1
F=—v—wy €)
FW-FD+D Dhn

At Flow
Valvel Ir2P meter Valve 2

;n@.‘r.»

‘Water Tank

&
&
P
Control circuit for -
pump and fan l S b
L || vatves
L :
Se DC power :
MPPT battery @ Yump
charger (PVT)
Filling spout with 4
MPPT battery level indicator i
charger (PV)

€=
Data Logger |
Meteorology Data ] :

Fig. 1. Pumping system of empirical integrated Photovoltaic/Thermal (PV/T) design:
a) — photo; b)- scheme



60 ISSN 1811-1165 (Print); 2413-2179 (Online) Eurasian Physical Technical Journal, 2023, Vol.20, No.2(44)

F represents the fin competence, and it takes the formula below

tanh(w—D),z/UL/Ka
~ (W-D)/Ui/Ko 4)
2

The general heat-losing parameter (UL) and thermal competency of the PV/T unit (nt) take the
expression below:

__Mneletlcat

o =0 )

According to the defined variables

Ta=Ts
Ne = Frra — FRULT)f (6)

The electric competency relies on the heat degree of the PV unit and the cell heat degree (Tc) is given
in the expression below.

Ne = Nh(1 = BoTh — 25B,) @)
Te=T,+ (=9 ®)

Where the transmission-absorption parameter ta and the general HT factor U take the expression below
0.86 and 0.8 W/m*°C, respectively [19].

2 Results and Discussions

This section explains the outcome of these discussions. As it was mentioned earlier, the data were
collected in May 2022. Figure 2 presents the variation in solar intensity gathered by the panels' surface. The
greater the solar intensity, the higher the heat level, as illustrated in Figure 3.

In Figure 3, red curve shows radiation, blue curve presents cell temperature of PV, and green curve
presents cell temperature of PVT. It was noted that the increase in radiation quantity from PV/T and PV units
led to increasing the heat degree by 1.2C and 5.4C for the photovoltaic/thermal and photovoltaic units,
respectively. Furthermore, it was discovered that on May 25, at 12:00, the highest point of the temperature of
the photovoltaic module was 65 °C, while it was 32 °C for the photovoltaic/thermal module, and that it then
decreased. And the cell temperature has been maintained in the range of 20-30 °C.
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Fig. 2. Variation of irradiance over 24 hours. Fig. 3. Solar intensity and cell heat level of PV and
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Furthermore, the results indicated that photovoltaic or thermal systems provided approximately 0.09%
of the energy savings for various MFRs. This indicates that such a system has greater efficiency than
traditional solar energy modules. In general, several factors can influence PV/T performance. For example,
electrical and thermal transformation is influenced by parameters such as MFR, inlet and outlet water heat
degrees, solar irradiance, the surrounding temperature, wind acceleration, and system orientation concerning
the solar ray. On the other hand, the higher the temperature, the greater the decrease in unit efficiency. For
instance, increasing the temperature by 3C led to a 0.2% decrease in efficiency. Even more, the experimental
results demonstrated that higher electric conversion occurred at 55 °C and 1700 W/m?, as shown in figure 4.

Furthermore, for various inflow rates, the electric efficiency ranges between 7 and 9 per cent. For
instance, when the inflow rate is 0.004 kg/sec, the efficiency of the model is between 6 and 8 per cent, as
shown in Figure 5. Regarding thermal efficiency, for various inflow rates, the value ranges from 20.67% to
110.67%. For example, the thermal efficiency was 60.67% and the average was 63.43%, while the lowest
average efficiency was 50.03% for the MFR of 0.8 kg/sec.
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Concerning the entire efficiency, which represents the total electrical and thermal efficiency, Figure 6
depicts the photovoltaic/thermal performance. As can be seen, the range is 60.39% to 80.95% for different
inflow velocities. In this context, the highest value exceeded 78.45% for a MFR of 0.8 kg/sec, and the lowest
average overall efficiency was seen to be 59.67%.
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The difference in energy competency of photovoltaic and thermal for various MFRs of water. For
different MFRs, the energy competency of photovoltaic and thermal systems ranges from 6.34% to 17.65%.
The highest exergy efficiency was seen at 11.13% for a MFR of 0.8 kg/sec, as shown in Figure 7.

Figure 8 provides a comparison between different inflow rates in terms of energy-saving savings from
solar PV/T. From the figure, it can be observed that the efficiency ranges from 30.35% to 90.45%, with the
highest energy-saving efficiency reaching 50.34% for a MFR of 1 kg/sec. Figure 9 depicts the different heat
degrees between the photovoltaic/thermal unit's inlet and outlet water temperatures (Ts-Tg,) and for MFRs
ranging from 0.2 kg/s to 1.6 kg/s various solar intensity quantities.
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Further, the change in temperature of solar radiation temperature from 2 °C to 4 °C caused a change in
the inlet and outlet temperatures, consequently causing a change in MFRs from 0.2 kg/s to 1.6 kg/s,
respectively, at each 100 W/m>. As can be observed, the higher the radion intensity, the higher the difference
in temperature, and the higher the average inflow rate. Table 1 depicts the relationship between radiation
intensity and temperature differences.

It is worth mentioning that the photovoltaic heat degree ranges between 50°C and 66°C, and for
photovoltaic/thermal units, ranges between 40°C and 70°C at the solar intensity of 1700 W/m?.

Table 1. Thermal competency expression of PV/T collector.

Mass inflow rate (kg/s) Expression

0.2 N =0.32-2.362 x AT / I,
0.4 N =042 -3.652 x AT /1,
0.6 N =0.51 -4.821 x AT /1,
0.8 N =0.63 —5.345 x AT /1,

1 N =0.72-6.23 x AT / I
1.2 N =0.81 -7.341 x AT /1,
14 1. =0.93 —8.589 x AT /I,
1.6 N =123-9912 x AT /1,

As depicted in Figure 10, the efficiency of these two systems was 10.64% and 18.75%, respectively. In
this vein, it can be concluded that PV/T efficiency outperforms the PV unit by 23.36%. The total electric
product of both modules was 1300 W/m® and 1700 W/m?, respectively. On the other hand, the entire solar
intensity was 7450 W/m” on the test day. Figure 11 presents the whole electric efficiency produced by these
two modules, which was 18.2% and 12.5%, respectively. In Figure 11, red curve shows electricity generated
(PVT), blue curve presents radiation, and green curve presents electricity generated (PV). In comparison, 6%
of energy production by PV/T is higher than that by PV module. The same scenario has been recorded at
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13:00 for both modules. Finally, good agreement was found between the theoretical and experimental
results; the differentiation could only be attributed to the losses in the cable and device errors.
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Conclusion

The most obvious finding to emerge from this study is that the module PV/T provides better-performing
PV units, where the highest efficiency of the electrical system was 18.2%. This is demonstrated by the whole
efficiency that arose from the PV/T system: 50-80% for the MFR of 0.2 kg/s with an efficiency of 22%.
Also, with an MFR of 1 kg/s, the exergy efficiency ranges from 8% to 22%. The highest average exergy
efficiency measured for the MFR of 0.8 kg/s was 10.64%. Concerning thermal performance, it was found
that the highest value of thermal efficiency was 60%. The average efficiency increases as the MFR increases
compared to the PV unit. Using the active cooling method, the PV efficiency is 12.5 per cent; thus, it
provides an indication of promising results at 70 °C and the MFR of 0.2 kg/s. Both modules have similar
behaviour in terms of electric generation. Finally, the amount of PV/T was 11300 W/m* compared to 1700
W/m’ for the PV module, and the whole solar intensity was 7450 W/m” per 24 hours on May 25, 2022.
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Nomenclature

A, Area of PV module UL Overall heat loss coefficient (W/m” °C)
Ce Fluid specific heat (kcal/kg °C) \\% Width of the tube spacing (m)

D Diameter of copper tube (m) o Absorptivity of glass

F Fin efficiency factor Bo PV temperature coefficient ("C™")
F Flat plate collector efficiency factor 0 Plate thickness (m)

Fr Flow rate factor AT Temperature difference (°C)

m Fluid flow rate (kg/m’) N Thermal efficiency of PV/T collector
Ty Fluid inlet temperature (°C) Mo Overall efficiency of PV/T collector
Tg, Fluid outlet temperature (°C) ne Electrical efficiency

T, PV cell temperature (°C) nc PV cell efficiency

T, Ambient temperature (°C) T Transmissivity of glass
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In this article, a wind power plant with a horizontal axis of rotation operating under conditions of variable
wind speeds is considered. For this purpose, a mock-up of a wind power plant with rotating combined blades was
made. During the experiments, the angle of the fixed blade relative to the cylinder changed from 0° to 60°, in
increments of 15 °. The air flow rate varied, from 3 to 12 m/s. The analysis of the results of the experiment on the
change of the rotation frequency from the air flow velocity of the wind power plant is carried out. When changing
the position of the fixed blade (0°, 15°, 30°, 45°, 60°) the value of the thrust force changes relative to the air flow
in direct proportion. As the air flow velocity increases, the rotation frequency of the wind wheel increases
linearly. It was found that when the fixed blade was positioned at an angle of 60 degrees, with a maximum air
flow velocity of 12 m/s, the thrust force reached 2.06 N. Due to the combined use of two lifting forces, such as a
cylinder and a fixed blade, increased thrust values are observed. The results obtained are useful when creating
prototypes of a wind power plant with combined blades.

Keywords: wind power plant, flow velocity, combined blade, wind tunnel T-1-M, thrust force, rotational speed.
Introduction

Central Asia belongs to the regions where there are favorable conditions for the use of wind energy.
The republics located in this region have huge, almost inexhaustible reserves of wind energy [1]. Wind
power industry of Kazakhstan continues its dynamic development. Our country, following the global trend,
is systematically working to increase the number of renewable energy power plants. Therefore, it faces the
same challenges as other types of power plants using alternative energy sources. First of all, it is currency
risk, stabilization of legislation, development of local content and small generation [2].

The use of wind turbines for electricity generation is the most efficient way to utilize wind energy. The
efficiency of converting mechanical energy into electrical energy in an electric generator is usually up to
95%, and the loss of electrical energy during its transmission does not exceed 10%. The requirements for the
frequency and voltage of the generated electricity depend on the characteristics of consumers of this energy
[3]. The use of installations and devices using renewable and other new energy sources is now becoming
especially important due to the problems caused by the so-called energy crisis, the shortage of hydrocarbon
fuel, the tasks of saving it and environmental degradation [1-3].

Wind turbines are divided into installations with a horizontal or vertical axis of rotation. It is necessary
to find out which of these wind turbines are most adapted to work in the conditions of the wind regime of the
Republic of Kazakhstan. It should be noted that in most of the leading countries in the field of wind energy,
wind turbines with a horizontal axis of rotation are used, which, as a rule, are a tall tower with long thin
blades and a large diameter of the wind turbine. The blades have a flat convex or other similar profile, and
the lifting force effect (the pressure difference on the opposite surfaces of the blades) is used as the basis of
their operation [4]. The main problem that one has to face when using wind energy for energy supply to
consumers is the variability of wind speed [5]. In recent years, there has been a growing demand for the
development of renewable energy sources, the use of which minimizes environmental problems. Among
alternative energy sources, wind generators are one of the most common. [6].

Of particular interest are rotating cylindrical combined wind turbines that operate efficiently at low
wind speeds [7]. To improve the efficiency of such a wind turbine, it is necessary to study the aerodynamic
characteristics of its elements, i.e., the system of transverse rotating cylinders, ways of optimization.
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Accordingly, this work is relevant from a scientific point of view, in practical application. Previously,
reviews of scientific research on the development and creation of wind turbines with horizontal and vertical
axes of rotation were studied in detail. Works of domestic scientists were studied. A diffusor-type wind
power plant is known, developed by the Doctor of Technical Sciences, professor Baishagirov H.Zh. [8].

At the Institute of Mining named after Kunaev D.A., under the leadership of Buktukov N.S. a promising
design of the «Buktukov WPP» was developed [9], in which the change in the area of the swept surface
occurs not by shifting the half-cylinders, but by turning, which allows a significant increase in power (many
other domestic studies on the development of wind turbines were also studied in detail). As a prototype of
the aerodynamic element that creates the Magnus effect on the blades of a wind turbine, the aerodynamic
element described in [10] was adopted. The disadvantage of this wind turbine is the huge consumption of
electricity for the operation of the drive. A distinctive feature in this work from the previous ones is the
mutual combination of two different blades (rotating cylinders and fixed blades), which ensures high
aerodynamic quality of the wind turbine.

Comparisons were made with experimental data with other authors of papers that describe studies with
wind turbines with a horizontal axis of rotation. This wind turbine is unique compared to others, since the
rotation of the wind wheel and the generation of wind energy starts from 3 m/s of air flow.

1 Experimental methodology

The purpose of this work is to analyze experimental studies of the aerodynamic characteristics of the
movement of a horizontally-axial rotating cylindrical combined wind turbine in a variable flow. The research
work was carried out in the laboratory «Aerodynamic Measurements» of the research Center «Alternative
Energy» of the Faculty of Physics and Technology. A model of a rotating cylindrical combined wind turbine
was developed, which was subsequently studied at different wind speeds in a transverse air flow.

Figure 1 shows an image of the location of the experimental installation on the working part of the wind
tunnel, where the fixed blade is located at an angle in different directions relative to the axis of rotation of the
cylinder.

Fig.1. The location of the experimental installation on the working part of the wind tunnel

The test sample is placed in the working part of the wind tunnel and attached to the aerodynamic scales
using a thin metal tensioner to reduce the resistance of auxiliary elements. Figure 2 shows how a fixed blade
forms an angle (0°, 15°, 30°, 45°, 60°) relative to the distance of the axis of rotation of the cylinder. The tests
were carried out with a horizontal axial combined wind turbine with a flat cylindrical rotation.

The air flow velocity varied from 3 to 12 m/s, the total diameter of the wind wheel D = 50 sm, the
diameter of the cylinders d= 0.5 sm, the length of the cylinders 21 sm, the length of the fixed blade 23 sm.
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Fig. 2. Two-bladed cylinders with fixed blades

2 Research results

The aerodynamic characteristics of this model are determined - the thrust force and the rotational speed
of a rotating cylindrical combined wind turbine at flow rates from 3 m/s to 12 m/s. As the wind speed
increases, we see that the rotation frequency of our wind turbine also increases, which can be seen in the
graph below. We determine the speed of rotation using a contactless tachometer (Fig 3).

Figure 4 shows a graph of the dependence of the thrust force of the layout on the wind speed. In Figure
4, we see an increase in the thrust force as the flow velocity increases from 3 m/s to 12 m/s. As can be seen
from the dependence, with a maximum air flow velocity of 12 m/s, the thrust force values reached 0.9 N at 0
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degrees, 0.97 N at 15 degrees, 1.29 N at 30 degrees, 1.09 N at 45 degrees, 2.06 N at 60 degrees, then the
thrust force stabilizes, i.e. no increase is observed.
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Fig. 3. Dependence of the rotation frequency of the layout on the wind speed
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Fig.4. Dependence of the thrust force of the layout on the wind speed

Changing the angle of inclination of the fixed blade changes the curvature of the profile. Thus, it
becomes possible to increase the traction force in an effective way. In the frontal part of the cylinder up to
the point of separation of the boundary layer, there is a gradual delamination of the experimental data for
different aspect ratios and inclination of the fixed blade. With an increase in the length of the cylinder, the
value of dimensionless pressure at a fixed angle decreases, a gradual transition from the pressure distribution
characteristic of spatial motion — flow around the cylinder to the pressure distribution characteristic of plane
motion — flow around an infinitely long cylinder is manifested. In this case, this angle where there is a
deterioration in the rotation of the blades is 45 degrees, where the thrust force decreases.

Further, with a change in the angle of inclination of 30 and 60 degrees, a gradual increase in the thrust
force is observed, which is a positive result for the rotation of the blades.

Since we know that when the wind speed increases, the lifting force also increases, we can conclude
that when the wind speed increases, the thrust force also increases, since the thrust force manifests itself in
the pressure drop over the cylinder. The lower part of the cylinder operates at high pressure, while the upper
part operates at low pressure. The pressure difference from above and below causes the thrust force.
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Conclusion

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

- A mock-up of a wind power plant with combined blades, in the form of a rotating cylinder and fixed
blades, has been developed and created in order to increase the thrust force of the wind turbine.

- The novelty of this work is the optimal choice of operating and geometric parameters in the form of
rotating cylinders and fixed blades, as well as the angle of inclination of the non-rotating blade (optimal
degree of inclination).

- Experiments were carried out to study the thrust force and rotation frequency of the wind wheel
depending on the change in wind speed, at different angles of the fixed blade relative to the cylinder.

- It is determined that at the set angle of inclination of the fixed blade of 60 degrees and at a wind speed
of 12 m/s, the maximum values of the rotation speed of the wind wheel of 350 rpm and the thrust force of
2.06 N are obtained.

The practical application of the work is that due to the addition of fixed blades by the wind wheel, a
more complete use of wind energy is provided during rotation. The proposed wind turbine with combined
blades is effective because it starts the rotation of the wind wheel from 3 m/s. This wind turbine is suitable
for autonomous alternative power supply in the field.
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Aramide- epoxy-filled composites are widely used for manufacturing in the structures of modern aerospace
vehicles. Not only do they have excellent mechanical properties, but they are also radio-transparent materials for
wave transmission. In this work, an epoxy-filled composite and a fibreglass were made by vacuum infusion for a
comparative study on radio transparency and dielectric permittivity. The radio transparency of the materials
analyzed has been evaluated by measuring in free space in the frequency ranges of 1-6 GHz. According to the
results of radio transparency, aramide- epoxy-filled composite suffers less electromagnetic wave losses than in
fibreglass. When measuring the dielectric permittivity of the aramide- epoxy-filled composites, a low average
value of 2.874 has been set, whereas for the fibreglass is defined at 4.

Keywords: aramide-epoxy-filled composites, fibreglass, epoxide resin, radio transparency, frequency,dielectric
permittivity.

Introduction

Radio transparency is the low loss capacity of radio materials to transmit radio waves across a broad
frequency range [1]. The radio-transparent materials include organic and inorganic dielectrics that allow
transmission of electromagnetic radiation of the radiofrequency range of 10° - 10'> Hz. [2]. The transparency
of these materials for radio waves is ensured by choosing dielectrics with small values of dielectric
characteristics (dielectric dissipation factor tgd < 0.02, dielectric permittivity € = 1.1-9.0) and relevant
electrodynamic calculation of layer thicknesses [3]. In other words, the lower the dielectric permittivity, the
more radiotransparent the material is. The reducing the dielectric permittivity and dielectric dissipation factor
can reduce the capacitance and time delay of a signal to improve signal transmission in antenna, fairing. The
selection of materials for manufacturing the fairing makes necessary the maximum optimization of
mechanical and electrical properties for the effective functioning of radar systems of supersonic aircraft [4].

The polymer composites with fibers, which have low extended defects [5], are very promising as radio-
transparent materials. One such material is polymer composites reinforced with aramid fiber that is the
aramide epoxy-filled composite (AEC). They have low dielectric permittivity, low dielectric absorption
losses, and outstanding mechanical characteristics, this is why they are widely used for manufacturing of
fairings, stabilizers and vertical fins in the modern airplane industry [6-8]. The dielectric properties of AEC
are important parameters since they directly affect the speed and loss of the wireless power during signal
transmission. The precise measurements of the dielectric properties of AECs can provide engineers and
researchers with valuable information that can be used to optimize the performance and characteristics of its
designs [9-11].

Over the years, numerous papers [ 12-18], have been reported on the study of the dielectric properties of
AEC. The authors' efforts apply various methods to improve the radio transparency of composites (dielectric
performance degradation). According to the authors of the review paper [12], there are two simple ways to
reduce the dielectric permittivity (DP) of composites. The first is to reduce the number density of the dipole
by inclusion of air, and the second - to alloy with fluorine element in order to reduce the polarizability of the
dipole in the composite material.
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A group of several researchers believe that combining aramid fiber (AF) with fibreglass results in lower
dielectric characteristics. L. Yao et al. [13,14] have investigated the dielectric properties of composites,
reinforced AF, and three-dimensional hybrid composites by the rectangular waveguide method. They found
that the hybrid composite SA7C5A (A — aramid fiber and C — fibreglass) had the lowest DP, which is even
lower than 17A pure aramid composite. Under the charge of Choi and Chin [15,16], authors have used the
free space method, to characterize the effect of a damaged faceplate from the AEC on the wave transmission
characteristics of the fairings. The hybrid composite nearly invisible fairings were designed as a composite
sandwich construction consisting of E-glass/aramid/epoxy. The hybrid composite low-visibility fairing with
HF2 face has met the requirements for transmission characteristics of electromagnetic waves with
transmission coefficient of 81 % at the resonance frequency of 8.50 GHz and bandwidth of 0.84 GHz. The
following article [17] has considered a combined dielectromechanical test method based on the free-space
method and a mechanical testing machine. DPC of aramid/epoxy, epoxide resin (ER) and fiberglass/epoxy
composites were measured under different deformation conditions. It was found that the DP of composites
increases with increasing strain, while the tangent of the angle of dielectric losses remains unchanged. In
[18] paper, nearly invisible fairing was made with an AEC face and a foamed core for low-observability. The
dielectric constant and AEC dielectric dissipation measured by free space measurement were 3.742 and
0.018, respectively. The maximum transmission rate was 83 % at a bandwidth of 0.99 GHz for the
transmission rate greater than 80 %. As it turned out, the composite with aramid fiber was superior in
dielectric characteristics. Despite these and other high-quality studies, hardly anything is known about the
dielectric properties and radio transparency of AEC, and more experimental research in this area is required.

The purpose of this work is a comparative study of radio transparency and dielectric permittivity (DP)
of aramid epoxy-filled composite and fibreglass (FG) samples obtained by measuring in free space.

1 Materials and methods

For the manufacture of AEC and FG, ER of L grade was used as a binding substance (PoxySystems,
Germany) with EPH hardening agent. The 3300 dtex aramid fabric has been used as reinforcing filler (Teijin,
Netherlands) and Ortex 360 - 300 g/m” fibreglass (OOO Altair M, Russia). AEC and FG has been made by
vacuum infusion method. The detailed description of the methodology is presented in our previous paper
[19]. The dimensions of the AEC and FG have been designed specifically for measuring radio transparency
in the approximate A3 format, which is shown in Figure 1.

Fig.1. Sample of AEC with A3 size

The dielectric properties of AEC and FG samples were measured using measuring equipment of the
SLLP “Institute of Space Engineering and Technology” (ISET) in an anechoic shielded chamber (ASC) by
free-space measurements. The measurements of radio transparency of the material sample (electromagnetic
wave transmission coefficient) have been performed by comparing the levels of electromagnetic radiation
between the transmitting and receiving horn antennas in the presence of sample and without it according to
Figure 2. The configuration of equipment used to measure the radio transparency of a material sample:
N9010B Keysight spectral analyzer with measuring receiver of electromagnetic radiation, Signal Generator
type waveform generator, P6-23M/2 horn antenna. The measurements were taken in the anechoic screened
chamber.
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The radio transparency is measured in the frequency band of measuring horn antenna and devices 1+6
GHz. The measured material sample in the diagram has no contact with the antennas. A3 format sample area
exceeds the aperture area of horn antenna by 20-25 %, which is in good agreement with measurement
method, when the maximum electromagnetic energy in the antenna directivity diagram passes through the
sample, rather than flowing between the antennas by passing the sample. When measured in the frequency
range from 1 to 6 GHz, there was unevenness in the intrinsic transmission characteristic of the horn antennas
in the range from 4.5 to 6 GHz approximately. In this respect, during measurements the whole range was
divided into two sections: 1+4 GHz and 4+6 GHz, for a more accurate presentation of the results. For each
section, measurements were taken three times.

2 Results and discussions
2.1 Results of materials radio transparency measurements

Figure 3 demonstrates one of the three measurements of the electromagnetic field attenuation of the
AEC sample in the 1+4 GHz band - trace 2 in blue, against the background of the antenna transmission
coefficient in air (without sample) — trace 1 in yellow. 1, 3, and 5 markers correspond to yellow trace 1, and
markers 2, 4, and 6 correspond to blue trace 2 with the pattern. The numerical values of frequencies and
attenuations are given in the Marker Table at the bottom of the pictures (screenshot).

The comparison should be made by markers located at the same or close frequency: 1 and 2, 3 and 4, 5
and 6. For example, in Figure 2, marker 1 corresponds to the frequency f=1.230 GHz and attenuation 23.18
dB/mW, and marker 2 has a frequency of 1.240 GHz and attenuation — 23.53 dB/mW. The difference in
attenuation due to losses in the material: 23.53 — 23.18 = 0.35 dB/mW. Therefore, electromagnetic energy
loss in the AEC at this frequency was 0.35 dB/mW. For the other frequencies, the calculation was performed
in the same way. According to the results of averaging of three measurements of AEC radio transparency, it
was determined that in the 1+4 GHz range the attenuation is ~ 0.201 dB. Table 1 demonstrates the results of
calculations for determination of attenuation, followed by subtracting the average value.
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Fig.3. Measurement 1, field attenuation in the AEC

Table 1. Indicators of field attenuation in AEC in the 1+4 GHz frequency range

Blue marker Yellow marker Difference of Averaging, Total loss of
Measurement frequency, frequency, attenuation, dB/mW electromagnetic energy,
dB/mW dB/mW dB/mW dB/mW

23.53 23.18 0.35

1 20.46 20.31 0.15 0.147
2491 24.97 -0.06
23.47 23.18 0.29 0.21

2 20.40 20.31 0.09 0.103 (at 1+4 GHz range
24.90 24.97 -0.07 frequency)
23.49 23.18 0.31

3 21.12 20.31 0.81 0.353
2491 24.97 -0.06

The resulting average attenuation value of (minus) 0.21 dB can be converted to times using the decibel
table [20]. Since decibels can be added (times - multiplied), then: 0.21 dB = 0.2 dB + 0.01 dB. According to
the voltage, current, power conversion table, 0.2 dB corresponds to a power ratio of 0.955 (part of the power
that has passed through the material), 0.01 dB corresponds to a power ratio of 0.9977. As a result 0.955 X
0.9977 = 0.9528 is that part of the power that has passed through the material (95.28 %). Therefore, capacity
loss in the material in the 1+4 GHz range is defined as follows: 100% - 95.28 % =4.72 %.

Figure 4 below demonstrates one of the three measurements of the electromagnetic field attenuation of
the AEC sample in the 4+6 GHz range. Table 2 demonstrates the results of calculations for determination of
attenuations, followed by subtracting the average value.

The capacity loss of 0.73 dB can be represented as 0.7 + 0.03 dB. Then 0.7 dB corresponds to power
ratio of 0.8511 (part of the power that has passed through the material), 0.03 dB corresponds to a power ratio
0of 0.9931. As a result 0.8511 x 0.9931 = 0.8452 is that part of the power that went through the material is
84.52 %. Therefore, capacity loss in the material — 15.48 % in the 4+6 GHz range.

Figure 5 below demonstrates one of the three measurements of the electromagnetic field attenuation of
the FG (A3 format, H=1.5 mm). Table 3 demonstrates the results of calculations for determination of
attenuations, followed by subtracting the average value of the FG sample.
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Fig.4. Measurement of 1 field attenuation in AEC in the 4+6 GHz range

Table 2. Indicators of field attenuation in AEC in the 4+6 GHz frequency range

Measurement Blue marker Yellow marker Difference of | Averaging, Total loss of
frequency, frequency, attenuation, dB/mW electromagnetic
dB/mW dB/mW dB/mW energy, dB/mW
26.45 26.56 -0.11
1 30.31 29.46 0.85 0.917
39.33 37.32 2.0
26.74 26.56 0.18 0.73
2 29.81 29.46 0.09 0.36 (at 4+6 GHz range
37.87 37.32 0.55 frequency)
26.64 26.56 0.08
3 30.21 29.46 0.75 0.917
39.24 37.32 1.92
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Fig.5. Measurement of 1 field attenuation in FG in the 1+4 GHz frequency range
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Table 3. Indicators of field attenuation in the FG in the 1+4 GHz frequency range

Measurement Difference of attenuation, Averaging, Total loss of electromagnetic energy, dB/mW
dB/mW dB/mW
-0.08
0.70 0.45
-0.73
0.01
0.13 025 0.173
0.65 (at a frequency range of 1+4 GHz)
-0.24
-0.70 -0.18
0.40

e |

The average value of radio wave attenuation in FG in the 1+4 GHz frequency band (+0.45+0.25-0.18)/3
= 0.173 dB. Therefore, in the FG capacity loss — 2.51 % in the 14 GHz range. Figure 6 demonstrates a
similar measurement only in the 4+6 GHz range. Table 4 shows the results of calculations to determine the
attenuations, followed by subtracting the mean value of the FG sample.
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Fig.6. Measurement of 1 field attenuation in the 4+6 GHz frequency band in FG

Table 4. Indicators of field attenuation in the FG in the 4+6 GHz frequency range

Measurement Difference of attenuation, Averaging, Total loss of electromagnetic energy,
dB/mW dB/mW dB/mW
-0.39
-1.22 -0.36
-0.25
1.82
0.40 1.67 094
X3 (at the range frequency 4+6 GHz)
0.87
1.23 1.53
-0.57
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The average value of radio wave attenuation in FG in the frequency range 4+6 GHz (-0.36 +1.67
+1.53)/3 = 0.94 dB. Therefore, in the FG capacity loss — 19.47 % in the 4+6 GHz range.

Summarizing the above results of the analysis of radio transparency of AEC and FG, final comparative
table 5 demonstrates the comparative data on the radio transparency of samples. As the Table shows, average
values of electromagnetic wave attenuation in the 1+6 GHz range for AEC and FG are very close. According
to the averaged values, transmission coefficient for AEC was 89.9 % and for FG 89.01 %. A possible reason
for the fact that the transparency of the AEC is higher than the FG may be the low DP of the AEC compared
to the FG. Since it is known that the wave transmission characteristics of wave-transparent composites with a
polymer matrix are usually estimated by DP [21-22]. In contrast to the AEC, FG is made of glass fiber,
which has a higher dielectric constant than the polymers used in AEC. This means that FG absorbs more
radio waves, which results in decrease of its radio transparency compared to the AEC. AEC sample was
close to the FG - 0.17 dB at the beginning of the 1+4 GHz section in attenuation values - 0.21 dB, and at the
end of the section it was even better. Therefore, based on the results of radio transparency, it may be
concluded that the losses in AEC are less than in the FG.

Table 5. Comparison of radio transparency of AEC and FG samples

Material Deamplification, dB/% Deamplification, dB/% Averaging
1+4 GHz 4+6 GHz
AEC 0.210dB/4.72 % 0.73dB/15.48 % 0.47dB/10.1 %
FG 0.173 dB/2.51 % 0.94dB /19.47 % 0.55dB/10.99 %

2.2 Measurements of dielectric permittivity of samples

The dielectric permittivity of the samples is measured using the condenser-type method since the
dielectric permittivity of the insulator material affects the capacitance of low-profile capacitor.

For the mechanical clamp of AEC and FG sheet between the plates (electrodes) of the capacitor, a stand
was made with D16 aluminum electrodes (170 x 138 mm) on the basis of precision milling machine vise
with minimum microscrew backlash according to Fig. 7. The capacitor capacitance in the presence of
organic plastic and without it is measured with APPA701 LCR-meter. In the stand the electrode insulators
from the vise mechanism are made of caprolon material with a small intrinsic DP, to minimize the stray
capacitance of the stand that affects the result. The dielectric permittivity was measured according to the
methods set out in [23].

Fig.7. Mechanical clamp of the AEC sheet between the plates (electrodes) of the capacitor

Table 6 shows the results of three measurements of the AEC and FG sample. As shown by the results,
AEC has average DP 2.874, whereas the FG - 4. The obtained results of the FG measurement coincide with
the reference data given in [23-24]. Due to the lower DP of aramide fibre than the DP of fiberglass, AEC
indicates a low value. One of the reasons for the difference in DP between the AEC and FG is its structure.




Engineering. 77

Table 6. Results of DP of the AEC and FG materials

Sample 1 C diel, pF C dy, mm £ Averaged value ¢
AEC 273 99.1 2 2.754
AEC 286 97.6 2 2.930 2.874
AEC 289 98.3 2 2.939
FG 600 150 1.5 4 4

FG consists of the fibreglass, which have a higher DP than the polymeric materials used in AEC.
Furthermore, an important factor affecting the DP is the content of moisture and other impurities in the
material. FG can be more sensitive to moisture than AEC, which can lead to an increase in its DP. However,
it should be realized that DP depends on many factors and can vary over a wide range depending on the
specific material and operating conditions.

Conclusion

In this work an aramid-epoxy-filled composite and fiberglass are produced by vacuum infusion method.
The comparative studies of radio-transparency and dielectric permittivity of the listed composites have been
performed. The radio transparency of the studied materials was evaluated by measuring in free space in the
frequency ranges of 1-6 GHz. According to the results of radio transparency, it may be concluded that the
losses in the aramid epoxy-filled composite are less than in the fiberglass due to the high dielectric
permittivity of the latter with the previous one. According to the averaged values, the transmittance for the
aramid epoxy-filled composite was 89.9 %, and for fibreglass it was 89.01 %. When measuring the dielectric
permittivity, the aramid epoxy-filled composite has demonstrated a low average DP value of 2.874 due to the
lower dielectric constant of the aramid fiber, whereas fibreglass is defined at 4. Our results suggest that the
differences in the composition and structure of the aramid-epoxy-filled composite and fibreglass result in
different physical properties, including its radio transparency.
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The detection of gravitational waves came from a pair of merging black holes marked the beginning of the
era of GW astronomy. Traditionally, to extract gravitational wave signals from experimental data, the scientific
collaborations use the standard matched filtering technique. The matched filtering technique relies on the existing
waveform templates, that makes it difficult to find gravitational wave signals that go beyond theoretical
expectations. Moreover, the computational cost of matched filter is very high, as it depends on the number of
templates used. In this article, we propose a new information-entropy method for gravitational waves detection
that does not require a theoretical bank of signal templates. To demonstrate the reliability of our method we
conducted an analysis using simulated and real data. Through this study, we revealed that our measure of
conditional information detects the gravitational wave signals and can be used along with the matched filtering
method.

Keywords: gravitational waves, information-entropy, detection, nonlinear process.

Introduction

The first direct detection of gravitational waves (GWs) by the advanced LIGO observatory proved the
fundamental predictions of Einstein’s theory of General Relativity and started the era of GW astronomy. The
registration of first GW, the so-called GW150914, was realized due to the merger of two binary black holes
with estimated masses of 29 M(©® and 36 M(© [1]. During three observing sessions (O1, 02, O3) the LIGO
and VIRGO collaborations recorded 90 GW signals produced by the coalescence of compact objects, mainly
pairs of black holes with a small fraction of neutron star [1-7].

The detection of GWs is one of the most difficult tasks faced in fundamental science since the GW
signal is much weaker compared to typical noise levels. To detect GW signals from the experimental data,
the LIGO and Virgo collaborations mainly use the matched filtering method [8-10]. This method convolves a
set of precalculated template waveforms with the measured data, where each template represents a source
with different components such as masses, spins, etc. For each template waveform, a signal-to-noise ratio
(SNR) time series is calculated, and candidates are determined according to the peak of the SNR time series.
The matched filtering method is optimal for signal detection in Gaussian noise, where it yields the most
statistically significant detection candidates [11]. However, this method, in order to match the signal, does a
full search in the bank of templates, which in turn can slow down the data processing speed [12].
Furthermore, the premise of matched filtering method requires an accurate theoretical template. If GWs are
beyond theoretical expectations, this may lead to the fact that gravitational wave signals not being detected
[10].

Currently, information-theoretic approaches have found wide application in modern signal processing
problems. Information-entropy technique quantifies the degree of complexity and irregularity of a signal. It
is known that information is a measure of certainty, and entropy is a measure of uncertainty or disorder
(noise). These two characteristics are analytically related and can provide a theoretical basis for describing
signal characteristics. In papers [13-15], information entropy detection methods have been successfully
applied to signal recognition. In this paper, we propose a new information-entropy method for gravitational-
wave data analysis. The novelty of the method lies in the use of conditional information, defined as the
difference between the joint and conditional entropy. In addition, this method does not require the
construction of a theoretical bank of signal templates.

The contents of this paper are structured as follows. In section 1, we introduce our measure of
conditional information by comparing it with the usual definition of Shannon's mutual information. In
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section 2, we present the data generation for testing our method and describe our algorithm for determining
the difference in conditional information. In Section 3, we present a result of numerical analysis of model
and real gravitational wave signals. In section 4, we make a conclusion.

1 Conditional information defined through the entropy difference

Let us consider discrete time series of signals X ={x[n]}, ¥ ={y[n]} given through samples with
numbers #, which have a statistical relationship, forming an ensemble (X,Y). Assume that X is the received
signal, Y ={Ax[n]} is the signal interference. By the signal interference we mean pulsed, chaotic and noise
disturbances of the signal Ax[n] caused by nonlinear distortions of the signal itself and external influences.

Let us take the notation Ax[n], n =1,2,3 — numbers of the samples, y[n] = A x[n]- the interval of
deviation from x[n] caused by interference. The deviation interval is defined by the central (symmetric)
difference Ax[n] = (x[n+ 1]+ x[n — 1])/2 — x[n]. Using this form of A x[n] instead of the one-sided
difference x[n + 1] — x[n] allows us to consider the second derivative of X, i. e. the wave shape. The
second derivative of any nonlinear function is nonzero except for its zero value at the inflection point. Near
the inflection point, the function changes impulsively, which gives a reason to use a neutral difference to
detect GW in the form of nonlinear bursts of the signal disturbances. At the point of inflection, the required
information will be minimal.

Further, we consider the general concepts of mutual information and entropy, followed by the
introduction of our measure. It is known that mutual information measures the nonlinear relationship
between two random variables. Moreover, mutual information can show us how much information can be
obtained from one random variable by observing a second random variable. Mutual information has a close
relationship with the concept of entropy. Because in some cases, when one of the variables is known, mutual
information to some extent can reduce the uncertainty of another random variable. Thus, this means that a
high value of mutual information indicates a large reduction of uncertainty, and a small reduction if the value
is low. In cases where the mutual information is zero, this means that the two random variables are
independent [16-18].

The commonly used mutual information I(Y;X) transmitted over the communication channel X is
determined by the difference between the one-dimensional and conditional Shannon entropies H(Y), H(Y|X)
[18-20]. The relationship between these values is shown in the following formula:

I(Y; X) = H(Y) — H(Y|X), (1)

As explained before, mutual information I(Y; X) is related to entropy and to understand what I(Y; X)
actually means, we need to define entropy and conditional entropy. It is known that entropy of a random
variable is the average level of “uncertainty” inherent to the variable’s possible outcomes. For example, if we
have a discrete random variable Y, with possible outcomes x4,x,, x,, which happen with probability p;, p,,
the entropy of Y is defined as following:

HY) ==Y, 3 p&[il, y U] loga p GID. )

Entropy H(Y) can measure the level of expected uncertainty in a random variable. This means that
H(Y) is roughly how much information can be learned of the random variable Y by observing just one
sample. Conditional entropy can measure how much uncertainty has the random variable Y, when we know
the value X. And we can define conditional entropy according to the following formula:

HY|X) = = XL 2L p(eil yUD) log, p TIx D, 3)
where,
pUIIx[D =p(x[i], yUD / p(x[i]). “)

And p(x[i], y[jD, i), pljl|x[i]) are the joint, one-dimensional, and conditional probabilities of
the points of the phase space (X; ) falling into squares with a relative size 6<<lI. In formula (2), the equal to
1 sum over i is left for convenience of further analysis [21-23].

From formulas (1)-(3) follows
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In the absence of a mutual correlation between x[i], y[j], there is p(x[i], y[j]) =p(x[i]), hence,
I(Y; X) = 0. From the structure of formula (5), mutual information is symmetric with respect to permutation
of variables X 2 Y:I(Y;X) = I(X;Y), the roles of the signal interference are not different. For these
reasons, for the set goal (X and Y should be different variables), it is necessary to use another measure of
certainty - conditional information, which we will determine through the difference of the entropies.

I(Y|X) = H(X,Y) — H(Y|X). (6)
In formula (6) H(X;Y) is a joint entropy of the ensemble [24-26]:

HX,Y) =3, T p(x[il, y[iDlogap(x[il, y[i]) (7)

When we consider together two random variables the joint entropy measures the uncertainty. In contrast
to mutual information, conditional information is asymmetric with respect to the permutation of the variables
X2Y since H(Y|X) # H(Y|X). Dividing formula (6) by (7), we derive a kind of well-known conservation
law for the normalized values of conditional information and entropy.

IY|IX)+HYIX) =1, H=H/H(X,Y) I=I1/H(X,Y). (8)

The relationship between information and entropy in the form of formula (8) is known for the
Boltzmann entropy for an equilibrium state, or in the case of choosing Y as constant parameters. We choose
the condition Y in the form of characteristic features of the desired signal determined from the experimental
data.

From formula (8) we get the difference of conditional information

Al =1(Y|X)-IX|Y) = HX|Y) - HY|X). 9)

When the variables XY are permuted, conditional information and entropy acquire different
meanings. For example, [(Y|X) determines information about a burst of nonlinear disturbances Y (about the
presence of GW) in a known noise signal X. The corresponding decrease in entropy describes H(Y (X)) —
H(Y|X). The decrease in information corresponds to an increase in entropy H(X|Y). If Al > 0, the signal is
detected, while if AI < 0 there is no signal. This criterion can also have positive values in cases with
rearranged variables (X;Y). These cases correspond to a sharp decline in Y near the inflection point. The use
of Al increases the reliability of signal analysis.

Assume that the calculated variable Y has a systematic error AY (Y = Y[0] + AY). Limiting ourselves to
the first term of the Taylor series expansion at the point Y[0], we get the function Al

F AT dAl AY
Al'= AI(Y[OD + | v Zypop (10)
When calculating the derivative in (10) through finite differences, A Y falls out. For weak signals with a
signal-to-noise ratio of the order of one, a small increment from Al may not arise as a signal. Thus, a weak
signal with a systematic error AY of the individual terms in (9) may be absent when calculating Al

2 Algorithm for determining the difference of conditional information
2.1 Data generation

To thoroughly test our algorithm, we use PyCBC package [27] to generate the GW signals. The
parameters of the model signals are selected according to the article [9]. The GW signal is determined by the
component masses ml, m2 randomly selected in the range from 10 to SOM(® and phases in the range ¢0
from 0 to 2 pi. In accordance with the selected target SNR, the amplitude and distance of the source are
determined. We assume the presence of one LIGO Hanford detector, whose inclination and polarization
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parameters are equal to 0, since any change in these parameters can be completely absorbed by changes in
the amplitude and phase of the signal. The signals are whitened by dividing the Fourier transformed signal
by the square root of the power spectral density (PSD) to reduce power at frequencies within the sensitivity
of the detector. Noise modeling and whitening is also done using the same PSD that was used to whiten the
signals. The colored noise whitening eliminates error sources, and it is applicable to real noise. The
simulated signals are randomly placed in a time series (-16:16 s) with the condition that the peak amplitude
of each signal is randomly located in the time series range from 0.75 to 0.95. After that, to achieve the
optimal signal-to-noise ratio (SNR), the signal amplitude is scaled. And the optimal SNR p,,; can be
determined by [9]

: ﬁ(f)ii*(f)]
pZ,e = 4Re U df—sn(f) , (11)

where h is the frequency domain representation of the GW strain, A* is its conjugate, S,, is the PSD and Re
extracts the real part of the complex number. A data set was generated for each predefined optimal SNR
value in the range from 2 to 10 with integer steps.

2.2 Algorithm realization
From the discrete signal of the GW , AX is calculated by the formula:

x[n+ 1]+ x[n—1]
2

Ax[n] = — x[n] (12)

Using the well-known Sliding Window algorithm, we divide a given discrete time series x [#] and Ax
[#] into windows with a length of L points. If we assume that the time delay parameter of the analysis
window is 1, then the signal sequence X [#] can be divided into segments with the number N — L, which form
the following matrices x [n#] —X and Ax[n] —AX.

x[1] x[2],...  X[L]
X=| x[2], x[3], ... x[L+1]
X[N - L], x[N]
and
Ax[1], Ax[2], ... Ax[L]
AX =| Ax[2], Ax[3],... Ax[L +1]
Ax[N — L], . Ax[N]

To determine the difference of conditional information, the plane X[n] and AX[#n]. is constructed and
divided into cells (i x j). Next, the probability of each cell is determined and the probability matrix P(x;,y;)is
obtained. From the probability matrix, we determine the difference of conditional information by the (9).

3 Results of numerical analysis of gravitational wave signals

In our method, when we detect the GW signal, the difference of conditional information AT increases,
while the noise fluctuates around zero. In order to define the window size and threshold value of conditional
information AI, we calculate the false positive ratio (FPR) (Fig. 1).

The FPR is one of the important standard metrics, that is used to evaluate the detection of GWs. The
FPR can be defined as follows

FPR = ki 13
" FP+TN’ (13)

where FP is the number of false positive predictions, TN is the number of true negatives.
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Fig. 1. The plot shows the dependence of the FPR on the window size, where, the threshold (#/) value changes in the
range from 0.04 to 0.1 with a step of 0.02. We calculated the FPR for the one GW model signal, whose SNR=10.

According to the figure 1, when the window size is L>2000 and the threshold value is #4#>0.1, the signal
is detected without any errors. From a data set consisting of 10 000 signals at each SNR, the number of
detected signals was calculated using our method. Further, to calculate the efficiency (fig.2), we choose the
window size of 3000 and a threshold value of 0.1 for the validation accuracy.

The efficiency is then determined by

efficiency = % , (14)

where N -y, is the number of detected signals, N is the total number of signals.
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Fig. 2. The efficiency as a function of optimal SNR

The results in Fig. 2 show that the efficiency increases with the optimal SNR and achieves 100 % at an
SNR of 9. To demonstrate the feasibility of our method, we conducted analysis using real LIGO data. Fig. 3
(b, ¢, d, e) shows the values I (Y;X),I (Y | X). (X | Y), AT for the GW150914 event, calculated by formulas
(1), (8), (9), correspondingly.

From Fig. 3 (b) it can be seen that the value of mutual information /(Y;X) fluctuates around the same
level and does not changed over the entire time interval and shows nearly 0.19. While the value of
conditional information 7(Y | X) and the difference of conditional information Al increased at the time of
detection of the desired signal nearly from 0.7 to 0.9 and from 0 to 0.6, respectively. As for the value of
conditional information / (X | Y), it decreased at the time of detection of the gravitational wave from 0.75 to
0.25 approximately.
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_ Fig. 3. Event GW150914H: whitened signal GW (a), mutual information I (Y:X) (b), conditional information
1 (Y| X) (c), conditional information / (Y | X) (d), difference of conditional information A/ (e), where number of
samples L=3000

The validity of using the information-entropy method proposed by us is shown in Table 1.

Table 1. Results of information-entropy analysis of GW signals from the Handford (H) and Livingston (L)
detectors. M/M_ @ is the total mass of black holes relative to the mass of the Sun, SNR is the signal-to-noise ratio, R is

the distance to the source according to [1-5, 28].

Event I(Y]X) I(X|Y) AT SNR M/Mg R

[1], GW150914H + + + 24.4 62 410 Mpc
GW150914L + + +

[2], GW151226H + - + (Y |X = X|Y) 13.1 21.4 4292 Mpc
GW151226L (minimum) F- -

[3], GW170104H + + + 13.0 51.1 880 Mpc
GW170104L + + +

[4], GW170608H - - - 14.9 18.5 340 Mpc
GW170608L - - -

[5], GW170814H + + + 15.9 56.0 5518 Mpc
GW170814L + + +

[6], GW170817H + + + 33.0 2.73 40 Mpc
GW170817L + + +
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The following Table 1 presents an analysis of the mutual 7 (Y;X), conditional information 7 (Y | X) of six
gravitational wave (GW) events recorded by the Hanford (H) and Livingston (L) detectors. The plus (+)
symbols mean the detection of a signal with highlighted positive values 7' (Y| X), I (X| Y), AI". Minus (-)
symbols mean that there is no highlighted maximum or minimum in the difference of conditional
information. The GW151226, GW170608L signals have a low signal-to-noise ratio and total masses of
black holes relative to other signals (Table 1).

Conclusion

From the above study, it can be seen that the proposed information-entropy method demonstrates the
good performance in GW data recognition. According to the obtained results, in all six GW events the values
of mutual information / (Y;X) do not changed over the entire time interval, while the difference of
conditional information Al increases sharply at the time of gravitational waves detection. It clear that the
new measure introduced by us — conditional information Al detects a signal, and the known measure —
mutual information 7 (¥;X) does not reveal a signal. According to the results obtained, the method can serve
as an addition to the existing methods for analyzing GW signals.

Furthermore, this method in comparison with the well-known matched filtering method can discover
signals beyond the existing templates. We believe that this method will undoubtedly play an important role
in searching GW signals beyond what we have in the existing template bank.
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It is impossible to overstate the importance of propagation models in wireless network planning, frequency
assignment, and television parameter evaluation. The fact that no two locations are identical in terms of climatic
conditions, building patterns, terrain, etc. makes using path loss predicting models for any area extremely
challenging. Therefore, it is impossible to develop a single path loss model that applies to all environmental
settings. The main aim of this study is to develop a path loss model for NTA channel 12 Owerri and evaluate its
performance based on received signal strength values along five selected routes in Imo State, Nigeria. A suitable
path loss model was developed by critically analyzing the measured path loss values of each base station, which
were retrieved from the signal strength data received. The values of the developed path loss model were compared
to those of other empirical path loss models developed by other researchers as well as the measured path loss
values. The results show that the proposed path loss model is well suited for predicting the path loss of NTA
channel 12 Owerri signals in the study environment, while the other conventional empirical models taken into
consideration in this study overestimated the path loss of NTA channel 12 Owerri signals with Root Mean Square
Error and Mean Error of 63.65 and above. Additionally, the findings indicate that NTA Owerri performs poorly at
a distance of 18 kilometers from the base transmitting station. The overall findings are helpful for designing
prospective television network channels in the study location and other similar environments.

Keywords: Path loss; Television; Path loss model; Received signal strength; Wireless network
Introduction

In today's world, the importance of wireless communications, particularly television (TV), cannot be
overstated. According to data, more people than expected already use mobile devices to watch television in
several nations [1]. Customers want a strong signal and good signal coverage for better viewing in these
locations so they may obtain better information and other benefits of television. These television systems are
utilized everywhere, both indoors and outdoors [2]. When designing the channel capacity, it is critical to take
into consideration the environment in which the service will be provided to provide superior television
services. Radio frequency barriers, scattering, and undulating terrain factors all contribute to the
inconsistency of terrestrial television propagation in spread spectrum situations. The radio channel has an
impact on how well television communication systems perform, and the propagation path between the
transmitter and receiver might be anything from a normal line-of-sight (LOS) to a direction that is
substantially impeded by nearby structures and vegetation [3]. In an urban setting, where most television
systems are used, there is no direct signal arriving at the receiver. Instead, an integrated signal is created by
diffraction, reflection, and scattering off numerous obstacles, such as buildings and moving objects.

The development of a transmission pattern that would improve coverage and reduce latency and
interference is the primary design tenet for every wireless television broadcasting system. Any television
system designed to operate in a specific setting must function the way a radio propagation channel behaves
in that environment in order to be effective and be implementable [4]. Signal attenuation, or path loss occurs
at all operating frequencies and gets worse with distance. Different signals may enter the detector in a
subtractive or additive manner. This will result in minor signal fluctuation or multipath fading. Multipath
fading is caused by the signal being reflected, scattered, and diffracted by environmental physical objects [5].
Amongst the most critical components of the television transmission environment is propagation path loss.
Path loss is the term used to describe the decline in radio signal power caused by multipath fading,
shadowing, and signal fluctuation on any radio signal path [6]. Path loss in wireless communication
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reception can be caused by a number of factors, such as television units, diffraction, refraction, and reflection
[7]. Path loss features and models are employed to compute wireless network coverage and received signal
strength (RSS) of electromagnetic waves that are broadcast at various locations inside a specific transmission
perimeter. These models are a useful substitute for real-field measurements, which can take a lot of time and
resources. Deterministic, semi-deterministic, and empirical path loss models are the three most common
types of path loss models. Because they are straightforward, user-friendly, and require less computing
efficiency than deterministic models, empirical models are frequently employed for path loss predictions [8].

In order to effectively plan and optimize radio networks in various propagation settings, a variety of
research-based path loss models have been created. In general, no single path loss prediction model is
regarded as the best or universally accepted as the most accurate; rather, the precision of a prediction model
depends on how well the parameters required in the model correspond to those present in the measured field
data [9]. Field measured data and predicted path loss values are made openly accessible to the public in this
research article. In this study, the measured data was used to create a path loss model for NTA Owerri in
South-East Nigeria and to evaluate signal quality in terms of efficiency. Additionally, the datasets are fully
defined to aid future work by professionals in the engineering area, radio network engineers, research
institutions, and other researchers. The path loss exponent, whose value varies according to the transmission
conditions and environment, can be used to represent path loss. The path loss exponent may be higher in
some environments, such as structures, public parks, and other urban locations, than it is in a free-space
environment or a relatively scattered environment [10]. These values rely on the transmission environment
and system and are affected by geographical features, settlement types, the transceiver distance, as well as
the position, height, and type of antennas. The path loss notation, or proponent, is one of the most important
features in all propagation loss and Rayleigh fading models, and understanding it for a specific environment
simplifies signal coverage and propagation analysis [11].

The development of social and human interactions in society today is greatly enhanced by television
network technology. Due to a dearth of knowledge about how television operations function in large-scale,
concentrated, and constrained environments, particularly in urban areas, recent applications are quite limited.
In an ideal arrangement, the total signal power transmitted is what is intended to be received at the receiving
head. However, this is not always the case due to some common transmission issues [12; 13]. A plethora of
man-made and natural factors, including mountains, tall buildings, atmospheric pressure, temperature, and
relative humidity of the specific transmission environment, contribute to some of the technical difficulties
with terrestrial television broadcasting and reception, in addition to the technical shortcomings of the
transmitting stations. Like all other television transmitting stations, the Nigeria Television Authority (NTA)
Owerri is not exempt from these adverse difficulties [3]. There has been lots of research conducted in the
past to estimate and address the problems of terrestrial television signal attenuation. Some of these studies
involved the development of models or modifications of existing models to aid in the prediction of the
quality of television signals at specific locations. However, none of these studies were conducted for NTA
channel 12 Owerri to evaluate the television station's signal attenuation level. Additionally, no one has been
able to develop a path loss model that could help to some extent in describing the signal intensity generated
by NTA Owerri. As a result, NTA Owerri operators need to perform field measurements on a regular basis to
obtain the necessary signal data, which lowers the frequency and level of maintenance on their broadcasting
systems. This has also caused a decrease in the level of routine checks on the performance of the NTA
Owerri signal strength by the television operators. This is the rationale for our research, which we conducted
to develop a path loss model for NTA channel 12, Owerri and evaluate its performance in Imo State, Nigeria.

1 Methodology
1.1 Study location

Imo State is a state in the South-Eastern geopolitical region of Nigeria. It is bordered to the west by
Abia State, to the south and east by Rivers State, and to the north by Anambra State. It gets its name from the
Imo River, which runs along the state's eastern border. Imo State has Owerri as its capital and is known as
the "Eastern Heartland" due to its location in the Eastern part of Nigeria and the fact that it is the most
economically successful state in the area. Imo state is the fourteenth (14™) most populated state out of the 36
states in Nigeria, with an estimated population of more than 5.4 million as of 2016 [14]. The state has an area
of around 5,100 sq km and is located between latitudes 4° 45' N and 7° 15' N, and longitudes 6° 50' E and 7°
25" E. The annual rainfall ranges from 1,500 mm to 2,200 mm, with a thickness of 60 to 80 inches, during the
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rainy season, which starts in April and lasts until October. Its average yearly temperature is over 20 °C,
resulting in a relative humidity that is typically 75%, though it can get as high as 95% during the rainy
season.

Imo state is the third smallest state in terms of area. Geographically, the state is divided between the
drier Cross-Niger transition woods in the center and the swamp forests of the Niger Delta in the extreme east.
The state's lakes and rivers, including the Oguta Lake in western Imo State and the Orashi, Otamiri, Imo, and
Awbana Rivers, are additional significant geographical features. Tropical rain forest is the predominant kind
of vegetation in Imo State [15].

1.2 Measurement campaign

The goal of this research is to examine the signal strength generated by NTA channel 12, Owerri, and to
develop a suitable path-loss prediction model for forecasting the path loss of the NTA channel 12, Owerri,
signals. To do this, the NTA channel 12 Owerri signal strength was monitored along five different routes,
starting from the broadcasting base station, using a cable television (CATV) signal analyzer. The RSS levels
were measured along the various signal strength measurement routes, starting from 2 km to 24 km, at
intervals of 2 km. The average received signal at each measurement site was used to average out inconsistent
signals.

Table 1 shows the routes description where signal strength measurements were taken, which was
properly considered based on their accessibility and road network. When the field measurements were being
taken, a number of variables that could affect the signal quality before it reaches the intended customers were
taken into account. These variables include atmospheric pressure, temperature, relative humidity, complex
multi-channel environments, radio frequency generating equipment, tall structures, etc. Signal strength
measurements were made during different hours of the day and months, from October 2021 to May 2022.
The average field strength measurement results for the research period were taken in order to determine how
well the signal strength produced by the NTA channel 12 Owerri transmitters performed along the chosen
routes. The given data was then analyzed using Mat lab and the Python programming language.

Table 1. Routes description

Routes Route A Route B Route C Route D Route E

Description(s) Owerri-Onitsha Owerri-Aba Owerri-Umuahia Owerri-Orlu Owerri-Okigwe

An S110/S110D 5-870 MHz handheld analog cable TV radio frequency (RF) signal level meter was
employed in this study as the CATV meter. The signal strength produced by any terrestrial television
transmitter can be measured using a cable or community television (CATV) signal strength analyzer. It is a
typical receiver that can measure the signal intensity produced by a signal generator in decibel microvolts
(dBuV), and it is mostly used in TV signal level construction, repair, maintenance, and measurement. This
S110/S110D CATYV signal strength meter offers robust, all-encompassing performance and is compatible
with analog and digital television and radio channels. It measures frequencies between 5 and 870 MHz with
a frequency accuracy of +50 x 10 and a temperature range of 20°C + 14°C. This S110/S110D CATV signal
strength meter for measuring television signal quality because it has a measuring range of 5 to 120 dBuV
with a measuring accuracy of +2 dB and a carrier-to-noise measurement range of 20 to 50 dB for a signal
input range of greater than or equal to 85 dBuV with an accuracy of +3 dB at a temperature of 20°C + 14°C.

The type of receiving antenna used for this research is the Yagi antenna, which is a directional antenna
used in telecommunication when the frequency is above 10 MHz. The frequency range of the receiving
antenna is between 10-870 MHz for channels of 1- 69 UHF and VHF with a gain of 20 + 3 dB, a noise
coefficient factor of about 2 dB and an impedance of 751).

The NTA channel 12 in Owerri, Imo State, Nigeria, which broadcasts at a frequency of 224.25 MHz, is
the transmitting station of interest in this research. It is situated at Chief Achike Udenwa Avenue,
Akanchawa, New Owerri Road, Owerri, Imo State, Nigeria. It is one of the most viewed television channels
in Imo state, Nigeria because it is the sole federal government-owned TV channel there. The parameters of
the NTA channel 12 Owerri transmitter are shown in Table 2.
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Table 2. Transmitting parameters of nta channel 12 owerri transmitting station

Serial No.  Transmitting parameters Description
1 Base station frequency 189.25 MHz
2 Transmission Type Rohde & Schwarz 5 KW
3 Base station transmitting power 2.6 KW
4 Signal power transmitted 57.1dBI?V
5 Base station channel Channel 12
6 Height of transmitting antenna 230 m
7 Transmitting antenna gain 30.02 dB
8 Base station position Long. 6.50° N Lat 7.15° E
9 Receiving antenna orientation Omni-directional
10 Height of receiving antenna 5 —>m

1.3 Empirical path loss model

The major emphasis of propagation models has typically been on predicting the strength of the received
signal, with the distance (d) between the transmitter and receiver being the most important factor. Path loss is
the decrease or attenuation in power density of a radio wave as it travels across space. In order to effectively
plan and optimize radio networks in various propagation settings, a number of empirical path loss models
have been developed. This session discusses some of the few existing empirical path loss models that were
used in this investigation.

1.3.1 Free-space path loss model

The simplest and most common empirical path loss model, the free-space model, simply considers
frequency (f) and distance (d). Given that there are no barriers or atmospheric influences during free-space
transmission, the path loss is given by

A
Pr = PthGr[:m)z (1)

where B, = receive power, P, = transmit power, G ; = gain of transmitter, G, = gain of receiver, and d is the
transmitter and receiver distance. The free-space path loss model in Equation 1 can be expressed as follows
[16]:

Lps = 32.45 + 20log,od(Km) + 20log,of (MHZ), ()

where f = frequency in MHz and distance in Km

1.3.2 Walfisch-lkegami propagation model

A different name for it is the empirical COST-Walfisch-Ikegami propagation model. In this model, only
the buildings on the vertical plane were considered. However, this model is thought to be quite accurate,
particularly in urban settings. The Cost 231 Walfisch-Ikegami model consists of three essential components,
which are shown below [17].

L= Lo+ Lyts + Linsa 3)

Ly is the free space path loss which is represented by L, = 32.5 + 20logd + 20logf
The roof-top-to-street (rts) diffraction and scatter loss term is given by:

Lyes = —16.9 — 10log10" + 10log10/ + 20log10UHroos=Hm) 4 J, .
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and the component of multi-screen diffraction loss is given by:
Liysa = Lpsn + ka + kdlog10® + kflog10/ + 9log10®

When there is a line-of-sight path between the transmitter and the receiver in a specific region, that is,
when the source transmitting appliance is below the roof, the following equation can be used [17]:

L, =42.6 +25log10? + 20log107 ford = 0.020 Km 4)

The path loss estimates for the Cost 231 Walfisch-lkegami model were computed in this study using
equation 4.

1.3.3 The Cost Hata model

The path loss model broadens the urban Hata model, which is based on the Okumura model, to a wide
frequency range of roughly 2 GHz. For frequency ranges between 800 and 2000 MHz, this model utilizes
experimental and descriptive techniques to calculate transmission loss in an urban environment. The path
loss equation for the COST 231 Hata Model is as follows [18]:

L =46.3+ 33.9logf — 13.82loghy — a(h,) + (44.5 — 6.55logh;)slogd + C (5)

According to the Hata Model for urban areas, C is equal to zero for medium cities and suburban areas
and three for metropolitan areas. L is the median path loss in dB, f'is the transmission frequency in MHz, hg
is the base station antenna height in meters, d is the link distance in kilometers, h,. is the receiver station
antenna effective height in meters, and a(h,.) is the receiver station antenna height correction factor. For
sub-urban and rural areas, a(h,) = [1.1log(f) — 0.7]h, — 1.561log(f) — 0.8 and for urban areas,
a(h,) = 3.20[log10(11.75h,.)]2 — 4.97; for £ > 400 MHz

1.3.4 Okumura's model

One of the most frequently applied signal prediction models in urban areas is Okumura's. This type is
suitable for distances of 1 to 100 kilometers and frequencies of 150 to 1920 MHz (but it is typically modified
up to 3000 MHz). It is appropriate for base station antenna heights between 30 and 1000 meters. Equation 5
shows how the model can be stated [19]:

L= Lgs;, + Ay — Gpte = Grre — Garea (6)

where Gp¢. is the base station antenna height gain factor, G, is the mobile antenna height gain factor, and
Gareq 1s the gain due to environmental type. L is Okumura's path loss in decibels (dB), Lgg; is propagation
loss in free space (dB), and A,,,, is the median attenuation in relation to free space.

1.3.5 Egli model

The Egli model is a geographic model for electromagnetic waves (EM) propagation. This model was
developed using accurate data from television (TV) transmissions on the VHF and UHF bands in a plethora
of different locations. The expression for the Egli path loss model is shown in equation 7 [20].

L =117 + 40logd + 20logf — 20log (Hy — Hpg) (7)
1.4 Model validation and verification

To assess how well the developed and theoretical propagation models fit with the observed path loss,
four different statistical tools were used to evaluate and validate the models. The four statistical techniques
employed in this study were mean error (ME), standard deviation (SD), root mean square error (RMSE), and
standard deviation error (SDE). A better fit for urban and suburban environments, respectively, is indicated
by RMSE values of 6 to 8 and less than 15 [21]. The more closely the values of ME, SDE, SD, and even
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RMSE converge to zero, the better the model fits the observed variables [22; 23]. The statistical tool's
equations are as follows:

RMSE = \/iE}’Ll(PLm — PL,)? (8)
1
ME = n ?:1(PLm — PL.) )
SDE or [?, = % (10)
o 2
and o = [EEES (1)

where [?, is the SDE, I? is the standard deviation and n is the number of the given sample. PL,, is the
measured path loss value at a transmitter — receiver’s distance (da) and PL. is the empirical prediction path
loss model.

2. Results and discussion
2.1. Results

Figures 1 and 2 depict graphs of the signal strength and signal path loss (SPL), respectively, for the
signals generated by NTA channel 12 Owerri along the five different routes examined in Imo State, Nigeria.
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Fig. 1. NTA channel 12 Owerri signal strength along different routes in Imo State, Nigeria
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Fig. 2. NTA channel 12 Owerri path loss along different routes in Imo State, Nigeria
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The path loss, which is defined as the difference between the total power transmitted and the total
power received at a specific location, was calculated using the measured signal strength values while taking
into account the measured power transmitted by the NTA channel 12 transmitter, which is 57.1 dBI? V.

In order to develop a mathematical path loss model that can accurately predict the path loss values of
signals generated by NTA channel 12 Owerri, all the different path loss values for all the investigated routes
were thoroughly analyzed, taking the path loss specified in figure 2 into consideration. Equation 14, which is
the developed path loss model, was developed based on detailed analysis of the observed path loss values,
keeping in mind the fundamental equation of path loss in equation 12 and also the basic equation of the
straight-line graph shown in equation 13.

Path loss,Ls(dB) = Lp + 10nl0g% (12)
0

where, Ls = path loss, Lp = reference path loss, n = path loss exponent, d; = distance between the
transmitter and the receiver.

y=mx-+c (13)
2.2 Path loss modeling

The path loss induced by NTA channel 12 in Owerri, Imo State, Nigeria, was predicted using a
regression propagation model. The values of the path loss exponents were explicitly computed for each
condition and used in the proposed model to characterize the television signal propagation as well as the
distance breakpoint. Equation 14 shows the path loss model that was created, which is adequate for
predicting the NTA signals' attenuation with distance in the Imo state of Nigeria.

PL = M, + Aelogd, + K (14)

where K = Aelogd, + S

M,, is the signal path loss value at a reference distance from the transmitter, which is considered to be 1
km from the transmitter of the base station, PL is the signal path loss value, A is the constant value of the
logarithm's coefficient, which is 20, e is also known as the path loss proponent or exponent, d, is the
reference distance from the transmitter's antenna, which is assumed to be 1 km, d, is the actual distance (in
kilometers) between the transmitter and the receiver and S is the corrective factor that takes into account the
loss brought on by obstructions, including scattering, interference, dispersion, and absorption etc.

The values of M,, and e varies depending on the base station’s transmitter and the environment being
investigated. The values for the path loss predicting model parameters for NTA channel 12 in Owerri, Imo
State, Nigeria investigated are M,, = 18 and e = 0.96. The path loss exponent value e at the breakpoint for a
particular site was obtained from the measured path loss by linear regression. The calculated path loss model
in equation (14) was developed by using the appropriate values e, M, and S for a giving da. An application
software was developed for the predicting path loss model to correctly estimate the signal path loss in the
different locations of signal strength measurements. Given the uncertainty of applying the path loss model,
the application software had to be designed to quickly and easily determine the signal path loss values for
NTA 12 Owerri, Nigeria. Figure 3 displays a snapshot of the graphic user interface for the software program
that was developed.

The application software is run to provide an output in both tabular and graphical form if the required
data is supplied into the model developed. The graph of the developed path loss against distance for the NTA
channel 12 Owerri base station under investigation is shown in Figure 3.
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Fig. 3. Graphic user’s interface of the developed signal path loss model’s application software

2.3 Comparative analysis between measured path loss and developed model’s path
loss

Path loss values from the developed model were compared to the path loss value of route A for the
NTA channel 12 Owerri base stations, as shown in figure 4. The ME, Standard Deviation (SD), RMSE, and
the standard deviation error (SDE) described in equation 9—11 are the statistical tools used to validate the
developed path loss propagation model. Table 3 lists the results of each statistical tool that was used to
validate and confirm the applicability of the developed path loss model in the investigated environments and
to predict NTA channel 12 Owerri signals' path loss.
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Fig. 4. Comparison of measured path loss values with the calculated path loss values for NTA
Owerri in Imo State, South-Eastern, Nigeria.

Table 3. Statistical parameters of the developed path loss values for NTA channel 12 Owerri base station

S/N RMSE ME SD SDE

1 2.8056 2.3500 6.300 1.8187

All the statistical tools used in this study to validate the performance of this developed prediction model
also show that the calculated path loss developed is accurate and very suitable for Distance (km) predicting
path loss values of NTA channel 12 Owerri signal in the South-Eastern region of Nigeria.
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2.4 Comparative analysis of different path loss models with measured values and
developed path loss models’ values

This section compares the measured path loss values for the base station under investigation with the
suggested model values, measured values, and five other conventional existing empirical path loss models
stated in equations 1-7. The relationship between measured field values, proposed model values, and some
existing empirical path loss models is depicted in Figure 5. The prediction errors of the different models
under consideration as well as the measured field values were estimated based on the path loss comparisons
in figure 5. Table 4 displays the outcomes of each statistical tool that was used to analyze the errors of the
various prediction models using measured data.
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Fig 5. Comparison of some empirical path loss models with measured and developed models’ path loss
values for NTA Owerri in Imo State, Nigeria.

Table 4: Error analysis of the different prediction models with measured values

Statistical tools FSPL Egli Okumura Cost-231 Hata Cost W-L
RMSE 63.67 78.33 86.88 83.69 79.95
MSE 63.65 78.09 86.83 83.64 79.93

2.5 Performance of NTA signals Owerri in Imo State, Nigeria.

In this work, the performance of the NTA signals under study was also examined. The purpose is to
evaluate the effectiveness of the NTA signals received at a specified location or distance. Equation 15
provides the expression to determine the performance or quality for the NTA signals under study at a
particular distance [29].

_TST (dB

) x 100% (15)
SR (dB)

P (%)

When the overall performance of the signals is between 71 and 100%, the performance of the signals is
considered excellent, and when the quality is between 51 and 70%, the performance of the signals is very
good. The signal performance is deemed good and fair when the efficacy of the received signals is between
31 and 40%, and 41 and 50%, respectively. The performance of television signals ranging from 0 to 30% is
regarded as being relatively low, making the audience who receives them feel very uneasy [24]. Table 5
shows the outcomes of the performance studies of NTA channel 12 Owerri signals evaluated at a particular
distance. The findings show that NTA Owerri performs poorly at a distance of 18 km away from the base
transmitting station.
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Table 5. Performance analysis of the different NTA signals

Distance (km) 2 4 6 8 10 | 12 | 14 | 16 | 18 | 20 | 22 | 24

Signal performance | 59.0 | 53.9 | 45.0 | 42.4 | 39.9 | 38.0 | 33.6 | 30.5 | 28.9 | 23.6 [ 22.6 | 19.3
(%)

2.6 Discussion of results

The received signal intensity levels were measured along the different routes in Imo State, Nigeria,
where signal strength measurements were taken at intervals of 2 km, ranging from 2 km to 24 km.
Inconsistent and irregular signals were eliminated by taking the average received signal at each measurement
point. Equation 16 was used to calculate the path loss in decibels from the measured receive signal strength
values [25]. According to [26], path loss is the difference in decibels between the power that is transmitted
and the power that is received. It also refers to the attenuation of signals due to the influence of topography,
atmospheric characteristics, and other elements like absorption, interference, diffraction, scattering, etc.

SPL = TSPT — TSSR, (16)

where SPL is the signal path loss, TSSR is the total signal strength received and TSPT is the total signal
power transmitted.

Figure 2 show the variation of the measured path loss with distance for the NTA channel 12 Owerri
base station under investigated. The figure show that the path loss measured for the NTA channel 12 Owerri
signals propagation increases with distance along the different routes of signal strength measurements.
Figure 2 shows that, for a 2 km distance, the path loss for paths A, B, C, D, and E is, respectively, 33.7, 34.5,
35.2, 35.0, and 33.2 decibels. Path loss values for the same routes at a distance of 4 km are 30.8, 29.9, 30.2,
28.5, and 29.4 km, while at a distance of 6 km, they are 25.7, 26.3, 27.4, 26.8, and 25.2 km, respectively, in
Imo State. This illustrates how signal path loss increases with increasing base station transmitter and receiver
distance. For all of the investigated routes, an increasing trend in signal path loss was observed. It therefore
implies that the signal strength drops off as the distance increases along any path of signal propagation.

For the purpose of predicting the path loss induced by NTA channel 12 Owerri, Imo state in South East,
Nigeria, a linear propagation model was developed. The developed path loss model's results were plotted in
equation 4 and show comparable patterns to the measured values, suggesting that the path loss increases with
the line-of-sight distance between the base station and the television reception station with fairly little
dispersion. Attenuation and dispersion become more pronounced and erratic after the breakpoint distance,
but the attenuation still fits the surroundings of transmitter base stations. To determine the effectiveness of
the developed path loss model in predicting path loss for the NTA channel 12 Owerri station in the different
research locations, the values from the developed path loss model were compared with those from the field
measurement for route A as shown in figure 5. The figure demonstrates that the predicted path loss values
are quite similar to the measured path loss values and that they both exhibit the same distance-dependent
incremental trends. The computed path loss model developed is accurate and extremely suited for estimating
path loss values of NTA channel 12 signals in the Imo State of Nigeria, as shown by RMSE and the other
statistical tool utilized in this study to validate the performance of this prediction model. For the base station
under investigation, the calculated path loss's RMSE value, which is less than 8 dB, demonstrates how well
the model predicts route loss in the surroundings taken into account. The maximum RMSE values for urban
and suburban areas are 8 and 15 respectively for any model to be assumed to be true for predictions.

Figure 5 shows the comparison of path loss values for measured values, produced model values, and
other models' values for the NTA channel 12 Owerri base stations in Imo state, Nigeria. Other empirical
models, compared to the proposed model, which, on the whole, predicted the path loss accurately,
overestimated the measured path loss value by roughly 85.5 dB, demonstrating a lower degree of agreement
with the measured route loss values. When compared to the observed and calculated path loss values across
the whole research area, the free space path loss (FSPL) model came the closest of all the empirical path loss
models. However, the Okumura and Cost-231 Hata models, which projected path loss of over 101.9 dB and
98.7 dB, respectively, in all the research locations, had the biggest prediction difference from the real path
loss. Though they all overestimated the path losses, FSPL made a superior prediction overall when compared
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to the others. The prediction errors of the various models under consideration were calculated based on the
path loss comparisons in Figure 6. For the base station taken into consideration, the mean error, the root-
mean square error, the standard deviation, the standard deviation error, and the measured path loss values
have been calculated as functions of distance. Table 5 displays the findings of each statistical tool that was
used to analyze the errors of the different prediction models considering measured data. The difference
between the measured and predicted losses for each of the models was used to compute the mean error. The
results of the various statistical tools presented in table 5 affirm that the free space path loss (FSPL) model is
closer to zero and therefore closer to the values of the proposed and observed path loss models. Nevertheless,
in the analyzed context, the FSPL is still unsuitable to estimate route losses.

Conventional path loss models are incorrect and inappropriate for use with the NTA station under
examination in this study area. For forecasting NTA channel 12 Owerri path loss, path loss models
developed by other researchers for different regions and television stations were also ineffective. This led to
the development of the model that you see here. The developed model performed flawlessly and was
demonstrated to be quite effective for the research area and similar terrain when tested in this scenario. This
generated model, in contrast to other empirical models developed by other researchers, can estimate path loss
over a considerable distance exceeding 24 km. Path loss models are difficult for end users to employ because
of their confusing nature due to their mathematical complexity. Thus, it has become absolutely essential to
create an application software for the developed model that will allow users to quickly compute the path loss
values of the developed model by inputting the pertinent variables into the application software. In summary,
the model developed in this study is easy to use, efficient, reliable, appropriate, and scalable, especially in
the study areas and on terrain that is similar to that of the terrain.

Conclusion

This study was conducted to develop a path loss model for NTA channel 12 Owerri and evaluate its
performance in Imo State, Nigeria. Signal strength measurements were made during different hours of the
day and months, from October 2021 to May 2022. In this study, the measured data was used to create a path
loss model for NTA Owerri in South-East Nigeria and to evaluate signal quality in terms of efficiency.

The model developed in this study is easy to use, efficient, reliable, appropriate, and scalable, especially
in the study areas and on terrain that is similar to that of the terrain. The findings show that NTA Owerri
performs poorly at a distance of 18 km away from the base transmitting station. The results also show that
the other conventional empirical models considered in this study overestimated the path loss of NTA channel
12 Owerri signals. Recommendations were made based on the results obtained from this study.

Recommendation

The proposed models are recommended for usage in the research areas and other places with
comparable topographical features to ensure the best planning of the transmitted power efficiency and
network design. Additionally, in order to ensure that their customers get signals well beyond 18 kilometers, it
is also recommended that NTA Aba's management raise their power output to about 30 kW.
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FEATURES OF MECHANICS DESTRUCTION TRIBOUNITS
AT DIFFICULT DYNAMIC LOADING
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The mechanics of contact destruction tribounits at a friction in the conditions of difficult dynamic loading is
considered. Possibility of mathematical description of complex damage knots friction is shown, intensities of wear
taking into account the features of forming superficial layer at a contact. Methodology of calculation superficial
durability and longevity of tribounits is presented and the examples of practical estimation of this interdependence
are shown. The model of destruction surface at a friction with a different dynamic loading is offered, methods of
estimation wearproofness on the change of the structural state of superficial layer by a tribospectral method and
the electron work function.

Keywords: wearproofness, tribounits, superficial layer, structural state, loading

Introduction

Presently results of researches in area of wear materials in especially heavy kinds mechanical and
thermal loading, that carry dynamic character, does not allow with the high degree of authenticity to choose
(or to work out) one or another structurally-technological measures that is sent to the increase of longevity
wares. It is caused, foremost by the kinds of realization researches that often fall short of the real kinds of
exploitation of the friction pair, as greater part of details tribounits works in the conditions of difficult
dynamic loading related to the vibrations operating in various directions, which influences on unstable
synergetic processes.

Processes of friction and wear, and also destruction of superficial layers of tribounits is determined by
dynamic character loading in a contact, by amplitudes of the mutual moving, creating the specific kinds of
pin co-operation [1]. In particular, in the process of exploitation the kinds of shock with slippage (two-
component loading) and shock are possible with slippage in two mutually perpendicular directions (three-
component loading). Such complex of kinds loading causes the difficult tense state of superficial layers of
contacting pairs. It results in limitations of possibility application of general’s theory friction, and also most
the results of experimental researches [2]. Decision of contact task of mechanics destruction tribounits, that
is exploited in the conditions of difficult dynamic loading, maybe within the framework tribofatigue based
on model of account correlation processes mechanical (volume) destruction and friction fatigue.

Obviously, that at the contact kinds of loading the superficial layers of material are damaged stronger,
than deep. At a repeated loading fatigue, the microcracks appear on a surface even in default of the contact
loading with disposition in active planes slippage in that are situated maximal tensions of shear [3]. It is
possible to distinguish four successive stages of processes in material in accordance with the features of
deformation and destruction of materials at a tiredness: strengthening of material from the increase of density
dislocations in local volumes to the critical value; conception and development of submicroscopic cracks;
development of microcracks to the sizes macrocracks; development and confluence of macrocracks to the
separation of elements surface.

The characteristic features of basic structural elements of material determine the accumulation of
defects, resulting in formation of microcrack. The initial structure of the deformed material changes
substantially under the action of the repeated impulsive loading. Undersurface zone (in depth from a few
units to hundreds micrometres) is the plastic deformed layer of material with a certain size and orientation of
the crystallites.

Correlation of mechanical properties and parameters of structure resulted in work [3], shows that
resistance to fragile destruction depends not only on the size of grain but also from the size of block mosaic.
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Thus, the size of grain does not determine mechanical properties of metal simply. The conclusion is made
about the determining influence of the degree of misorientation on the fracture resistance of the metal.

1Theoretical part

Taking into account that greater part of tribounits work in the kinds of difficult three-component
dynamic loading: shock and slippage in two mutually perpendicular directions, investigated wearproofness
of tribounits of flat details at the oscillating differently directed slippage with the shock loading (Fig.1).
Studies were conducted on the specially worked instruments allowing realizing a difficult contact loading
and test samples in the kinds of close to the natural.

Researches by means of electronic microscope allowed to set that as a result of plastic flow the
developed cellular structure oriented along direction of friction is formed in superficial layers [4].
Destruction by the verges of cells is initiated, perpendicular to direction of slippage, and a primary crack
passes along these verges. Therefore, at the relative slippage of surfaces the origin of the differently oriented
cracks is possible. Especially in case of friction with slippage in two mutually perpendicular directions.

In general case formation and growth of microcracks at a cyclic loading substantially depend both on
the structural state of material and from the number of cycles of loading of N. For description of
development microstructure of short cracks the equation presented in work is applicable [5]:

db
a0 _ m(g_ 1
o C(Ay)"(d-b), (D
where b — a depth of crack; Ay — a scope of deformation shear; d — a characteristic size of element structure;
C and m — the experimentally determined constants of material.

It ensues from this equation, that as far as the increase of crack to the size of grain its speed diminishes
up to a zero. At tensions higher of limit of endurance a crack is not stopped, and only slows the growth or
can stop on any time.

Thus, character of accumulation of deformations at the action of the repeated impulsive and pulsating
loading is approximately identical [6]. So, at a shock loading dependence of contact deformation on the
number of cycles carries nonlinear character with three areas: on the first area - there is contact deformation
the stage of strengthening (approximately to N = 20); on the second area a slow accumulation of contact
deformation is with approximately permanent speed (N = 10° ... 10%); there are a considerable growth of
deformation and intensive destruction of surface on the third area.

It is set [1], that a wear at a shock loading is a nonlinear function from the number of cycles and normal
tension:

W=CN'g" 2)

where C, n, m — coefficients.

Thus normal tension ¢ and maximal contact pressure are determined by the power of a shock, which in
turn depends on speed, geometry of contact and properties of material.

Cyclic tensions result in the origin of fatigued damage both on a surface and on some depth. The
phenomenon of superficial fatigue is corollary of normal collisions of microroughness, that result in an
origin under the roughness of tangent tensions operating on the depth of order of heights ledges
(micrometers). Under a ledge maximal tangent tension operates:

o =(E/ 7% )p 3)

where E'- the reduced modulus of resiliency; ¢ — an angular coefficient of ledge.

Obviously, that microscopic (second kind) maximal tangent tensions really can be reason of formation
embryonic cracks under a surface. A general case over calculated scheme of vertical superficial and
horizontal cracks at a friction with a three-component dynamic loading is presented in a Fig. 2.

A surface is loaded with normal variable tension of q(z) at influence of shock loading and tangential
tensions 1, and 1y at the oscillating slipping in two mutually perpendicular directions of samples. Taking into
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account probability of substantial influence of speed moving to the size of coefficient friction, the contact
area between the two bodies is determined by the following conditions:

r, =—q K2 +k2 +(E, /2% Jp
o.=-4(2)
“)

where k and k, — coefficients of friction on the axis of x and y.

Material in a superficial layer it is possible to examine in the first approaching as resilient. In case of
fragile destruction necessary and sufficient is a force criterion — a coefficient of intensity tensions K that
quantitativly characterizes the field of tensions at the top of crack.

g/z/

P+const

_4]’/;4?5’/2/

X

Fig. 1. Layout of the three-component loading of ~ Fig. 2. Scheme of locations horizontal and vertical cracks at a
tribounits of flat parts. friction with a three-component dynamic loading.

When calculation coefficient K a crack will attain the critical value will begin to spread. The linear
resilient mechanics of destruction and force criterion the destructions worked out for fragile bodies are
applicable, if the size of zone of plasticity does not exceed 1/10 thicknesses of sample.

Therefore, for the examined case the coefficients of intensity of tensions are determined [6]:
for a horizontal crack

K,(-b—1,)= lim J2[x=(-b—-1)]o.(x,h)

x—)(—b—/, ) (5)
Ky(-b=1)=_tim \P2l=b-1)k,, (x.h)

K,(-b) = 1i(rg)1/2 x—(=b)o. (x, )
K,(-b)= li(rflb)1/2|x—i—bilrxy(x,h)

for vertical crack

K, ()= }Lr}l\/Z(Z -1,)o0.(g,2)
’ (6)
K, (1) = lim 2z~ 1,7, (2.2)

Using the apparatus of singular integral equation the decision of task about the resilient is possible and
maximum equilibrium of flat plastins weakentd by the system of the arbitrarily oriented rectilineal cracks of
longitudinal change, i.e. determinations of the tensely-deformed state of surfaces at a friction.
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The decision of contact task of mechanics destruction tribounits, which is exploited in the conditions of
difficult dynamic loading, is indissolubly related to strength and deformation properties of superficial layer.
It is thus necessary to take into account connection of ledges of actual contact with the structural state of
superficial layer and origin of the equilibrium roughness, related to the uneven making of fragments,
formation of microkinks, them unorientation. The model of superficial layer appears as the located by chance
fragments (crystallites), which possessing the certain level of durability and differ in direction glide planes
conditionally shown by different direction of shading areas. The corresponding model of structural
organization and destruction of superficial layer at a friction under conditions of multicomponent dynamic
loading is presented in a Fig. 3. Reverse slippage (one-component dynamic loading) results in drawing out of
fragments. Taking into account forming here comparatively big on a size fragments the got particles of wear
are large.

¢)
Fig. 3. Model of destruction of surface at a friction with a multicomponent dynamic loading:
a) one-component; b) two-component; ¢) three-component.
1 — fragments of superficial layer; 2 — a basic layer; 3 — particles of wear
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For their separation enhanceable energy is required, that is accompanied by insignificant speed of wear
(Fig. 3a). The got equilibrium roughness is considerable, especially in transversal direction and characterized
by the presence of longitudinal scratches.

Adding to the reverse slippage of shock loading (two - component loading) results in diminishing of
size fragments and their strength, increase of is uniform strength of superficial layer, that assists diminishing
of particles wear and decline of equilibrium roughness (Fig. 3b). Speed of wear increases here. A three-
component loading is characterized by shredding of fragments with formation of superficial layer high
uniform strength and homogeneity (Fig. 3c). Shredding the fragmentation of the surface layer and reducing
their strength facilitates the separation of wear particles. Fine wear particles, appearing in great numbers,
result in high-rate of wear. At the same time, a low equilibrium roughness is formed, both in longitudinal and
in transversal directions.

As the preliminary conducted researches showed [7], a difficult three-component loading (shock are
possible with slippage in two mutually perpendicular directions) promotes intensity of wear materials by
comparison to a wear at a two-component loading (shock and longitudinal slippage) to 2,5 times due to the
change of strength and size of fragments superficial layer. With the increase amplitude of the transversal
slippage a from 0 to 0,2 mm, the roughness of surface goes down in transversal direction in 1,3 - 10 times;
longitudinal - in 1,3 - 2 times. Conditions are being created for forming of fragments superficial layer with
the relatively easy passing of dislocation through crystallites to their borders. It assists the decline of level
external tensions necessary for the action of mechanism rotary plasticity in analysable structures. As a result,
a superficial layer appears with more even texture, which by an enhanceable wear is accompanied.

The change of character loading causes the change of the state of superficial layer and, as a result,
change of wearproofness tribounits. Possibility to determine wearproofness by changing of the structural
state of superficial layer appears. Estimating the state of superficial layer maybe on a device for sclerometric
studies of materials [7], where force of friction of the diamond-pointed pyramid in the process of scanning is
modulated with frequency of location crystallites, characterized by near value amplitudes as a result of
change of strength on borders and inside local areas. Wherein the samples of the investigated steel or alloy
with known wearproofness, state of superficial layer and kinds of loading in tribounits can be reference
material.

2 Experimental part

As an example to concrete realization of method determination wearproofness and estimation of the
state surface details by a tribounits tribospectral method in a Fig. 4 shows the tribograms of indenter
scanning of steel samples 60S2A (C60E - AFNOR) at a two-component and three-component loading
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Fig. 4. Tribograms obtained in scanning of steel 60S2A samples after testing at different amplitudes of transverse slip
(P is loading on an indenter): (/) Ays = 0.08 mm; (2) 4y = 0.06 mm; (3) 4y = 0 mm (two-component loading).
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A two-component loading in the process of tests (tribogram 3) unlike three-component with the
presence of the transversal slippage (tribograms 1 and 2) results in formation of superficial layer with the
structure of greater strength and heterogeneity that has fragments (crystallites) of different size with enlarged
scatter of strength. Thus the change of strength superficial layer made to 35%. Taking into account the
increase of wear at a three-component loading it is possible to establish, that over the increase amplitude of
the transversal slippage results in diminishing of strength superficial layer, which is accompanied by the
decline of size force friction indenter and decline of wearproofness.

In addition, the state of the real surface of metals is related to forming on the surface of electric dipole
moments that determine the size of electrostatic barrier the electron work function (EWF). Because of the
heterogeneous state of metallic surface there is a corresponding level of electrostatic barrier, qualificatory
divergence of electron work function for the different areas of surface. Thus, for this surface of metal there is
the characteristic energy relief conditioned by distribution of EWF on a surface [8-10]. By comparing energy
relief of the standard material with the relief of the tested material, it is possible to estimate the change in the
structural state of superficial layer. Measuring of EWF produced with the use of method dynamic condenser
of Kelvin, in which the measurement is made from the contact potential difference arising between the
measured surface and the surface of the reference sample. Thus measureable and reference sample form a
flat condenser and does not contact each other, however in this case an effective exchange becomes possible
by electrons under the action of difference of EWF of the used metals [7, 11, 12].

Concrete the example of realization of the offered method is presented in a Fig. 5. Investigated samples
from the alloy of KhTN-61(Standard of Ukraine) at a two-component (shock with slippage) and three-
component loading (slippage in two mutually perpendicular planes and shock). The condition of superficial
layer samples before the friction practically identical (EWF about 4,1 eV). As a result of friction with
different amplitude of the transversal slippage, the state of superficial layer of samples changed. A two-
component loading (Ays = 0) results in formation of superficial layer with a large value and increased
dispersion of EWF. It is related to that the new structural state of surface, near to amorphous and, as a result,
EWF increases. A friction with amplitude of the transversal slippage results in diminishing of size and
dispersion of EWF, which testifies to the increase of homogeneity of the structural state of superficial layer
and accompanied by the increase of wear.

F, eV |~
44

43

Fig. 5. Distribution electron work function along the surface of standards from the steel KhTN-61(Standard of Ukraine)
after a wear with different amplitude of the transversal slippage: (/) Ay = 0 mm; (2) Ay = 0.05 mm; (3) Ays = 0,1 mm.

Thus, deformation of metal at a friction with the different kinds of loading results in structural
alterations of superficial layer and, accordingly, change of energy relief surface. The change of dynamics
ladening assists transformation of superficial layer and, as a result, change of wearproofness tribounits.

Increased number of micro cracks and enhanceable wear take place at details with homogeneous on the
size of fragments a uniform strength superficial layer. The increase of the transversal slippage at a friction
with a three-component loading assists formation of similar superficial layer, decline of ego of strength, to
the receipt of more even micro geometry of surface that is accompanied by the decline of size and dispersion
of electron work function on a surface. The degree of these changes substantially depends here chemical-
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physical properties of materials and kinds of friction [7, 12, 13]. Conception of wearproofness tribosystems
and tribotechnical principle of minimization wear materials is offered on the basis of the use phenomenon
structural and energy adaptation of materials at a friction with the different types of loading. It's about
creating of such kinds contact, when a superficial layer is formed with heterogeneous on strength and size of
fragments the structural state. Thus, management possibility appears wearproofness of contacting details
varying of kinds contact taking into account the features of forming superficial layer.

Conclusions

The presented models confirm actuality of mathematical description of complex damage of knots
friction. The estimation of mechanics contact destruction must be produced on the basis of study behavior of
superficial layers of materials in connection with the features of thermomechanical loading of tribounits in
the real kinds of exploitation. In turn development of methods calculation of estimation superficial strength
is necessary pre-condition of development more wearproof tribounits.

For the estimation of wearproofness steel details of tribounits at a multicomponent dynamic ladening,
using of complex approach of determination interconnections tribotechnical and structural properties of
contacting materials is needed for the different kinds of loading. Thus, the plastic-destructive pattern of
behaviour metal at a friction should be considered as physical and chemical, i.e. process that is accompanied
by the complex of structural, physical and physical-chemical changes of superficial layer the deformed
metal.
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The influence factor of silver nanoparticles on the intramolecular processes of deactivation of the electronically
excited state of polymethine dyes (PD) of different ionicity has been studied. It has been demonstrated that the optical
density for cationic 1 and anionic 2 dyes does not change under the action of the plasmon field of Ag nanoparticles.
Whereas an increase in absorbance by almost 18% was observed for neutral dye 3. A decrease in the enhancement in
fluorescence intensity in the series of anionic—cationic—neutral dyes was registered upon addition of Ag nanoparticles
to their solutions. The fluorescence lifetime practically does not change for all PDs under study. Data processing within
the framework of the model of the influence of a plasmonic nanoparticle on radiative transitions in a dye molecule
showed that the values of plasmon-enhanced rates of radiative decay of molecules decreases from neutral to cationic
and, finally, to anionic dye. The rates of energy transfer from PD to plasmonic nanoparticles decrease in the reverse
sequence of dyes, i.e. anionic-cationic-neutral PD. This is expressed in a decrease in the proportion of neutral dye
molecules that were deactivated by fluorescence.

Keywords: polymethine dye, ionicity, localized plasmon resonance, silver nanoparticles, plasmon-enhanced
fluorescence.

Introduction

Over the last few decades, the phenomenon of localized plasmon resonance (LPR) of metal
nanoparticles (NPs) has become a universal tool for studying the optical and electronic properties of various
organic compounds [1, 2]. The LPR phenomenon is associated with the interaction of light and electrons on
the NPs surface, which leads to strong oscillations of the electric field near the NPs. Such fluctuations are
expressed in a significant increase in the local electromagnetic field around the NPs [3], which can be used
for various applications, such as sensing, visualization, and energy conversion.

The size and shape of NPs play a decisive role in the LPR effect, since they determine the resonant
frequency and strength of the plasmon resonance. The properties of the environment can also affect the LPR
effect, for example, the refractive index of the environment or the presence of other molecules can change
the plasmonic properties of metal NPs.

The application of plasmonic NPs of metal is currently very wide and ranges from optical technologies
to biomedical applications and photovoltaic devices [2, 4]. In particular, they can be used in the development
of optoelectronic devices [4, 5], nanolasers [6, 7], and photodynamic therapy [8, 9]. It was shown [10] that
the addition of metal NPs to the active medium of dye lasers can lower their generation threshold. Also, in
the presence of gold or silver NPs, the performance of solar [11-13] and photocatalytic [14-16] cells can be
significantly increased.

Fluorophores located near the metal NPs can demonstrate both enhancement and quenching of
luminescence. The magnitude and sign of the plasmonic effect of metal NPs depends on such factors as the
distance between the fluorophore molecule and the plasmonic NP, the mutual orientation of their transition
dipole moments, the permittivity of the medium, etc.

During the interaction between plasmonic NPs and a dye molecule, an electrodipole interaction occurs
[3, 17]. Due to the strong local electric field created by plasmonic NPs, the characteristics of the
electronically excited states of organic fluorophores could be changed. This is expressed in the modification
of the rates of intramolecular and intermolecular transitions with the participation of dye molecules [18, 19].
In this regard, it is reasonable to assume that the plasmonic effect of metal NPs will also depend on the
ionicity of the dye.
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Currently, there are practically no studies were found on the effect of the dye ionicity on the
effectiveness of its interaction with plasmonic NPs. Meanwhile, the charge of metal NPs should have a
strong effect on the charged molecule of dye. In this work, polymethine dyes (PDs) of various ionicity were
selected: 1 — cationic, 2 — anionic, 3 — neutral dyes [20], the structural formulas of which are shown in Fig. 1.
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Fig.1. Structural formulas of PDs with different ionicity

1 Experimental part

For the study, solutions of PD with a constant concentration (C) of dye 1, 2, or 3 equal to 10~ mol/L
were prepared in ethanol. Silver NPs were used as plasmonic NPs. Their content in PDs samples was varied
from 510" to 10"* mol/L.

Ag NPs were synthesized by laser ablation method. As the metallic silver target with 99.999% grade
placed in ethanol (3 mL) was used. Ablation was carried out with an LQ 215 laser (Ag,=532 nm, E;=90 mJ,
=10 ns), with a wavelength of 532 nm and a pulse repetition rate of 20 Hz. The ablation process was lasted
for 10 minutes.

Zetasizer 90S (Malvern) was used to determine the size of the obtained nanoparticles. Measurements
showed that the average radius of the synthesized Ag NPs is equal to 3149 nm (Fig. 2a). According to the
Mira 3MLU (Tescan) scanning electron microscope, they have a spherical shape (Fig. 2b). Zeta potential of
Ag NPs is equal to -17.33 mV (ZetaPALS, Brookhaven).
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Fig. 2. Size distribution (a) and SEM image (b) of Ag NPs in ethanol.

Absorption spectra were registered on a Cary-300 spectrophotometer (Agilent), and fluorescence
spectra of the samples were obtained with Eclipse spectrofluorimeter (Agilent).

The fluorescence duration of PDs molecules were measured with the TCPC system (Becker&Hickl).
For the photoexcitation of solutions, lasers with picosecond pulse duration and a generation wavelength of
532 or 640 nm were used. Fluorescence decay kinetics was processed using the SPClmage program
(Becker&Hickl). The fluorescence lifetime was estimated using the formula [21]:

1(z)=iai exp(—t/7;) (1
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.
where 1; — is the decay time, a; — is the amplitude (contribution fraction) of i- th component (Zi: = 1.0) and
t — is the time.

Spectral-luminescence measurements were carried out at atmospheric pressure and room temperature.
To obtain reliable data, all measurements were carried out at least 3 times, and the obtained data were
averaged.

2 Results and discussions

The absorption bands of dyes 1, 2 or 3 (curves 1, 2, or 3, respectively) and their fluorescence (curves 1',
2', or 3', respectively) without the addition of NPs, as well as the absorption spectrum of NPs in an undiluted
solution (curve Ag NPs, concentration of NPs is Ca,=1 .5:10"% mol/L) are shown in Fig. 3a. The maximum of
the absorption spectrum of Ag NPs is located at 405 nm, and its absorption band has a significant overlap
with the absorption and fluorescence bands of the PDs under study. On Fig. 3b the fluorescence decay
kinetics of dyes 1 and 2 are shown.
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Fig. 3. (a) Normalized spectra of absorption (1, 2, 3, solid curves) and fluorescence (1', 2', 3', dashed curves) of
dyes 1 (1, 1', blue), 2 (2, 2', red), 3 (3, 3', green) at C=10"° mol/L without addition of NPs and absorption spectrum of
Ag NPs (Ag NPs curve, black); (b) decay kinetics of fluorescence for dyes 1 and 2.

It was found that no changes in the spectral characteristics of the PDs under study were observed upon
addition of plasmon NPs. The absorptivity (D) did not changed for 1 and 2 dyes when Ag NPs were added
(Table 1, Fig. 4).
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Fig. 4. Effect of Ag NPs concentration (C,,) on optical density (1, 2, 3, solid curves) and fluorescence intensity
(1',2', 3", dashed curves) of dyes 1 (1, 1', blue), 2 (2, 2', red) and 3 (3, 3', green)
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For neutral dye, an increase in the D of solutions by almost 18% is observed (Table 1) upon the
plasmon effect of Ag NPs. The observed increase in the absorptivity may be result of growth in the
excitation rate and the transition of the dye 3 molecules to the S;-state [22, 23]. Fluorescence becomes more
intense for all dyes when Ag NPs were added to their solutions. The concentration of Ag NPs (Cx,) on the
order of ~10""> mol/L is the most suitable for both cationic dye 1 and anionic dye 2. Further growth in C Ag
leads to the reducing of the fluorescence intensity. It is noteworthy that the largest enhancement in the
fluorescence intensity is observed for PD 2 and the smallest for PD 3. At the same time, fluorescence
lifetime t; practically was not changed (Table 1). For neutral PD 3, no noticeable changes in fluorescence
intensity and lifetime were registred.

Table 1. Spectral-luminescent parameters of 1, 2 and 3 dyes at different concentrations of silver NPs*

Silver A
concentration, abs max, D D/D, Ml max, NIM Lru 171, T, NS /1
mol/L nm
1 (cationic) dye
0 546 1.450 1.000 568 280 1.000 0.290 1.000
1-10 546 1.440 0.990 568 279 1.000 0.286 0.986
5107 546 1.320 0.910 568 292 1.050 0.287 0.989
110" 546 1.330 0.920 568 284 1.020 0.285 0.983
2 (anionic) dye
0 540 1.230 1.000 569 287 1.000 0.253 1.000
1-10 540 1.170 0.950 569 319 1.110 0.251 0.992
510" 540 1.190 0.970 569 295 1.030 0.250 0.996
110" 540 1.180 0.960 569 294 1.020 0.248 0.988
3 (neutral) dye
0 525 0.630 1.000 560 157 1.000 0.245 1.000
110" 525 0.720 1.140 560 160 1.020 0.243 0.992
510" 525 0.740 1.180 560 159 1.010 0.241 0.983
1-10"2 525 0.600 0.960 560 158 1.000 0.230 0.938

*where, Aaps max — 1S the wavelength of the absorption maximum, D — is the optical density, Ag ma.x — is the wavelength of
the fluorescence maximum, I — is the fluorescence intensity and t; — fluorescence lifetime.

The mathematical model used in [18, 23] was used to analyze the data obtained. Calculations have
shown (Table 2) that the Wspo fluorescence rate of PD in the absence of Ag NPs decreases in the seried of 1—
2-3 dyes. Since the radiation decay rate w,” depends on the third power of the radiative transition frequency
o, the observed difference in the value of Wsp0 is a consequence of a decrease in the frequency  in the series
of dyes 3—2—1 (Table 1). However, large values of the transition dipole moment were obtained for molecules
1 and 2, which causes a greater value of Wsp0 for them. This is also clearly noticeable for the dependence of
the plasmon-enhanced fluorescence rate wy,, where its values decrease in the series of 1-3-2 dyes.

Table 2. Values of the estimated oscillator strength f, transition dipole moments p, plasmon-enhanced
fluorescence rate of dye molecules wy,, fluorescence rate of PD molecules without the metal NPs wspo, FRET rate
U(w|r) from PD to Ag NPs

Dye p,D I/IO* Wspoa s Wsp, s VVsp/VVsp0 U(w|r)> s
1 (cationic) 11.70 1.05 2.3-10° 3.50-10° 14.90 0.35:10°
2 (anionic) 11.80 1.11 2.2:10° 3.26:10° 14.80 0.24:10°
3 (neutral) 10.70 1.04 2.1-10°% 3.30-10° 15.70 1.60-10°

Thus, the value of the transition dipole moment p is one of the main parameters that has influence on
the magnitude of the plasmonic effect of metal NPs on a fluorophore molecule. Calculations showed that the
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maximum enhancement in the radiative decay rate wsp/wsp0 of fluorophore molecule is observed for a neutral
dye and it was equal to 15.7 times. However, due to the fact that the spectrum of the fluorescence band of PD
3 has a large overlap with the absorption spectrum of Ag NPs, the effect of fluorescence enhancement is
leveled by the process of energy transfer (FRET) from dye molecules to metal NPs.

As were shown in [23, 24], FRET from dye molecules to NPs is a competing process with respect to

fluorescence. For dye molecules 1 and 2, the rate Ulw|r) is about 5—6 times lower than for neutral dye 3
that results in the growth of the fraction of molecules that decay through fluorescence. The values of wy, for

dyes 2 and 3 have similar values. Whereas the FRET rate Ul@[r) 1o Ag NPs for dye 2 has the lowest value.
In turn, this leads to large fluorescence enhancement factors observed in the experiment.

Conclusion

The role of the ionicity of the dye in the efficiency of their interaction with plasmonic NPs of silver is
considered.

It has been demonstrated that the optical density for cationic 1 and anionic 2 dyes does not change with
the addition of Ag NPs. Whereas for neutral dye 3, an increase in absorbance by almost 18% is observed,
which is a consequence of an increase in the rate of excitation of PD3 molecules from the S, state to the S;
state.

At the same time, the plasmonic effect of Ag NPs has a greater effect on the fluorescence of the anionic
dye. It was found that under the action of LPR of silver NPs, the fluorescence intensity increases in the series
of dyes 3—1-2 (neutral-cationic—anionic). In this case, the duration of the luminescence of the considered
dyes remains almost constant.

Consideration of the obtained experimental results within the framework of the model of the influence
of a plasmonic NPs on radiative transitions in a dye molecule showed that the values of plasmon-enhanced
rates of molecules fluorescence decrease with the transition from neutral to cationic and, finally, to anionic
dye.

The rates of energy transfer from PDs to plasmon NPs decrease in the reverse sequence of dyes, i.e.
anionic—cationic—neutral PD. The plasmon Ag NPs synthesized in this work and the anionic dye for which
the greatest intensity enhancement was recorded have a negative charge. Therefore, it can be concluded that
this prevents the PD 2 molecules from approaching the Ag NPs at the distances necessary for effective
energy transfer from the dye 2 to the Ag NPs, which results in the observed greatest increase in fluorescence.

The results obtained can serve as a scientific basis for the development of new methods of plasmon
modulation of signals in devices of molecular photonics, photovoltaics, photocatalysis and detectors. The
ability to control the conditions of such interaction will allow us to form and study new phenomena and
properties associated with the «light-matter» interaction.
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The work is devoted to the theoretical development of miniature highly sensitive electron spectrometer for the
analysis of the composition of corpuscular flows in a wide range of measured particle energies. The mirror type axially
symmetric energy analyzer in the spectrometer is constructed on the basis of an electrostatic octupole-cylindrical field
and has a long-focal-length distance. The focusing properties of the scheme have been calculated, and the luminosity
and resolving power of the device have been evaluated. As part of a set of equipment for spacecrafts, the proposed
device will allow to determine the composition of charged particles in unsteady flows in interplanetary space. Also
when designing the device there is a possibility to combine several methods of analysis (for example, with mass-
spectrometric methods), which will successfully complement each other, which will provide high information content of
joint analysis. This tendency is observed in the creation of space research complexes, which, as a rule, include several
independent methods of analysis.

Keywords: electron spectrometer, energy analysis, energy analyzer, electrostatic mirror, corpuscular-optical
system.

Introduction

The main instruments used to study the processes in cosmic plasma are energy and mass analyzers of
charged particle beams. Energy analyzers are based on the principle of separation of particle by their energy
and recording their spectra. This makes it possible to obtain information on various particle parameters,
including their velocity, energy, angular distribution, and composition. Energy analyzers are used in various
space experiments. Energy analyzers are used to study the solar wind, magnetosphere, near-Earth space
plasma and other areas of space physics. Many spacecraft, including satellites, probes and stations, are
equipped with energy analyzers to make detailed measurements and collect data on charged particles in near-
Earth space. The use of energy analyzers in space research is increasing the understanding of physical
processes in the space environment.

Energy analyzers of the cylindrical mirror type have found wide application in the study of resonance
phenomena in gases, in spectroscopy for chemical analysis, for obtaining spectra of secondary electrons,
photoelectrons, auto electrons, Auger-electrons, as well as in space research, in the study of interaction of
atomic particles with the surface of a solid body and plasma diagnosis. The cylindrical mirror analyzer has
become a basic element of electron spectrometers of various purposes, produced in the near and far abroad
by leading instrumentation companies [1,2].

Work [3] presented a description of a novel electrostatic optic that is designed to offer a 2m sr
instantaneous field of view for characterizing space plasmas. The system comprises a series of concentric
toroidal electrodes that create multiple independent channels for energy selection. The charged particles
undergo deflection towards a shared planar imaging detector. The complete three-dimensional distribution
function of charged particles is obtained through a single energy sweep. The resolution of the optics, both in
terms of angle and energy, is determined by several factors. These factors include the number of toroidal
electrodes, the radii of curvature of the electrodes, the spacing between them, and the angular aperture of the
channels. The numerical simulations presented in this study demonstrated the performance of an initial
implementation of the proposed concept, which is suitable for various space plasma physics applications.
The preliminary version of this three-dimensional plasma analyzer has the capability to cover energy ranges
from a few electron volts (eV) up to 30 kiloelectron volts (keV), typically with a channel-dependent energy
resolution varying from 10% to 7%. The angular acceptance of the system is dependent on the incident
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particle's direction and ranges from 3° to 12°.

In work [4], a novel type of space plasma spectrometer, known as the wide field of view plasma
spectrometer, was introduced. This spectrometer provides a field of view greater than 1.257 sr, while
requiring fewer resources compared to traditional methods. The enabling component can be likened to a
pinhole camera, where an electrostatic energy-angle filter is positioned at the image plane. The energy-per-
charge of the particles is controlled by adjusting the bias voltage applied to the filter plate in relation to the
pinhole aperture plate. For a given bias voltage, charged particles from different directions are focused by
different angles to different locations. Particles with appropriate locations and angles can transit the filter
plate and are measured using a microchannel plate detector with a position-sensitive anode. By employing a
single high-voltage power supply, it becomes possible to achieve comprehensive coverage of both energy
and angle, leading to significant resource savings. Additionally, this setup enables measurements to be
conducted at rapid timescales.

In the study described in work [5], a novel approach was introduced for measuring plasmas with
exceptionally high energy resolution. This was accomplished by combining a top-hat Electrostatic Analyzer
(ESA) with an internally positioned Retarding Potential Analyzer (RPA). In situations where high
resolutions are unnecessary, RPA can be grounded, allowing the instrument to function as a conventional,
versatile plasma analyzer solely utilizing ESA.

A wide-field-of-view electrostatic analyzer has been designed specifically for the L5 mission, offering
all-sky coverage [6]. The prototype model of this analyzer has been calibrated using a ground-based facility.
The results exhibit a satisfactory agreement with the numerical model calculations, showcasing the analyzer's
capability for space plasma measurements on board 3-axis stabilized spacecraft, such as the L5 mission.

The design of the analyzer proposed in work [7] is capable of measuring plasma characteristics in a
solid angle of 2 7 sr in one act of data registration. The all-sky spectrometer of hot cosmic plasma comprises
two stages: the first stage involves an original conical lens design, which transforms an extremely broad
inflow of particles into a narrow cone-shaped beam; the second stage employs a hexapole-cylindrical
configuration functioning as an energy analyzer for the narrow cone-shaped flow. The work outlines the
calculations and simulations conducted to assess the proposed analyzer, utilizing original numerical and
approximate analytical methods for designing electron and ion optical systems. The main device parameters
are computed and presented.

This paper [8] proposes a long focal-length axially symmetric hyperbolic energy analyzer. The work
has represented results of calculation of analytic parameters of energy analyzer with an axis-ring type of
focusing. The design features of energy analyzer are described and the results of its experimental
examination are given.

The study of work [9] involves the computation of the equipotentials of cylindrical octupoles with both
symmetric and antisymmetric planes. Additionally, the calculation and analysis of equipotential portraits are
performed for electrostatic axially-symmetric octupole-cylindrical fields. The analysis considers various
weight contributions from the cylindrical field and circular octupole components.

The electron-optical scheme of the axially-symmetric electrostatic energy analyzer based on octupole-
cylindrical mirror is proposed in work [10]. "Ring-ring" type third-order angular focusing scheme of the
energy analyzer is found. This proposed analyzer demonstrates both compactness and high corpuscular-
optical parameters. The instrumental function of the device has been built.

The concept proposed in this article involves utilizing axial symmetric multipole-cylindrical fields in
the design of the energy analyzer. A key requirement for this energy analyzer is to have long-focal-length
distance, enabling the use of multiple analysis methods and accommodating additional devices, such as mass
analyzers. By employing several analysis methods, it becomes possible to overcome the limitations
associated with individual methods and obtain a more comprehensive understanding of the investigated
corpuscular fluxes.

The paper proposes the results of numerical modeling electron-optical scheme of the octupole-
cylindrical energy analyzer. Miniature highly sensitive electron spectrometer of charged particles can be
built on the basis of the proposed scheme of the energy analyzer.

The modeling of scheme of energy analyzer was performed using the CAE "Focus" numerical
simulation software for electron optics systems [11,12].
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1 Modeling of the octupole- cylindrical energy analyzer scheme

The potential of the electrostatic octupole-cylindrical field is described in the coordinate system 7,z by
the following expression:

Ur,z)y=phnr+oU,_,(r,2), D
where
UU(A,(r,Z)ziz“—klz2 l(l—rz)-i-llnr +Lr4+Lr2—llnr l+r2 —i, 2)
4! 2 4 2 64 16 8 2 64

is circular octupole, 4 is the coefficient specifying the weight contribution of the cylindrical field /nr, o is
the weight component of the circular octupole.

Based on the simulation results, the "axis-ring" type second-order angular focusing regime in the
electron-optical scheme of the energy analyzer in the case of a point distant source on the symmetry axis is
found. At the same time, the coefficient specifying the weight contribution of the cylindrical field nr p =2,
the weight component of the circular octupole @ = 1. Fig.1 shows a scheme of second-order angular
focusing of "axis-ring" type of the energy analyzer at 4 = 2, w = 1 in the case of a point distant source of
charged particles on the symmetry axis.

r
7.6 4

3.8

G 1
o 126 254

Fig.1. Regime of "axis-ring" type angular focusing in the electron-optical scheme of the energy analyzer based on the
octupole-cylindrical field in the case of a point distant source on the symmetry axis: 1 - inner grounded cylindrical
electrode, 2 - outer deflecting electrode, 3 — point source, 4 - charged particle beam, 5 - a position-sensitive detector

The octupole-cylindrical field is formed in the space between the cylindrical inner electrode (1), which
is under the ground potential, and the outer electrode with a curvilinear profile (2), on which the deflecting
potential Uo is applied.

According to Fig. 1, particles (4) from a point source (3) enter to the analyzing field area of the analyzer
through the entrance slit, then reflected from the outer deflecting electrode (2), they pass through the exit slit
and are focused into ring image near the surface of the inner cylindrical electrode (1). Then they are
registered by the a position-sensitive detector (5).

This scheme provides a long-focal-length distance. Distance from the point distant source to the energy
analyzer, i.e. the optimal position of the point distant source relative to the left edge of the entrance aperture
Z(source) = - 1.45 ry. The potential of the outer deflecting electrode is equal to 1. The ratio of kinetic energy
of the charged particle to the outer electrode potential is E/V=3.4 E[eV]/U[V]= 3.4. The range of initial



Physics and Astronomy 115

entrance angles of particles into the analyzer is 24°+4°. The linear energy dispersion of device is 5.65. All
dimensions are expressed in conventional units.

From the calculations it was found that the scheme is capable of collecting particles from sources of
small size. Calculations carried out for the case of an extended source showed that even in this case it is
possible to obtain regime with a third order focusing. The extended source is in the form of a disk with a
diameter d=0.026 1. In the calculations, the extended source is divided into 10 equal parts, each of which will be a
point source. The Figure 2 a,b show the scheme “axis-ring" type angular focusing in the energy analyzer in
the case of an extended source (a) and magnified view of an extended source (b).

Fig.2. a - "Axis-ring" type angular focusing in the energy analyzer in the case of an extended source:
1 - inner grounded cylindrical electrode, 2 - outer deflecting electrode, 3, b - extended source source,
4 - charged particle beam, 5 - a position-sensitive detector, 6 — exit diaphragm

2 Calculation and analysis of the parameters of the system

Energy response of the energy analyzer was calculated for the cases of point and extended sources.
Particles with different polar and azimuthal angles were summed.

To calculate the energy response for the case of point distant source, the exit aperture was placed near
the surface of the inner cylindrical electrode. The range of initial particle entrance angles is 20°-28°, the
range of initial energies (more precisely, E/V) is 3.366-3.434 (or AE=3.4+1%). Exit diaphragm width is
0.0077 ro (where ryis radius of inner cylindrical electrode).
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To calculate the energy response for the case of extended source (size of source d=0.026 ry), the exit
aperture was placed near the surface of the inner cylindrical electrode. The range of initial particle entrance
angles is 20°-28°, the range of initial energies (more precisely, £E/V) is 3.23-3.57 (or AE=3.4+£5%). Exit
diaphragm width is 0.084 r,.

Figure 3 shows the energy response of the energy analyzer for the configurations of point and extended
sources. Relative energy resolution of the system is defined as the ratio AE/E, where AE represents the full
width at half maximum (FWHM) of the energy distribution curves, and E corresponds to the mean energy of
the detected particles.

Energy response
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Fig.3. Energy response of the energy analyzer:
1 - for scheme with point source, 2 — for scheme with extended source.

The relatively high energy resolution is higher for the case of point distant source, reaching 0,59 % for
“axis-ring" type angular focusing regime. The relatively energy resolution for case of extended source has a
lower energy acceptance with 3.29% for “axis-ring" type angular focusing regime.

Table 1 presents the results of numerical calculation of the focusing properties of the octupole-
cylindrical energy analyzer for the “axis-ring” angular focusing regime.

Table 1. Focusing properties of the octupole-cylindrical energy analyzer

Parameter Point source Extended source
Focusing order 2 3
Central angle of focusing 24° 24°

X » coordinate of the focus point 22.78 21

Yt » coordinate of the focus point 33 4
Reflection parameter, P 1.0 0.8
Long-focal-length distance 1.45 1o 1.45 1y
AE/E (FWHM), % 0.59 3.29
Luminosity, Q/21 , % 5.67 5.67
Linear energy dispersion, D 5.65 5.65

The total length of the electron-optical
scheme, / = L/r, 5.87 5.87
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The luminosity of the corpuscular-optical device is equivalent to the geometric solid angle Q of the
particle collection. Luminosity of the energy analyzer for “axis-ring" type angular focusing regime is
Q/21=5.67 %.

The analyzer proposed in this work has the best resolution compared to the classical cylindrical mirror
energy analyzer, and has the long-focal-length distance and small device dimensions.

Conclusion

A scheme of the energy analyzer with a large focal-length distance, which can be applied for spatial
combination with the instruments to provide alternative research methods, was found. On the basis of the
proposed numerical model of the energy analyzer can be designed miniature electron spectrometer for the
energy analysis of corpuscular fluxes. The developed scheme of the energy analyzer satisfies all basic
requirements, such as small dimensions of the analyzer (compactness), high focusing properties. The
relatively high energy resolution of the analyzer allows a detailed analysis of the particle distribution
function.
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Ceramic samples of cerium-doped yttrium aluminum garnet (YAG:Ce) were successfully synthesized
utilizing a high-powered electron flux field with a considerable energy level of 1.4 MeV and a power density of 23
kW/cm2. The ceramics were formed in a remarkable time span of just one second from a specifically prepared mix
of yttrium, aluminum, and cerium oxides. The process of radiation-assisted synthesis of ceramics within radiation
flux fields fundamentally deviates from the methodologies commonly employed today. Analyzed diffraction
patterns closely align with those documented for YAG:Ce crystals, both in peak position and proportion.
Furthermore, every sample consistently demonstrated a space group symmetry of la-3d. The luminescence and
excitation spectra of ceramics synthesized in this study closely resemble those of YAG:Ce ceramics produced by
other methods and YAG:Ce - based phosphors. The luminescence bands exhibit high efficiency, and the intensity
ratios of the UV bands vary among the studied phosphors. The ceramics' radiation-to-luminescence conversion
efficiency was found to be impressive, achieving scores of 0.57 and 0.48 in the industrial phosphors SDL 4000
and YAG-02, respectively. It was also observed that an increase in quantum efficiency of the samples could be
achieved via high-temperature annealing. High conversion efficiency underscores the potential of the outlined
luminescent ceramics synthesis method.

Keywords: synthesis, YAG:Ce ceramics, structure, radiation-assisted synthesis, luminescence.

Introduction

Phosphor materials play a crucial role in various modern technologies, particularly in the fields of
lighting and display systems. These materials possess the unique ability to convert energy from one form into
another, most commonly transforming ultraviolet (UV) or high-energy visible light into lower-energy visible
light [1-4] Among the numerous phosphor materials available, Ce’" - doped luminescent phosphors have
emerged as a promising candidate for a range of applications [5-10]. In particular, cerium-doped yttrium
aluminum garnet (Y AG:Ce) phosphor ceramics are innovative materials that evolve from the base compound
of YAG, doped with cerium (Ce) ions. This insightful fusion results in an exceptional transformation of the
YAG crystal structure, thereby birthing a highly efficient phosphor material that boasts distinct optical
properties.

Notably, the luminescent characteristics of Y AG:Ce phosphor ceramics can be deliberately customized.
This is achieved by expertly manipulating certain aspects of the synthesis process, as well as the relative
concentrations of the cerium dopant. By making these strategic alterations, the optical properties of the
resultant ceramic material can be attuned to cater to a plethora of specific application requirements.

Such versatility and customizability empower these phosphor ceramics to function in a wide range of
sectors. From lighting technologies to imaging devices, from signal amplification in telecommunications to
their application in medical imaging, the YAG:Ce phosphor ceramics, with their unique properties, can be
fine-tuned to meet diverse requirements, reinforcing their appeal and utility in numerous technological
innovations [10]. YAG:Ce based phosphor ceramics demonstrate promising potential for applications in
light-emitting diodes (LEDs)[11-13] and scintillators[14-16]. These multicomponent systems often require
high-temperature and lengthy synthesis processes, which can result in inconsistent material quality.
Consequently, ongoing research is focused on refining and discovering new synthesis techniques. The
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growing interest in YAG:Ce phosphor ceramics is primarily driven by their potential use in energy-efficient
lighting technologies, such as light-emitting diodes (LEDs). The exceptional conversion efficiency, thermal
stability, and color-rendering properties of YAG:Ce phosphor ceramics make them an ideal choice for the
generation of white light in LEDs.

Apart from widely-used solid-phase reactions [13], various alternative methods are being explored,
such as laser ablation [17], sol-gel [18], hydrothermal [19], coprecipitation [20], and combustion [21]. One
promising approach involves synthesizing ceramics within high-power radiation fluxes. Studies have
demonstrated that MgF2-based luminescent ceramics can be synthesized using high-power electron fluxes
[22], and we previously showed that YAG:Ce ceramics can also be synthesized in this manner[23]. The
spherical ceramic samples obtained, up to 7mm in size, exhibited luminescence upon UV excitation in the
spectral region characteristic of YAG:Ce phosphor ceramics.

This paper presents the results of synthesizing YAG:Ce ceramics radiation-assisted method, along with
an analysis of the material's structural and luminescent properties.

1 Materials and Research Methods

The synthesized test samples were two series of ceramics different in composition with a batch content:
Y,0;(55%) + Al,05(43%) + Cey05(2%) (YAG) and Y,05(52%) + Al,03(40%) + Ce,0;3(2%) + Gdy05(6%)
(YAG:Ce, Gd). The initial experimental outcomes reveal that the synthesis of YAG:Ce ceramics within a
radiation-assisted method is heavily influenced by the precursor prehistory of the components used in the
synthesis process. Particularly, the history of the aluminum oxide powders employed exerts significant
impact on the synthesis results.

Given this key finding, we chose to utilize three distinct types of alumina powders procured from
different suppliers to ascertain the synthesis variance. These powders were sourced from Hefei Zhonghang
Nanotechnology Development Co. Ltd. in China, marked as A with the product specification ZH-A1203-01;
Labor Farma in Kazakhstan, denoted as B and classified under ChDA TU 6-09-426-75; and lastly, Chemical
Reagents Plant in Russia, labelled as C and also conforming to the qualification ChDA TU 6-09-426-75.

It is important to note that the constituent dispersion of these powders was varied, leading to different
experimental conditions and thereby potentially impacting the synthesis outcomes of the YAG:Ce ceramics.
Hereafter, phosphors of two series (YAG and YAG:Ce, Gd) made using alumina of different prehistory are
indicated by numbers in accordance with Table 1.

Table 1. Designation of ceramic samples

Sample No. Composition Manufacturer
ALO;

YAG:Ce ALO; (43%) + Y,05(55%) + Ce,05(2%)

ALO; (43%) + Y,05(55%) + Ce,05(2%)

ALO; (43%) + Y,05(55%) + Ce,05(2%)

YAG:Ce, Gd ALO; (40%) + Y,05(52%) + Ce,05(2%) + Gd,04(6%)

ALO; (40%) + Y,05(52%) + Ce,05(2%) + Gd,04(6%)
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ALO; (40%) + Y,05(52%) + Ce,05(2%) + Gd,04(6%)

Oxide powder samples were sintered using high-power electron flux to form YAG:Ce phosphor
ceramics. Stoichiometric powders were poured into a Smm-deep copper crucible with an area of up to
40x120 mm’. The crucible was exposed to a high-intensity electron flux that was transmitted from a vacuum
state to atmospheric pressure via a differential vacuum pumping system. This electron flux was generated by
the ELV-6 accelerator, housed at the Institute of Nuclear Physics of the Siberian Branch of the Russian
Academy of Sciences (INP SB RAS). The electron flux carried a substantial energy of 1.4 MeV and had a
power density of 23 kW/cm®. An electron beams systematically scanned the surface of the powder held
within the crucible, moving at a steady speed of 1 cm/s. The cross-sectional density of the electron beam
displayed a Gaussian distribution and had a diameter measuring 7 mm at its proximity to the charge surface.

This scanning process ensured that every point on the surface of the crucible was evenly exposed to the
electron flux for a duration of 1 second, allowing for a controlled and systematic experiment. After exposure,
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the mixture rapidly solidified, forming ceramic samples that were plate-like or spherical in shape. Up to 10
different-sized samples were formed in each crucible. After a single irradiation, the crucible was cooled, and
the samples were removed. The samples were then annealed at a temperature of 1650°C for 8 hours. This
article presents the research conducted before and after the annealing process.

The luminescence quantum yield (QE) of the synthesized ceramics was measured using an FLS1000 PL
spectrometer (Edinburgh) and an integrating sphere (120mm diameter) in the 250-870 nm range. QE
measurement involved two stages: 1) measuring the scattered radiation (i.e., outgoing radiation) and the
radiation range of the empty integrating sphere; 2) repeating the measurements with the sample placed inside
the sphere. The program calculated the QE from the received data. The samples were excited at 450 nm, with
a calculation range for QE of 438.5 - 461.8 nm (excitation) and 467.9 - 740.0 nm (luminescence). QE
measurements were taken from both the inner and outer sides of the annealed and unannealed samples. The
samples exhibited a porous inner surface and a smooth outer surface.

2 Results and discussion

The synthesized samples included plate-like structures with diameters up to 3 cm and thicknesses of
around 3 mm, as well as spherical cavities ranging in diameter from 0.5 to 1.5 cm with wall thicknesses of
approximately 1.5 mm. These cavities were filled with porous ceramics. Images of samples 2 and 4 are
presented in Figure 1. The color of the synthesized samples varied from yellow-green to yellow, depending
on the history of the alumina powders used. These samples were fragile, prone to cracking upon impact, and
exhibited hardness levels comparable to corundum. Refer to Figure 1 for photographs of the samples.

Fig. 1. Photographs of ceramic sample 2 (a- inside, b- outside).

For the study, ceramic samples were mechanically ground into particles with sizes smaller than 1 mm.
Figure 2 presents photographs of sample 4, captured using a microscope after exposure to chip radiation at
A=450 nm and illumination from an incandescent lamp, along with images taken by an MD300 digital
camera.

Fig. 2. Photograph of the powder prepared from sample 4 exposed to chip radiation with A=450 nm (a) and an
incandescent lamp (b).
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Exposure to chip radiation resulted in intense luminescence in the yellow region, with a portion of the
chip radiation scattering on cleavage planes. Some particles displayed flat, cleaved boundaries, suggesting a
tendency towards crystalline structure formation. The sample morphology was examined utilizing a
Quanta3D 200i scanning electron microscope (SEM) manufactured by FEI Company in the USA. In Figure
3, SEM images displaying the cleavage site for YAG:Ce and Gd (sample 4) are presented.

< A N

Fig 3. SEM images of the cleavage site for sample 4 (YAG:Ce, Gd) at different magnification

SEM images of the cleavages show that ceramic samples are soldered particles with sizes of ~10...50
um. Most of the particles are in the form of melt. Particles with a well-defined faceting observed indicate the
formation of microcrystals. To analyze the structure of the synthesized YAG:Ce and YAG:Ce, Gd ceramics,
a Rigaku Miniflex 600 X-ray diffractometer was employed. The resulting data were then compared with
ICSD standards, specifically PDF-2 Release 2016 RDB 00-066-0538 (YAG) and PDF-2 Release 2016 RDB
00-06-0291 (YAG:Ce, Gd). Figure 4 showcases the XRD measurement outcomes for YAG:Ce and YAG:Ce,
Gd, displaying the XRD patterns for phosphors 2 and 5. The spectra indicate the positions of the spectral

lines.
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Fig. 4. XRD spectra for before annealing — YAG:Ce (a) and YAG:Ce, Gd (b), after annealing YAG (c) and
YAG:Ce, Gd (d) ceramic powders
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The size of crystallites is often determined using X-ray diffraction (XRD) through the Scherrer
equation. This method computes crystallite sizes based on the full width at half maximum (FWHM) of the
diffraction peak, the wavelength of the X-ray radiation used, and the Bragg angle. Following the synthesis of
ceramics under the influence of intense radiation flux, the samples typically exhibit an inherent level of
defects. Subjecting these samples to high-temperature annealing decreases defect density while enhancing
crystallinity.

This improvement is mirrored in the parameters of the crystal structure, which draw closer to their
standard values. The study, however, does not prioritize providing numerical evaluations of structural
distortions. Additional data on the structure of ceramic samples are presented in Table 2.

Table 2. Parameters of the crystal lattice and crystallites of YAG:Ce and YAG:Ce, Gd phosphors

Lattice
Sample Compound parameters Crystallite size (nm)
(a,b,c), A°
before annealing | after annealing before annealing | after annealing
YAG: | (ALO;(43%) + Y,05(55%) a=12.0234 a=12.007477 47.24 92.7
Ce + Cey05(2%) b=12.0234 b=12.007477
c=12.0234 c=12.007477
YAG: Al,0; (40%) a=12.0546 a=12.008721 81.32 116.7
Ce,Gd | +v,04(52%) + Ce,05(2%) b=12.0546 b=12.008721
+Gdy04(6%) ¢=12.0546 ¢=12.008721
a=12.0062
YAG Y3Al50,, b=12.0062 Unit Cell Data Source: Single Crystal.
(ICSD) ¢=12.0062

The diffraction patterns presented in Figure 4 correspond closely to the known positions and peak ratios
associated with YAG:Ce crystals. It's evident that all samples demonstrate characteristics of the Ia-3d space
symmetry group. As shown in Table 2, the substitution of Ce’" ions with Gd*" ions result in an increase in
the lattice parameter by 0.031 A. The enlargement of the average lattice parameter due to Gd>* incorporation
leads to a red shift in the luminescence band caused by Ce’ ions [24]. High-temperature annealing
demonstrates better conformity with the YAG standard (Space group: 230: Ia-3d; Phase: Y3Al;04,, in
accordance with the ICDD data sheet (PDF-2 Release 2016 RDB) — 230: [a-3d) and enhanced crystallinity of
the ceramics, as seen in Figure 4 (c) and (d).

3 Luminescent properties of synthesized ceramics

PLspectra of the phosphors were measured using Agilent Cary Eclipse and Solar CM2203 fluorescence
spectrophotometers. Figure 5 presents the luminescence spectra results for the ceramic samples when excited
at 450, 340, and 270 nm wavelengths. The spectrum shape remains consistent regardless of the excitation
wavelength (a and b). Two broad luminescence bands at 520 and 580 nm are attributed to the *Dy—"Fsp, “Frn
transitions [25]. The luminescence and excitation spectra of ceramics synthesized in this study closely
resemble those of YAG:Ce ceramics produced by other methods [26-27] and Y AG:Ce-based phosphors [27-
30].

When samples are excited by radiation at 270 nm, additional luminescence is observed in the UV
spectral region, with bands at approximately 320, 370, and 415 nm. These bands can also be detected in
commercial phosphors [31] under the same excitation conditions. The UV luminescence bands exhibit high
efficiency, and the intensity ratios of the UV bands vary among the studied phosphors. Figure 5d depicts the
locations of the luminescence band maxima for all the samples studied under excitation in the region of 450
nm.

Interestingly, the luminescence band maxima positions in the Gd**-enriched phosphors (samples 4-6)
tend to shift toward the long-wavelength spectral area, as compared to phosphors 1-3. This trend is consistent
with the well-established understanding regarding the influence of the modifier [24]. It's worth highlighting
that the overall shape of the luminescence spectra in the range of 480-700 nm remains unaffected by the
method of excitation.
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Fig 5. Luminescence spectra of the synthesized samples upon excitation at:
a) 450 nm, b) 340 nm, ¢) 270 nm, d) 450 nm.

The luminescence spectra obtained from the pulverized samples of the synthesized ceramics, when
excited by chip radiation at 450 nm and 365 nm, as well as by a laser of 337 nm wavelength measured using
an AvaSpec-2048 spectrophotometer, are fundamentally consistent with those illustrated in Figure 5. Figure
6 showcases the outcomes of luminescence spectrum measurements for synthesized samples 1-3 under 540
nm excitation. The form of these excitation spectra is notably characteristic of YAG:Ce phosphors. The
emergence of two excitation bands for Ce’” at 460 nm and 340 nm are a consequence of the *Fs,—’D, and
°D, transitions, respectively [27].
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Fig. 6. Luminescence spectra of the synthesized samples excited in the region of 540 nm measured
before (a) and after (b) high-temperature annealing.
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Effective luminescence can also be excited by radiation with wavelengths shorter than 300 nm. As the
wavelength decreases, luminescence steadily increases in the 550 nm region. When excited by 450 nm laser
pulses, a nanosecond component prevails in the luminescence decay kinetics in the 550 nm region. Its
characteristic time spans from 56 to 60 ns in samples 1, 2, 4, and 5. In samples 3 and 6, the characteristic
time ranges from 40 to 52 ns. During these periods, the luminescence intensity decreases by two orders of
magnitude within 300 ns. The nanosecond decay component is a distinctive feature of photoluminescence in
YAG:Ce phosphors. In order to expediently ascertain the radiation-to-luminescence conversion efficiency,
we employed a specific method. By maintaining a constant spatial relationship between the excitation source
and the phosphor, we can infer that the conversion efficiency is directly proportional to the observed
brightness. When dealing with a luminous object exhibiting a Lambertian distribution (L), its brightness is
directly connected to luminosity (M) and the light flux projected into the hemisphere (Fv), as described by
the following relationships:

F,= MS = 2nLS (D

where S is the luminous surface area. The surface area of the phosphor, whose luminance is being gauged, is
determined by the brightness meter's telescopic system and remains consistent throughout the measurement
process.

There exists a relationship between the radiation flux (Fe) and the light flux (Fv) emanating from the
phosphor, as expressed by the following equation:

g1y eya
ke =k 683 [ v(1)p(L)dA @

For phosphors of the same type, for example, YAG:Ce, we can assume that their radiation spectra @(A)
are similar. In this case, the ratio of the radiation fluxes Fvl and Fv2 of sources with similar emission
spectra: ¢;(1) = @»(A), the Lambertian distribution of luminance and equal luminous surface areas, is equal

to:
Fer _ Fox _ MiS _ L4 3
Fez  Fy MS Ly

Hence, for a specific system of phosphors with analogous emission spectrums (@1(A)=¢2(L)), there
exists a direct proportionality between the radiation flux and the luminance. Given a stable spatial
configuration of the measurement system components, which includes the excitation source, the phosphor,
and the brightness meter, the ratio of brightness corresponds to the ratio of efficiencies in the radiation-to-
luminescence conversion. Brightness evaluations were performed utilizing a CS-200 Chroma meter.
Commercial phosphors SDL 4000 (from NPO Platan, Russia) and YAG 02 (from GrandLux Optoelectronic
Co. Intematix Corporation, PRC), with their attributes detailed in [30], served as reference samples for
brightness measurement, and thereby, the calculation of phosphor efficiency. Luminescence was excited by
LED radiation with a wavelength of 450 nm. Measurements were conducted for powdered ceramic samples
and industrial phosphors placed in washers, with the spatial location of the stand components remaining
constant during measurements. No specific pattern was observed regarding the impact of high-temperature
annealing on the brightness of ceramics. The outcomes of the measurements are showcased in Table 3.

Table 3. Measurement results for brightness L of the synthesized phosphors upon excitation with A.,.= 450 nm.

Sample number L, cd/m” A, =450
before annealing after annealing

1 201 193
2 143 179
3 201 235
4 205 176
5 160 188
6 188 200

SDL 4000 (Reference) 360

YAG — 02 (Reference) 422
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The data shows that brightness of the synthesized phosphors is approximately twice lower than that of
industrial phosphors. High temperature annealing increases QE of samples. The Table 4 provides data on the
brightness observed for commercial reference phosphors.

Table 4. Brightness of reference phosphors

Sample number QE, %
before annealing after annealing
2 inside 25.8 35.6
outside 24.20 43.7
6 inside 37.70 39.4
outside 39.2 56.1
SDL 4000 [23] 40.4
Conclusions

The study results indicate that high-power fluxes of hard radiation can be employed for synthesizing
YAG:Ce-based ceramics. Activated Ce’" and modified Gd®" ceramics with sizes up to 1.5 cm® were
produced. XRD analysis revealed a YAG:Ce crystalline phase in samples 1-3 and an additional YAG:Ce, Gd
phase in samples 4-6. The properties of the radiation-assisted synthesized samples bear a striking
resemblance to those of ceramics. The spectral-kinetic properties of luminescence and excitation found in
ceramics, correspond closely to those seen in YAG:Ce and YAG:Ce, Gd phosphors produced using
traditional techniques. The conversion efficiency from radiation to luminescence is notably high, attaining
values of 0.48 and 0.57 in the reference commercial phosphors YAG-02 and SDL 4000, respectively. This
high conversion efficiency underscores the potential of the outlined luminescent ceramics synthesis method.

It's significant to highlight the broad spectrum of conversion efficiencies observed in samples with
diverse precursor histories, especially those involving aluminum oxides of varying sources. To enhance the
production of ceramics exhibiting high emissive qualities, future research should explore the correlation
between luminescent properties and factors such as precursor quality, dopant concentration, modifier, pre-
treatment of the mixture, among others.

The process of radiation-assisted synthesis of ceramics fundamentally deviates from the methodologies
commonly employed today. This process is governed not solely by temperature, but also by a high ionization
density. The irradiation modes used result in an energy output of 11x10* eV/ecm’ during a 1-second
exposure to the flux. The generation of one electronic excitation under intense radiation necessitates energy
corresponding to 2-3 band gap energy. Consequently, throughout the synthesis duration, approximately
5.5x10% cm™ electronic excitations (which include electrons, holes, and electron-hole pairs) are produced
within 1 cm3 of the materials employed (Y,03, Al,O;, Gd,0;, Ce,03), which possess an average band gap of
10 eV. The decay of electronic excitation generates intermediate radiolysis products — radicals with a
lifetime of around 10°® s, which significantly increase the efficiency of solid-state reactions and enhance
mixing of the batch components. At this level of electronic excitation density, reaction efficiency between
charged components is considerably higher than solid-phase synthesis.
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In a fusion reaction two light nuclei, Deuterium and Tritium merge to form a single heavier nucleus Helium.
However, two positive nuclei repel each other. In order to merge two nuclei they need to have very high velocities.
High speed means, high temperature. For the reaction it is significant for a nuclei to keep at 100 million °C
temperature. At this temperature D and T atoms form a plasma. In order the reaction to take place, the plasma
temperature must be conserved or plasma should not be cooled. Tokamak reactors are designed to confine the
plasma in a magnetic field. Thus, the cooling of the plasma is prevented by hitting the reactor walls. Plasma
density and temperature must be at a certain level in order to initiate the reaction and to ensure continuity.
During the reaction process, positive and negative ions escaping from the magnetic field environment interact
with Tokamak walls and cause deformation. This causes the plasma wall to deteriorate over time and the release
of neutrons to the environment. Plasma-Wall interaction is one of the most important problems that cause
interruption of fusion in Tokamak rectors. The materials which most resistant to ion corrosion in the plasma wall
are graphite, beryllium, aluminium and tungsten. In this work, plasma-material interaction is studied theoretically
physical and chemical erosion caused by the plasma interactions of different wall material samples (graphite,
aluminium and Tungsten) used in the fusion reactor and investigated with the Monte Carlo method with molecular
dynamics.

Keywords: Plasma, Nuclear Fusion, Molecular Dynamics, Sputtering Yield, Monte Carlo

Introduction

Today, the increasing world population, rapid industrialization and the need for high-tech have made
electrical energy very important. Fossil resources have been used to obtain electrical energy for many years.
However, since fossil fuels are depleted over time, alternative energy sources are needed for energy
production. In recent years, the issue of utilizing renewable energy sources such as sun, wind, tides, waves,
geothermal and biomass has gained importance [1-3]. Although electrical energy can be obtained from
sources such as sun and wind, other energy sources are also needed due to problems of cost, continuity and
storage. One of solution to generating electricity without using fossil fuels is the nuclear energy.
Conventional nuclear power plants are based on the fission reaction. These types of reactors, which are
generally based on the decomposition of unstable uranium nuclei into more stable nuclei, are the subject of
debate in many aspects; such as both finding nuclear fuel and storing nuclear waste. On the other hand,
combining two light elements as a result of a nuclear reaction to form a heavier element is called “fusion”. A
huge amount of energy is released as a result of fusion, also known as the nuclear reaction. A typical fusion
reaction is the reaction between deuterium and tritium, which are isotopes of hydrogen. The following
reaction equation is a atomic molecular form to specify the total energy produced in nuclear fusion:

(172) "H + " (_173) H > (L24) "He" (3.45MeV) + (_0"1) n("14.15MeV") (1)

However, the fusion reaction, which is also a nuclear reaction, is not as easy as a chemical reaction. For
the reaction to occur, the repulsive force between the two positively charged nuclei must be overcame. For
this issue, isotopes (D and T) must approach close to each other with very high kinetic energies. This energy
must be at least 0.7 MeV. A temperature of about 3x109 K is needed for isotopes to have this kinetic energy.
If a sufficient number of D and T nuclei are found together and this initial temperature is reached, the fusion
reaction then going to be started. This is one of the most important problems in realizing the fusion reaction.
On the other hand, scientists have developed two different techniques to overcome this situation. One of
them is to confine deuterium and tritium to a small area spatially and initiate the reaction with a high-energy
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laser, and the other is to carry out the reaction by trapping these isotopes in a magnetic field. A fusion energy
reactor can be designed by utilizing the kinetic energies of the neutrons released as a result of this reaction.
The most well-known of these reactors is the Tokamak reactor. In the Tokamak reactor, the plasma is
trapped in the magnetic field environment to prevent its cooling.

In the Tokamak reactor, the uncharged neutrons, each of which has an energy of 14.15 MeV, are
separated from the magnetic field environment. However, these neutrons can be slowed down by a cooling
liquid (e.g. water). Electric energy can be obtained by operating turbines with the water vapor obtained as a
result of slowing down the neutrons released in a reactor in the liquid. Since neutrons slowed in this way lose
most of their energy in the process. Even if they hit the reactor wall, they cannot make the wall radioactive.
Some neutrons can be used to create artificial Tritium by interacting with it. On the other hand, He cores,
each of which has an energy of 3.5 MeV, are also produced in the Tokamak reactor [4-14]. This energy of
helium nuclei can be used to maintain the temperature of the plasma. A Tokamak reactor is a torus (tube)
shaped device. As a result of the appropriate arrangement of the magnets, the reaction is ensured by being
trapped in the plasma magnetic field environment, and it is prevented from contacting the reactor wall and
cooling. However, while the plasma is moving in the magnetic field, some high-energy He ions escape from
the magnetic field environment and hit the reactor wall, and some of them escape from the environment due
to the secondary magnetic field and hit the reactor wall again. Although most of the He ions are discharged
from the diverter, some of them cannot be prevented from hitting the reactor wall. These fugitive He ions
sometimes cause the reactor wall to erode and the Tokamak to collapse in the long run. Because of this
process the plasma wall to deteriorate over time and the release of neutrons to the environment. This causes
neutronic, thermal, radiative and thermomechanic stress load on the walls of the nuclear fusion reactor.
Interface management between the plasma and the wall structures of the nuclear reactor is essential.

The main results of the confinement, like H mode is based on efficient management of the controlled
interface. There are many mechanisms occur in the wall structures of the nuclear fusion reactor, for instance
adsorption of large quantities of gas particles issued by the plasma, fast particles in the plasma cause erosion
and heat flux on the surface of the walls. These mechanisms result plasma radiation to lose large amount of
temperature and type of impurities that affect the plasma. This process creates the plasma wall to deform
over time to release neutrons into the environment [15-16]. Interaction between the reactor walls and plasma
is important factor in designing a fusion reactor. Since plasma induced erosion can seriously shorten the life
time of the reactor wall components [17-18].

The interaction of the plasma with the reactor walls has been one of the critical issues in the
development of the fusion energy reactor, as plasma-induced wear can severely limit the lifetime of the wall
components. There are many interactions that cause plasma with reactor walls. One of them is the divertor
segment of the Tokamak fusion reactors. Generally nuclear fusion reactor such as Tokamak type of geometry
has a output door called divertor to take of the He out of the plasma. Innovation on the material fusion wall
materials research is progressing day by day and understanding the plasma and wall interaction are the
central topics in nuclear fusion research under the plasma diagnostic and plasma material interaction
literature. Produced fusion artifacts such as fusion ash from He must be cleaned out of plasma. As the He
cleans off then the He contacts the divertor walls of the nuclear fusion reactor wall. This mechanism cause
divertor and the nuclear fusion walls deform over time and to release neutrals into the environment.
Graphite, Beryllium, Moybdenum, Steel and Tugsten are resistant materials against the erosion processes in
Tokamak reactors. Tungsten is the most resistant material against plasma with high atomic number and
melting point [19-20].

In experimental reactors such as ITER or DEMO, He ash accumulation measurements are stated in
recent studies. Observations shows that the effects of the alpha particle concentration on plasma process is
studied and the computations are done as in zero dimensional power and particle balance equations so that
the He fusion reactions and they reach to the optimal condition. Literature observations stated that He as the
as of the deuterium-tritium reaction cannot be avoided in Tokamak fusion reactors. Experimental reactors
such as ITER and DEMO shows the low activation materials such as steels SiC ceramic composites and
vanadium alloys are tried in nuclear wall materials. There are many new investigations related to diagnostic
tools and measurement techniques to measure the deformation amount in the wall materials existed in
research. The measured value of the affect of the plasma material interactions is mainly found by the energy
(temperature) of the plasma, the charge density of the plasma and the mass density of the material. Since the
plasma material interactions are all concentrated on various complex and multifaceted atomic and plasma
processes. For instance, materials crystal structures physiology affects the molecular bounds of the plasma
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particles to create new artifacts during the nuclear fusion operation. During the plasma material interaction
nuclear fusion reactor complex processes are existed such as neutralization, desorption, reflection, dust,
cavities, sputtering, H/He trapping, interstitials, vacancies inside the material crystal structures, bubbles,
dislocations, co-depositions and neutron damaging. These mechanisms must be simulated separately to
understand the physics behind the system. Modeling and simulating the plasma material interaction in
Tokamak reactors are easy and cheap way to design and build fusion reactors by linking the experimental
gaps. Extrapolation of plasma material interaction in literature experiments to the relevant duration of
operations in commercial fusion reactors and plasma material interaction results on fusion performances to
commercial fusion reactors must be shown. Plasma material interaction in Tokamaks involve complex
material and plasma interaction which exists on time and space scales spanning over several orders of
magnitude. It is also comprehensive to model and simulate the plasma material interactions in Tokamak to
solve a hierarchy of material and plasma models coupling. In order to solve the complex occasions fast
computers to compute high performance calculations. In literature multiscale modelling, continuum fluid
model, quantum mechanics model, lattice Boltzmann, Brownian Dynamics, Kinetic Monte Carlo and
Molecular Dynamics with Monte Carlo are existed as a context in plasma material interactions [21].

In this study, physical erosion, chemical erosion and sputtering rates of Be, Al, C and W used to meet
plasma in Tokamak reactor against neutron and He ions were calculated using molecular dynamic Monte
Carlo simulation model. This method is effective and efficient when compared with the above mentioned
methods. It is easy to establish the borders of the modelling context and time efficient in calculations in the
molecular structure when performing the executions in the computer simulation. For this, Python-based
OMFIT (One Modeling Framework for Integrated Tasks) and ASE (Atomic Simulation Environment)
programs were used. In this context, the open code software ASE Monte Carlo simulation package program
was used to examine the interaction of neutron (H+) and He(+) with Be, Al, C and W. As a result of the
study candidate materials of the reactor wall, physical sputtering yields, chemical sputtering yields, back
scattering yield and total sputtering yield and radiation enhanced sublimation (RES) were calculated.

1 Methods
1.1 Calculation of Total Sputtering Yield

One of the most important concepts in plasma-wall interaction is sputtering yield. Sputtering yield can
be defined as the number of particles removed per particle falling on the wall.

_ NumberofParticlesRemoved

)

NumberOflncominglons

Incoming ion atoms interact with the target atom and cause it to break, as well as being held by the
target. Therefore, sputtering depends on both the properties of the incoming ion (energy, mass and kinetic
energy) and the properties of the target atoms (atomic mass, surface binding energy, surface texture, crystal
orientation). If the kinetic energy of the bombardment particle is greater than the lattice displacement energy
of the target atoms, surface damage will occur. The lattice displacement energy is the energy required to
move the target atom one atomic distance from its original position.

The above yield of sputtering yield is a very general statement. When evaluated more comprehensively,
the sputtering yield also depends on the bombardment energy (E0), the angle of incidence of the incoming
ions. A series of elastic scattering is also possible if the electronic stimulation of the target is neglected.
Sputtering yield, taking into account elastic collisions and recoil atoms in the target

Y(Eo,6,)=BaNs_(Eg) 3)

It can be expressed as Here, P is a factor that defines the properties of the target (such as surface binding
energy, crystal orientation). N is the atomic density at the target, a is the correction factor defined as the ratio
of the mass of the target atoms to the mass of the incoming ions, and Sn is the nuclear arrest cross section is
expressed as [22]. From the literature Yamamura to calculate the sputtering yield under normal incoming
conditions is given as:

_ a*QKSy, (€) _ 1/2 2.8
(B) = 042 o [1 - (Ew/E)Y?] (4)
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1.2 Molecular Dynamics and LAMMPS Method

As part of the simulation studies, Molecular Dynamics calculations were performed using the Large
Scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) open source code package program.
Molecular Dynamics consists of solving classical Newton's equations for N atoms in a predefined simulation
cell. According to classical Newton's equations i. force acting on the atom and the position of the atom is
defined as:

Fi(to)=m;f;(to) = % o
r; (totAD)=r;(ty) + fi(to)At"‘%fi(to)[At]z + o ©

The interaction potential (U) between atoms was calculated with the embedded-atom model (EAM).

The surface of the simulation cell (100) was bombarded with an ion beam of 1-5 keV. The ion beam
was placed 10 A above the top layer (on the z-axis) and an initial kinetic energy was given. The
bombardment simulation was repeated for 2000 times steps with 0.01 fs time steps, and the bombardment
simulation was repeated 60 times as a function of the kinetic energy of the ions. Physical sputtering yield
values were calculated by counting neutral atoms 5 A above the target surface. In numerical application,
physical sputtering yield and chemical erosion yield are calculated with the generalized equations obtained
by using data obtained as a result of Monte Carlo simulation with empirical equations.

1.3 Monte Carlo Method

Monte Carlo Method is a simulation method that determines the state of a system consisting of N
particles and in a constant volume V at any temperature T. The Monte Carlo method is based on the
numerical solution of a problem that models the motion of objects interacting with their surroundings, taking
into account the body-body or body-environment interactions. Partition function in classical physics, is
defined as [23]:

Q=c [ dp"drexp[—H (r™,p) /ky T] (7)

Here, rN is the coordinates of the N particle, and pN is the momenta. is the Hamiltonian of the system.
By using Monte Carlo technique in plasma surface interaction, physical sputtering yield and chemical
erosion yield are calculated numerically. Then, analytical expressions are fitted to the numerical data
obtained for practical applications. Physical sputtering yield based on experiment and Monte Carlo
numerical data:

2
A = 2
Yf2(E,)=QS,, (€) [1 - (i—ry] (1 - i—?) (cosa) ~fexp(f[1 — (cosa) *]cosayy ) ®)

It is given with Here, Q and threshold energy are feet parameters. EOQ is the energy of the incident
particle.

2 Results and Discussion

Using the equations given in Method section, the total sputtering yield of H, He and D ions from Be, C,
W and Al surfaces, which are the materials used as plasma countering materials in the Tokamak reactor,
were calculated. Sputter yield calculated as a function of the kinetic energy of H, He and D ions are given in
Fig 1, Fig 2 and Fig 3. In the H, D and He-wall interactions, the atom sputtering yield of W was lower than
that of Be, C (Graphite) and Al. W is used as wall material in the Diverter part (the part where He and excess
heat are discharged) in Tokamak reactors. Although the probability of splitting atoms from W for these
isotopes seems very low from the figures, it is thought that H and He ions are held on the W surface, and
even high-energy H ions penetrate into the W and cause diffusion. The solubility of H in W is very low and
it occupies the tetrahedral crack regions. He atoms, on the other hand, have self-trapping properties as they
settle in these regions of W. In this way, the accumulation of H and He ions in W affects all mechanical and
physical properties of W. On the other hand, atom sputtering yield from Be was found to be the highest in
the 0-1000 eV kinetic energy range.
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Fig 3. Atom sputtering yield from D’s Be, C, W and Al surfaces

From the plotted graphs of the theoretical calculation resultant graphs between Fig-1, Fig-2 and Fig-3
most minimum sputtering yield affected atom can be seen as the bombardment of lon Energy increased of H,
He and D is determined as W. This fact is also similar in the experimental studies of the [24], W is selected
as the main wall material in the design of the ITER demo reactor. Since the design of the ITER is now build
as monoblock W plates that is placed in the reactor wall. It is already tested to the hot plasma and W gave the
most resistive material among the other materials. As the heat in the plasma increases as can be seen in the
Fig-1, Fig-2 and Fig-3 sputtering effects which is calculated as total sputtering yield already provide W is the
most featured material.

In applications of material development mechanisms given in [24] also states the diamond can be used
with W by mixing them to resist against the hot plasma. This is because diamond (C) or graphite is the
highest melting point after W. However, since it is low atom numbered material it cannot be used alone. As
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can be seen from sputtering yield graphs H, He and D ion plasma energies, C showed the most resistive case
as in sputtering yield when compared to the W.

When we consider Be, it is a candidate material for good thermal loading and minimize radiation losses
of the sputtered plasma atoms from H, He or D. However, from the graphics of the sputtering yield
theoretical works it is third material with the highest sputtering yield in Fig-1, Fig-2 and Fig-3. In [24] states
the experimental works show that Be has low melting point and its high toxicity. This means it cannot be
used purely in the long run in the plasma facing material for future. For this reason Be is mixed with other
metals such as Titanium and Vanadium. The last material Al is the soft metal crystal which has the higher
sputtering yield in Fig-1, Fig-2 and Fig-3 with the minimum atomic number. It is affected by H, He and D
plasma ions. Al is not used alone in the nuclear fusion reactors. It is mixed with different alloys. It has the
lowest melting point when compared to Be and W. It is specified in [24] studies and Bronze is mixed with Al
to be used ITER blanked design experiments. Since pure Al cannot resist against the hot plasma in the long
duration process of nuclear fusion.

In the literature, there are several open-coded computer programs that examine the plasma-wall
interaction in Tokamak reactors. In the research study, the current package programs and the related
literature were examined in detail. Especially Python-based OMFIT (One Modeling Framework for
Integrated Tasks) and ASE (Atomic Simulation Environment) programs have been found to be suitable for
the purposes of the study. In this context, the ASE package program, which is an open source code software,
was modified to examine the H-W interaction and it was determined whether the Lennard Jones and Morse
potentials were suitable for the H-W interaction with test studies. Fig 4 and Fig 5 show the minimum energy
paths and diffusion barriers calculated by the Nudged elastic band (NEB) method using these potentials for
the H-Al interaction. It has also been observed that the diffusion barrier for the Morse potential is high and
there is a potential well on the minimum energy path. A high diffusion barrier means that it is difficult for
incoming ions to eject atoms from the target up to the diffusion threshold.
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Fig 4. Diffusion barrier obtained by NEB method using Fig 5. Diffusion barrier obtained by NEB method using
Morse potential in H-Al interaction Lenard-Jones potential in H-Al interaction

Nudge Elastic Band of the H and Al interaction is also computed in Fig 4 and Fig 5 by using the
Lennard Hones and Morse Potentials. It can be seen that the potential threshold energy to eject an atom a
high diffusion barrier energy need to be passed for each candidate material that will be used in the nuclear
fusion reactor design. That means if the candidate materials are studied in [24], it must be also known the
barrier energies also a criteria for selecting the plasma facing materials.

For graphite bombarded with H, D, T and He ions, the physical sputtering yield values calculated using
the sputtering yield calculation using Molecular Dynamics, LAMMPS and Monte Carlo processes stated in
Method section as a function of kinetic energy, incidence angle and plasma temperature are given in Fig 6,
Fig 7 and Fig 8, respectively.

Fig 9 gives the change of chemical erosion yield depending on ion energy. In studies in the literature on
graphite, the chemical erosion yield is generally calculated only for the low energy region. Therefore, no
peak around 300 eV was observed. This peak indicates that the chemical erosion of the target material is
maximum at this energy. It was observed that the chemical erosion caused by deuteron at an energy value of
300 eV was the highest. As can be seen from the figures, the physical sputtering yield increases as the mass
of the bombardment ion increases in all four cases. For physical sputtering, this is to be expected.
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On the other hand, the maximum of the physical sputtering yield was observed for all three hydrogen
isotopes at the same location, while the maximum sputtering yield for the He ion was observed at a lower
angle. From the graphs depending on the energy and temperature, it was observed that the target material
was subjected to a strong physical sputtering up to a certain energy value and then the physical sputtering
became stable. When evaluated according to the angle of incidence, it is seen that the physical sputtering
yield is maximum when the ions come to the target surface at an angle of 50-80 degrees.

While the physical sputtering yield was generally calculated in the literature studies, in this study,
chemical erosion, back scattering, RES (Radiation Enhanced Sublimation) yield and thermal evaporation
yield were also calculated using the PSI open source code based on the Kinetic Monte Carlo simulation
method. For this purpose, an ion beam consisting of 1013 ions was sent to the graphite surface and chemical
erosion, back scattering yield, RES yield and temperature increase in the target material were calculated
using the Yamamura technique. Fig 10 The variation of the back scattering yield depending on the ion
energy is given. Since low energy ions can be back scattered by ESP (electron stopping power), it is
expected that the back scattering yield is high at low temperatures of the plasma and decreases with
increasing temperature.
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Fig 10. Variation of back scattering yield with temperature of H, D and T ion plasma

The variation of RES yield with the temperature of the graphite target is given in Fig. 11. Radiation
enhanced sublimation (RES) is unique to the graphite material and is the result of increasing the ratio of the
number of graphite (C) atoms emitted to the number of ions in the plasma beam when graphite reaches high
temperatures.
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Fig 11. Variation of RES yield with temperature of graphite target

Fig 12 shows the temperature change in the graphite target depending on the energy of the ions. As seen
in the figure, the increase in the energy of the plasma beam causes a non-linear increase in the temperature of
the target material. In addition, it can be seen that the increase in the number of ions is very important in
increasing the temperature of the target material. In the case of 1012 ions, the temperature increase on the
target surface is in the range of 300-500 K, while in the case of 1013 ions, the temperature increases up to
3000K.
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Fig. 13 shows the evaporation flux depending on the increase in ion energy. As can be seen from the
figure, while the evaporation flux for all ions up to 430 eV is quite low, it is seen that after this energy the
flux increases again after a significant peak. Evaporation flux is the number of atoms ejected from the target
surface. In the study, it was planned to experimentally measure the ion density in the tube and the number of
atoms detached from the target. For this, it is planned to use Langmuir probe. However, due to the increase
in the exchange rate, the Langmuir probe was abandoned and it was decided to calculate it by simulation. As
seen in the figure, while no atoms were removed from the surface until the threshold energy of 430 eV,
atoms began to be snatched from the surface due to this threshold temperature. Especially after this energy
value, the sudden rupture of more than 1014 atoms from the surface shows that a rapid erosion starts in the

material after this energy.
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Fig 13. Variation of the evaporation flux in the target due to the change in ion energy

Calculations made within the scope of the study were performed on the Dell Power Edge R740 Rack
Server. Chemical sputtering is observed in the materials which is known for the best graphite/diamond (C)
atoms. Beside graphite/diamond (C) atoms are affected by the hot plasma H, He and D ions by physical
sputtering, it is also known that graphite/diamond (C) atoms are also affected in chemical sputtering path too.
In the next part of the theoretical studies, graphite/diamond (C) atoms are bombarded with H, He, D and T
plasma ions. Plasma temperature, incoming angle, ion energy, backscattering graphics are calculated in Fig 6
to Fig 13. In study [24] diamond or graphite is mentioned with the highest melting point. However, it has the
lowest atom number. That means barrier energy of graphite/diamond (C) material is very low to eject from
its crystal structure. Especially H, D and T plasma ions can make chemical bounds with the ejected
graphite/diamond (C) atom. In order to prevent this phenomena, graphite/diamond (C) materials are alloyed
with other materials such as W to increase the resistance to the hot plasma interaction.
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Conclusion

In the study, the interactions of H, D and He ions and Al, C, Be and W, which are used as plasma
meeting materials in Tokamak reactors, were investigated using molecular dynamics and Monte Carlo
simulation techniques. From the molecular dynamics simulation results, it was seen that the material with the
lowest total sputtering yield was W. This result shows that the material with the highest radiation resistance
that can be used in the reactor is Tungsten (W). Calculations of physical sputtering yield, chemical erosion
yield, radiation-enhanced sublimation calculations were performed as a result of the interaction of H, D, T
and He ions with graphite (C). The results showed that the physical sputtering yield and chemical erosion
yield of He cores were the highest. It has also been observed that the surface temperature changes depending
on the plasma density (ion number) and the number of atoms detached from the surface increases very
rapidly after a threshold value of the plasma energy (approximately 450 eV). For instance, research in Joint
European Torus (JET) experiment Be and W mix is used in the vacuum reactor wall. In that occasion
researchers observe Be has good heat conductivity, strong gettering, high tolerance for plasma impurity and
low nuclear activation. However, as the experiments progress erosion and tritium retention based on H is
observed. Because of this plasma purity is also affected. In some of the experimental reactors Graphite is
also used as first wall material. But Graphite adsorbs and traps too much H fuel from the plasma into its
crystal structure. Generally, engineers use Tungsten material as a selection because it has the highest melting
point and extremely resistant to heat because of melting point is high. Inner reactor wall of the tokamak is
upgraded from graphite to beryllium. Graphite makes new molecular bounds with the H and test in JET
reactor in 2011. Beryllium is excellent in thermal and mechanical properties for the fusion reactor. In ITER
reactor it is considered to be Tungsten material on the wall material and Beryllium in the divertor regions of
the Tokamak reactor walls. Aluminum is selected as a replacement against the Beryllium in the divertor
regions of the Tokamak reactors. It is cheap and easy to supply to the reactor designers. However, its metal
structure is affected by He highly in its crystal structures. All of the body of the crystal structure in the Al is
transform into the cheese type of formation after the He interaction. Its melting point is also low when
compared to all three materials Be, C and W. These observations are also made in the molecular dynamic
models of the study. Tungsten showed low sputtering yield affection in the model, then Be and after Al and
C showed the similar graphic values. When the calculation results are evaluated together, it has been
concluded that Tungsten (W) is the most suitable material for facing with H, D and He ions in Tokamak
reactors, but Tungsten (W) has high Tritium retention and it is appropriate for the components to face
Tritium to be made of Aluminum (Al) or Graphite (C).
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SUMMARIES TYCIHIKTEMEJIEP AHHOTAIIUHN

Pacynoe 3.H., Ycanos /I.H., Boiunaw C.A., Manuxoe B.H., Kapnayxoe A.U., Hukoe A.B., @aoees /].A.

MoJudaen MeH HHOOHI Go/TIeKTepiH skacay Mpouecinae MeTaNAbIH 0Y3bLTybI

Berrik-Oerncenni KacueTTepiHe HMe KaOBIHIBUIAPIBIH JKOHE a’pOTEepPMOAKYCTHKANBIK oHJeyAiH Mo sxoHe Nb —aiH
KaJbINTayNbIK KaOijeTiHe, KPHCTAJIBIK TOPIbIH MEXaHUKAJIBIK KacueTTepi MeH MHKpoOypMallaHyblHa acepi
KapacThIpbUIFad. KpuctaniplK TOPABIH MUNIMIUITIH apTTHIPY >KOHE MHUKPOOYpManaHybIH a3alTy apKbUIbl MYHIan
TEXHOJIOTHSUIAp/ABl TaiifanaHy Ke3iHIE COPFBIMINEH aJbIHFaH OYHBIMAApIbIH CalachlH JKaKCApTybl aHBIKTAIFaH.
Kypanner Oettik Mommpukanmsacsl negopmanusuianrad Nb-HIH 2 jkoHe 3 THOTI KepHEYJepiH KEeMITy >KOHE OHBIH
KaJBIITBUIBIFBIH, COHBIMEH Oipre >kapTeuiail (aOpukaTTap MEH MalblH OYHBIMHBIH CallachlH JKaKcapTy apKbUIBI
KpHCTalNAbl TOPABIH MHKpPOOOIBICTApBIHAAFBl OypManaHynsl azaitamel. Mo xoHe Nb-IiH TeMEH KaJbINTBUIBIFBI
HUTIMJIUTIK TIEH TYTKBIPJIBIKTHI KEMITETIH TaKTallla XoHe YIIKIp MMIH/I Ho31K (a3amapasiH 60rysiMeH OaimaHbIcTEL. Nb
YIIiH KockiMIna Tepic ¢aktop - 40-50 MxkM-Te nefinri toHAepaiH 00ysl OOJBI TaOBIIA B,

Kint ce3mepi: xaObiHabulap, MOJHOJCH, HHOOHI, MHKPOKYPBUIBIM, a3pOTEPMOAKYCTHKAIBIK  OHJCY,
JIe(pOPMALUSITBLIBIK,

Pacynoe 3.H., Ycanoe /I.H., Bounaw C.A., Manuxoe B.H., Kapuayxoe A.H., Hukoe A.B., @aoees /].A.
Pa3pymenue Merajjia B npouecce U3roToBJeHHs AeTajneil U3 MoInGaeHa U HUOOHSA

PaccMoTpeHO BiMsIHME MOKPBITHIA, 00JIaIal0IUX TOBEPXHOCTHO-aKTHBHBIMH CBOMCTBAMHU U a3pOTEPMOAKYyCTUUECKON
00paboTku Ha mrammyemMocTsb Mo u Nb, MexaHudeckne CBOHCTBA M MHUKPOHMCKa)KEHHS KPHUCTAUIMYECKOW PELICTKH.
VY CTaHOBIIEHO yIy4dlIEHHE Ka4eCTBa M3JEJINH, NOJYy4aeMbIX BBITSKKOHN MPH UCIOJNB30BaHUM 3TUX TEXHOJOTHH 3a CUET
MOBBIIICHUS] TUIACTUYHOCTH W YMCHBIIEHUS MHKDPOUCK@KCHUS KPUCTAIIMYECKOW pemeTkr. Moxudukars
MOBEPXHOCTH HMHCTPYMEHTa CHI)KAeT MCKQKEHHE B MMKPOOOJIAcTAX KPHCTAJUIMYECKOW pEIIeTKH, YMEHbIIas
HanpspkeHnst 2 u 3 poxa aedopmupoBaHHOro Nb W yrmydmmas €ro IITaMIyeMOCTbh M KadecTBO Moiy¢haOpHukaToB U
rotoBoro wmzjenus. Huskas mrammyemocth Mo u Nb cBsizaHa ¢ HanuuueM Xpynkux (a3 IUIACTHHYATOW H
OCTPOTpaHHOW (OPMBI, CHIDKAIOUIMX IUIACTUYHOCTh U BA3KOCTh. /Iyt Nb JOMONHUTENBHBIM HETaTUBHBIM (haKTOPOM
SBIIIETCSl HAIMYHE 3epeH pazmepoM a0 40-50 Mrm.

KiaroueBble cjoBa: TOKPBITHs, MOJUOJIEH, HHOOWH, MHKPOCTPYKypa, al’poTepMoaKycThueckas oOpaboTka,
1e(pOPMHUPYEMOCTb.

Xaupanuee C.H., Kainuyoaesa H., Kanaesa C./l., Bergander M. J., /Incynoubaes B.E.

Kenip-0yabip 0eTTepain cTaTUKAJIBIK YiiKesdic ko3¢ duuneHri.

Kazipri TaHma mammmHa jkacay jKoHe KelOip Oacka KYpBUIBIMAAp YUIH KYPFaK YHKeNic KOHABIPFBUIAPBIH X00anay
mporieci OapraH caifblH KUBIHFA TYCyIe, OYJ1 KOHCTPYKTOPJIAPIbI MYH/AH KYMBICKA KoOipek KYIII caryra MaKOYp eTei.
OpbIHIANATBIH JKYMBICTAPIBIH aWTapibIKTail KypAeieHyi eki jkaHacaThlH OeTTeplIiH  Kelip-OyabIpIbUIBIKTHIH
Ke3/ICHCOKTBIK CHITaThIMEH OaillIaHBICTBl >KoHE Oy JKarnai KOHCTPYKTOpJiapIbl Oap Macelnenepli IIenryAiH >XaHa
JKOJIIAPBIH i37ieyre MKOYp etemdi. bepinreH xyMbicTa KeIip-OyAbIpIBLIBIFE cepalbik OeTTepMeH MOJEIbACHETIH eKi
Ke/ip-Oy/AbIpIibl OOJIIIEKTIH JKaHACYBIHBIH ©3apa OpeKeTTeCyl KapacThIPbUIFaH. ¥ ChIHBIIFAH YHKEIIC )yObIHBIH MOJIEI]
KapacThIpbUIATBIH OETTep apachliHlla OPEKeT eTETiH KaHACAThIH KeIip-OyIbIpibl OeTTepIiH e3apa opeKeTTecy KYIITepiH
Oarayayra MYMKIHIIK Oepemi. Byi1 skyMbICTa KapacCThIPbUIFaH JICHEICPIiH Keaip-Oyablp OeTTepiMeH CabICThIPMAIIbI
KO3FaJIbICBIH/ChIpFaHayblH OacTayra KaOUIETTI CBHIPTKBI KYIINIEH ocep eTKeHJE JKaHacaThlH JCHENepIiH e3apa
opeKeTTecyl KapacThIPbUIFAHBIH aTall 6TKEH JKOH.

KinT ce3nepi: kenip-Oyabip OeT; aHANUTHKAIBIK MOJACIBICY; KeAip-OyabIp OCTTEpAiH CTATUKAIBIK 63apadpeKETTECyi.

Xaiipanues C.U., Kaiuuybdaega H., Kanaeea C. /1., Bergander M. J., /{oicynouébaee B.E.

Koa¢pdunueHT TpeHUs: MOKOS IEPOXOBATHIX NOBEPXHOCTEM.

B mHacrosimee Bpems Ipolecc NPOEKTHPOBAHMS Y3JIOB CYXOro TPEHHsS MAlIMHOCTPOEHHMS M HEKOTOPBIX IPYrHX
KOHCTPYKIMH CTaHOBHTCA BCE OoJiee TPYJOEMKHM, YTO BBIHYX/Ia€T KOHCTPYKTOPOB IpHiiarath Bce OoJblle ycuimii B
aToit pabote. CyIIecTBEHHOE YCIOKHEHHIE BBIIOTHIEMBIX pa0OT MpUAAET CIydaiHbIN XapaKTep MIepOXOBAaTOCTH 00enX
KOHTAKTHPYIOMIMX MOBEPXHOCTEH M 3TO OOCTOSTENBCTBO 3aCTABISAET KOHCTPYKTOPOB MCKATh HOBBIE IMYTH PEIICHUSI
CyIIeCTBYIOIUX MpobieM. B maHHOW paboTe paccMaTpHBaeTCsl KOHTAKTHOE B3aMMOJCHCTBHE ABYX LIEPOXOBATBIX
JeTajel, IepoXOoBaTOCTh KOTOPBIX MOIENHpyeTcs chepudecKuMH HoBepxXHOCTAMH. IIpemmoskeHHas Monenb Mmapbl
TPEHHUS MO3BOJSIET OICHUTH CHJIBI B3aMMOACHCTBHS CONMPUKACAIOMINXCSA MIEPOXOBATHIX MMOBEPXHOCTEH, IEHCTBYIONINX
MEeXIy paccMaTpHUBacMbIMH MOBepXHOCTAMH. ClenyeT NOAYepKHYyTh, YTO B JaHHOH paboTe paccMmaTpuBaeTcs
B3aUMOJEHCTBUE KOHTAKTUPYIOIIMX TeNl C IPWIOKCHHOW BHEIIHEH CHIIOW, CHOCOOHOW HadaThb OTHOCHTEIILHOE
JBIDKCHUE/CKOJIL)KEHHE PacCMaTPUBAEMBbIX TEJI C HIEPOXOBATHIMH MOBEPXHOCTSIMH.

KiroueBble ciioBa: mepoxoBaTas MOBEPXHOCTh; aHAIUTHYECKOE MOJAEIMPOBAHUE; CTATHUUECKOE B3aUMOJEicTBHE
LIEPOXOBATHIX MMOBEPXHOCTEH.
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Narjis Zamil Abdulzahra

ToThIKKaH KeyeKTi KpeMHHIire:KarbUIFaH Ja3epiaik Kyiiaipiiren 06op HaHoOGe/IIeKTepiHiH aca KOFapsbl
MArHUTTIK Keeprici.

Bepinren 3eprreyne masepiik KyHOIipyZiH TOTBHIKKaH KeyekTi kpemHuiire (n-B/PSiO2) »xarpumFraH HaHOOOPIBIH
JNIEKTPIIIK JKOHE MAarHHUTTIK KacHUeTTepiHe acepi jkoHe OHBIH CIMHTPOHHKaJa KoijaHy aieyeti seprrenred. Nd: YAG
nazepi n-B jkyka KaObIKIIaTapblH OpTYPJIl SHEprusuiap KesiHie KYWHIpy YIIIH KoijgaHblUiFaH. Jlazep SHeprusiChIHBIH
apTybl JOHHIH OJIIEeMJEpiH YIFalWThIN, OHBIH KYPBUIBIMBIH perke Kenrtipenl. On coHpaii-ak IoHIAEPAIH »KaHa
LIeKapajsapbl MEH eKiHIIi perTi (asanapAblH maiina OosryblHa OalaHBICTBI OETTIH KeIip-OYIbIPJIbIFBIH apTTHIPABL.
MarepuainiblH JIEKTPIIK KaCHETTEpiHe TiKeJseil )KoHe Kepi TOKTHIH JKOFapbUIaybIMEH JIa3epiliK KYHIipy jkoHe KYHaipy
TeMIlepaTypachIHbIH JKOFapbUlaybIMEH MEHILIKTI 3JIEKTp KeJlepriciHid apTysl ocep erTi. COHBIMEH KaTtap 3epTTey Jasep
TEMIIePATyPaCHIHBIH JKOFaphUIAYBIMEH MAaTepHAIABIH MAarHUT KEICPTiCiHIH apTyblH KepceTTi, Oyl KpeMHHA
TUOKCHAIHIH JKyKa KaOaThl apKpUIbl TYHHEIBIIK HHKEKIUSIMEH OalIaHBICTHI )KOHE MarHUT OpiciHAeri KyhaipiiMereH
n-B/PSiO2 canpicTeipranaa 7 ece >korapbl O0Iybl MYMKIH. 3epTTeye MaTepHaiiap JAOHIHIH eJmeMi MeH KYPbUTBIMBIH
onapIblH (QU3HKAIBIK JKOHE AJIEKTPIIIK KacHeTTepl YIIiH OaKpUIayIblH MaHBI3OBUIBIFEI KepceTinreH. OmaH Oacka, n-
B/PSi02 —HiH 51eKTpOHABI KacHeTTepi MEH MAarHHUT OpPICIHIETI 3apsa] TachIMaNJayIIBUIAPIBIH TOPTIOlI Typallel TYCIHIK
OepiireH.

Kint ce3nepi: aca >xorapbl MarHUTTIK KeJepri, Ja3epiik KYHAipy, HAHOOOp, TOTHIKKAH KEYEKTI KPEMHUH, DJIEKTPIiK
KaCHEeTTep, MAarHUTTIK KaCHETTeP, CIIMHTPOHNKA KOChIMIIAIaphl.

Narjis Zamil Abdulzahra

CBepxBBICOKOE MArHUTO-CONPOTHBJICHHE JIA3€PHO-OTOJKEHHOr0 HAHOYACTHIl 0OOpa, HAHECEHHOI0 Ha
OKHUCJICHHbIH MOPUCTbI KpeMHMIi.

B 3TOM mccnenoBaHNM M3ydaeTcs BIMSHHE JIa3€PHOTO OT)KUTA HA HIICKTPHYECKHE M MAarHUTHBIC CBOMCTBa HaHOOOpa,
HAaHECEHHOTO Ha OKHCJICHHBIH MOpHCTHIA KpemHHU# (n-B/PSi02), u ero moreHnwan s MPUMEHEHHUS B CIMHTPOHHUKE.
Jlazep Nd: YAG wucrmons30Baics MpH pazINdHBIX SHEPTUSAX UL OT)KHTa TOHKHX IUICHOK Nn-B. YBenmdenue sHeprun
Jasepa YBENMYWIO pa3Mep 3epHa M CHENalo €ro CTPyKTypy Oojee YHOpAZOYEeHHOW. DTO TaKXKe YBEJINYMIIO
IIEPOXOBATOCTH IIOBEPXHOCTH M3-3a 00pa30BaHMUs HOBBIX I'PAHMUI] 3€PEH M BTOPUYHBIX (a3. Ha anekrpudeckue cBoiicTBa
Marepuasa TaKKe MOBIHII Ja3epHbIH OTKUT C YBEIMYCHUEM HPSMOTO U 0OpPaTHOTO TOKA M yBEJIMYEHHEM YAEIbHOI'O
3IEKTPUYECKOTO CONPOTHBIICHUS TPH TOBBIIIEHWH TeMIlepaTypsl oTkura. lcciemoBaHume Taxke IOKa3ajo, dYTO
MarHUTOCOIIPOTHBIICHHE MaTepHana YBeJIMYUBACTCSA C YBEIMUCHUEM TEMIIepaTyphl Jla3zepa, YTO CBSI3aHO C TYHHEIBHOI
MHXKEKIIMeH Yyepe3 TOHKUHM CII0i TMOKCHIa KPEMHUS, U MOXKET OBbITh 110 7 pa3 Bblllie, YeM y HeoToxxkeHHoro n-B/PSiO2
B MarHUTHOM I10Jie. B MccienoBaHNN MOAYEPKUBAETCS BaXXHOCTh KOHTPOJISI pa3Mepa M CTPYKTYpPHI 3epHa MaTepUaIoB
JUISL UX (DU3MYECKHUX M JJIEKTPUYECKUX CBOWCTB. KpoMe Toro, oH maer mpesicTaBieHHe 00 3JIEKTPOHHBIX CBOMCTBaX n-
B/PSi0O2 u moBeneHHH HOCUTENCH 3apsiia B MATHUTHOM TIOJIE.

KnoueBble cjioBa: CBEPT BBHICOKOE MarHMTO-CONPOTHBIICHHUE, Ja3€pPHBIH OTXKHT, HAHOOOP, OKMCICHHBINH MOPUCTBHINA
KPEMHHIA, 3JIEKTPUYECKHE CBOHCTBA, MarHUTHBIE CBOWCTBA, ITPUIIOKEHNS CITUHTPOHUKH.

Anxaxoepu JI.A., IOpuenxo A.B., Moxammeo K.A.-K., Hewmuna E.T.

KenTtipy @kyiieciHiH eHIMIIJIIriH apTThIpyFa apHajdfaH TeMIepaTypa MeH bUIFANIBLIBIKTBI 0aKblIay KoHe
MOHHMTOPHMHTIHIH AaBTOMATTAHABIPbLLIFaH Kyiieci

Temneparypa MeH CalIBICTBIpMalibl bUIFAJIABUIBIK a3bIK TYJIK TaraMIapblHBIH CallaChblH CaKTay »OHE KaKkcapTy YIIiH
KeITipy MporecTepingeri 6akpuIayIbIH HETi3ri mapamerpiepi Ooisin Tabbutaapl. byn MakcaTka eTy YIIiH opTypii
KJIMMATTHIK aiiMaKTapIbIH KOPIIaFaH OpTa TajJalTapblHa jKoHE KEITIpiireH eHIMHIH TYpiHEe COWKec BTy MEH KeNTipy
arbIHAAPBIH KaMTaMachl3 €TETiH aBTOMATTHl 0acKapy Kykheci 93ipieHin KypacTelpeuiabl. JlaTankrepmen Oipre 6ackapy
XKyleci KenTipy KaMepachblHBIH TeMIepaTypachl MEH BUIFAABUIBIFBIH OepiireH mnapamerpiep OOHbIHIIA OHJIANHH
pexuMiHAe perTeyre MyMKiHAIK Oepeni. CoyieneHy ThIM a3 HeMece >KOK OojFaHIa HeMece KeNTIpyIiH KOFaphbl
KBULIAMABIFBl Ka)XKeT OONIFaH >Kar[aia, pe3epBTiK JIEKTP KBUIBITKBIIIBIHA KOCBIMIIA PETIHIE 3JIEKTP KO3FaJITKBIIIBI
0ap KEIMAETKIMTIH KOMETIMEH KbBI3JBIPBUIFAaH aya aFbIHBl JKacadybl MYMKiH. JKeNJgeTKim Kenrtipy KamepachIHBIH
KQXETTI TeMIlepaTypachblHa OalIaHBICTBl SHEPTHsl THIMIUICIH apTTBIPY YIIH CHIIK-UMITYJIBCTIK  MOIYJSAIHSIAY
TEXHOJIOTHSICBIMEH JKbUIIAMIBIFBIH aBTOMATTHI Typle esrepreai. Arduino Uno TakracklHmarbl Oackapy jkyHeci KyH
KeNTipriliHe CallblHFaH, COJaH KeWiH ChlHaKTap oTkizineni. ChlHAK HOTHXKeNepi AucIuieiife kepceruedi. backapy
JKyHeci KopimaraH OopTaHBIH TemmepaTypacklH 40-tan 60 °C-xa AeiiH >KOHE CaJBICTBIPMAJbl BUIFAJIABUIBIKTEI 10-HaH
20% - ra meitin ycran Typyra Oeftimuenres. Kentipy opracsiH Oackapynarbl THIMIUIITIH KOPCETETIH KCIIEPUMEHTTIK
JoNenaepre coiikec, Kyie opTYpili KIMMATTHIK alMakTap MeH KeNTipy eHiMaepl YINH HKeMAi MIenriM OoJbII
TaObUIanbl. bysl JKkyile SHeprusHbl YHeMuel amnanbl, cebebGi oy a3bIK-TYJIK TaFaMJapbIHBIH  aiHaJachIHIAFbI
temrieparypa 60 °C-taH TeMeH OoJIFaH Ke3/ie FaHa JKYMBIC 1CTeH 1.

KinT ce3nepi: kyH kenriprimi; Temieparypa MeH BUFaJIbUIBIKTEI Oakpuiay; Arduino UNO; ayexTp KenmeTkimii;
PE3epBTIK KBUIBITKBIII; OaKblIay XKykeci, Oacra TaKTaaapsl.




140 ISSN 1811-1165 (Print); 2413-2179 (Online); Eurasian Physical Technical Journal, 2023, Vol. 20, No. 2(44)

Ankaxoepu JI.A., FOpuenko A.B., Moxammeo K.A.-K., Hewuna E.T.

ABTOMATH3HPOBaHHAsl CHCTEMa KOHTPOJII M MOHUTOPHUHIA TeMIepaTypsl M BJAKHOCTH IJs MNOBbIIIEHUS
NMPOU3BOUTEIbHOCTH CHCTEMBI CYIIKH

Temmeparypa ¥ OTHOCHTEIBbHAS BIAXXHOCTH SIBIISTIOTCS KIIFOUEBBIMH MTapaMeTpaMH KOHTPOJIS B IpOIeccax CYIIKH I
COXpaHCHHS M YIYYIICHUS KadyecTBa INHIICBBIX MPOAYKTOB. s JOCTHXEHHs 3Toi Ienu Obiia pa3paboTaHa u
MMOCTPOCHA aBTOMATHYECKas CHUCTEMa YIpPaBIICHUs, OOECICUMBAIONIAs IMMOTOKU TEIIa M CYIIKA B COOTBETCTBHU C
TpeOOBaHUSAME OKPYXAIOIICH Cpe/ibl pa3IMYHBIX KIMMATHYSCKUX 30H M BHJIOM BBICYIIMBaeMoro mpoaykra. Cucrema
VIpaBJICHUS B COYCTAHUU C JATYMKAMH IO3BOJSCT B PEXHMME OHJIAWH PErylHUpOBaTh TEMICPATYpy H BIAXKHOCTh
CYIIMJIPHON KaMephl MO 3aJaHHbIM mMapamerpam. Korja W3JydeHHE CIMIIKOM Maj0 WIM OTCYTCTBYET, MM KOTIa
TpeOyeTcst BRICOKAsi CKOPOCTh CYIIKH, IIOTOK HATPETOTO BO3[yXa MOXKET CO3/aBaThCs C UCIOIB30BaHIHEM BEHTHIISTOPA C
9JIEKTPOABHUraTeNIeM B IOIMOJHEHHE K PE3epPBHOMY JJICKTPHUECKOMY HArpeBaTelio. BeHTWIATOp aBTOMAaTHYECKH
W3MEHSET CBOIO CKOPOCTh C TIIOMOINBI0 TEXHOJOTHH IMUPOTHO-HMITYJBCHON MOIYJSIIMK JUI  TIOBBIIICHUS
9HeprodPeKTUBHOCTH B 3aBHCHMOCTH OT TpeOyeMoH TeMIiepaTypsl CyINIIUIBHONW KaMepbl. B coiHewHyro Cymmiky
BCTpaMBaeTCA CHCTeMa ympaieHns Ha miate Arduino Uno, mocie 9ero mpoBOASATCS MCHBITaHUS. Pe3ynmpTaTel Tecta
otoOpaxkaroTcs Ha muciuiee. CHcTeMa yHpaBieHHs ObUIa HACTPOCHA Ha MOIJEpKAHHWE TEMIIEPATyphl OKPYKaromei
cpenpl B mpenenax oT 40 10 60 °C 1 OTHOCUTENIBHOU BIaXXHOCTH B Tipeaenax oT 10 1o 20 %. Cuctema sBIsSeTCS THOKHM
peHICHUEM JJId Ppa3IMYHBIX KIIMMATHYCCKUX 30H U CYIIMJIBHBIX MNPOAYKTOB, COIJIaCHO 3KCIIEPUMCHTAJIbHBIM NAaHHBIM,
JEMOHCTPHPYIOIIUM ¢¢ 3PPEKTUBHOCTh B yNpaBJICHHH cpenoil cymiku. Hakower, 3ta cucreMa MOKET 3KOHOMHUTH
SHEPIHI0, TIOTOMY YTO OHA pabOTaeT TOJLKO TOTIA, KOT/Aa TeMIeparypa BoKpyr mumum Hinke 60 °C.

KiaroueBbie cioBa: CosHedHasi CyIIWIIKa; KOHTPOJIb TemrepaTypbl ¥ BiaxHocTH; Arduino UNO; anekrpuueckuii
BEHTHJISTOD; PE3CPBHBIN HArPEBATEIh; CHCTEMa HAOJIOCHUS, IEYATHBIC TIATHI

Knumenko B.H., Cynpyn T.T.

YkpanHajaa eHrisy ylliH CHHTETHKAJIBIK )KAHAPTBLJIATBIH MeTaH OHAIPY TeXHOJIOTHSVIAPBIH TAJLIay
CHHTETHKaNBIK >KaHAPTBIJIATBIH METaHIbl aly YIIiH METaHalWs TEXHOJOTHSIAphl KapacThIpbUIFaH. KatannTukaibik
JKoHE OMOJIOTHSUTBIK METaHAIWS OMICTepPiH KOMIaHy MYMKIHIIKTEpi TanmaHAbl. MeTaHanus TEXHOJOTHSIAPEIH CHTI3Y
KaHAPTBUIATBIH SHEPTHs Ke3JepiH THUIMII MaifanaHa OTBIPHII JKY3€re achIpbUIafbl. Op TYPIi eNAepae CHHTETUKAIBIK
KaHAPTBUIATBIH METaH eHIipyre apHamraH Power to (Gas KOHIENIMACH KapacTHIPBUIFaH. AFBIMIAFbl koOamapna
QJIBIHFAH MeTaHalUsl TPOLECTepiH 3epTTeyiH Keilbip HoTmkenepi ycbiHbUIFaH. CHHTETHKAJIbIK KaHAPTHUIATHIH
METaH/Ibl OHIPY YILIIH METaHALMs TEXHOJIOTHSIAPBIH SHTI3YIIH JIeM/iK ToxKipuOeci YKpauHa yIIiH yiri 6oJia ajasl.
KinT ce3mepi: cuHTETHKANBIK JKAHAPTHUIATHIH METaH, MeTaHalus mpoiectepi, Power to (Gas KOHICMIIUSACH,
YKaHAPTHUIATBIH DHEPTHS KO3/EPi.

Knumenko B.H., Cynpyn T.T.

AHaJIN3 TEXHOJIOTUIl MPOM3BOACTBA CHHTETHYECKOI0 BO300OHOB/ISIEMOr0 MeTaHA /15l BHeJAPeHHUsl B YKpauHe
PaccMOTpeHBI  TEXHOJNOTMM  METaHAMU  JUIA  TIOYYCHUS  CHHTETHYECKOT0  BO300HOBISIEMOTO  METaHa.
[Ipoanam3upoBaHbl BO3MOXKHOCTH MPUMEHEHUSI METOJIOB KaTAIMTHYSCKOW M OMOJIOTHYECKOi MeTaHanu. BHenpenue
TEXHOJIOTHA MeTaHAIU OCYIIECTBIETCS ¢ A(P(EKTUBHBIM HCIIONB30BAaHUEM BO300HOBIIIEMBIX UCTOYHUKOB DHEPTHH.
Paccmorpena konmenmus Power to Gas s TpOW3BOACTBA CHHTETHYECKOTO BO30OHOBISIEMOTO METaHa B Pa3HBIX
ctpaHax. [IpeacTaBiieHbl HEKOTOpBIE PE3YyNbTAaThl HCCIEAOBAHWN MPOIECCOB METaHAIMH, TOJYyYeHHBIE B TEKYIIMX
npoekTax. MUpOBOIl OMBIT BHEAPEHUS TEXHOJOTMH METaHAIMK AJIsl TPOU3BOJICTBA CHHTETHUECKOTO BO30OHOBISIEMOTO
METaHa MOXET ObITh IPUMEPOM I Y KpauHBI.

KiiloueBble ¢€JI0Ba: CHHTETHYECKUI BO30OHOBISEMBIM METaH, MPOIECCH MeTaHanwW, KoHmenuus Power to Gas,
BO306HOBHHGMHC NCTOYHHUKU 3H€pFI/II/I.

Ycenxoe P. A., Koxanoea C. A., Tpywiun M. B.

OKmaynaHraH TYTBIHYIIBLIAPABIH HHKEHEPJIiK KyHesIepiHin xKyMbIc icTeyi ynin 0ajamanbl JHeprusi Ke3aepin
naiganany

JKeke TypFBIH YHIIH JKYMBIC iCTEyi VINIH Ka)XeT OOJIATHIH KONTEreH WH)KCHEPIIK KYHelepIiH >KYMBICH OaaaMalibl
SHEPTUsIHBIH HaKThl Ke3[epiHe Toyelai, oJapisl NaiainaHy JIocTypili Ka30a sHEprus pecypcTapblH TYTHIHYBIH
airapiblKTaii TOMEHAeTyi MYMKiH. Banamansl sHeprus KesepiH IaijanaHaThlH MHXECHEPIIK JKylellepre apHalFaH
FBUIBIMH JKYMBICTapFa IOy >kacaiabl. OKIIaylnaHFaH TYTHIHYIIBIIApFa OEpIIETiH JKBITY JKOHE JJIEKTP SHEPTHUSICHIH aly
YIIiH SHEPTIsUIBIK KOHABIPFBIHBIH OipHerre cyibamapsl KypacThIpeUIAbl. JKyMBIC icTey YIIiH KYHHIH COyJeleHyiH
KOJIIAHATHIH CTAlMOHAPJBIK TEXHHKAJBIK KYH KyieciH jolanay Ke3iHIe DHEPrHsUIbIK KOHIBIPFBIHBIH OpHAJIACYBI,
FUMapaTTeIH TeOeciHAeri KyH KaOBUIIaFrbIIBIHBIH Keyioey OYpHIIIBI JKOoHE OHBIH KOKKHEKKEe OHTAilIbl Kenbey
OyphILIBIHBIH MOHIIEpl aHbIKTaibl. Cy aFbIHBIHBIH KbICBIMBIH TMaii/JalaHATBIH JJIEKTP SHEPTUSCHIH OHJIPETIH IIaFblH
TOPTATUBTI Cy JJEKTP CTAHIHUSACHIHBIH CYJI0achl KYpacTHIPHIN o3ipyeH . JKbUIBITBUTATEIH OpPTaHBI JKBUIBITY YIIiH
JKaHyapJap KOpachlHaH IIBIFApbUIaThIH ayaHbIH JKbUTYBIH MaijaJaHaThIH TEPMOTOHA3BITKBII KOHIBIPFBICH 931pJICHI.
KinT ce3nepi: Oanamansl sHeprus ke3aepi, THAPOIHEPTETHKA, JKbUTY, TEPMOCAIKBIHIATKBII KOHBIPFBI, TEMIIEPATypa,
JKBUIBITBUIATHIH OPTA.
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Ycenkoe P.A., Koxanoea C.A., Tpywiun M.B.

Hcnosib30Banne aJbTEPHATHBHBIX HCTOYHHKOB JHEPrud 1 (YHKIUOHUPOBAHHS HHIKEHEPHBIX CHCTEM
000c00/IeHHBIX OTpeduTe el

Pabota MHOTHX WH)XEHEPHBIX CHCTEM, HEOOXOOMMBIX I (PYHKIMOHUPOBAHHA OTACIHHO CTOAIIECTO JKUJIOTO 3JaHWSA,
3aBHCHUT OT KOHKPCTHBIX HCTOYHHKOB aJbTCPHATHBHOW JHEPTUH, HCIOJIB30BAHHEC KOTOPBIX MOXKET 3HAYUTEIBHO
CHHM3HUTh MOTPEOJICHUE TPaIUIMOHHBIX HCKOIAEMBIX 3HepropecypcoB. JlaH 0030p Hay4yHBIX pabOT, MOCBSIICHHBIX
9KCIUTyaTalliil WHXKCHEPHBIX CHUCTEM C HCIIOJIb30BAHHEM aJbTCPHATUBHBIX MCTOYHUKOB SHEpruu. beuio paspaboTaHo
HECKOJIbKO CXEM DHEPIreTHYECKOro 000pYyIOBAHUS JJIsl MOYyYCHHS TEIUIOBOM M AJIEKTPUYCCKOW YHEPrUH, MoJaBacMoi
W30JIMPOBAHHBEIM MOTpeOuTeNnsaM. [Ipu TNPOCKTHPOBAaHUM CTAIIMOHAPHONH TEXHUYECKONH COJIHCUHOW CHCTEMBI,
HCTOJB3YIONICH sl pabOThl COJTHEYHOE U3TYYCHUE, OBUIN OMPECICHBI MECTa PACIIONOKCHUS BCETO SHEPTETHICCKOTO
000pyIOBaHUs, YTOJI HAKJIIOHA COTHEYHOTO IIPMEMHHKA Ha KPBIIIe 3AaHUI U 3HAYCHUS er0 ONTHMAIIBHOTO yTIiIa HAKIOHA
K TOpm30oHTY. bpuia pa3paboranHa cxema HeOONBIION IMEPEHOCHOW THIPOAIICKTPOCTAHINH, KOTOpas BRIpabaThIBacT
AIEKTPHUYECKYI0 DHEPTHUIO, HCIOJB3ys JaBICHHE, CO31aBaeMoe IOTOKOM BoAbBL. Pa3zpaboraHa TemioBas XOJIOIMIbHAS
YCTaHOBKA, KOTOpas MCIONB3YeT TEIUIO BO3AyXa, YOAJISEeMOIro M3 CTOMIA Ui KUBOTHBIX, IUIS HarpeBa HarpeBacMoit
CpeIbl.

KiroueBble c10Ba: anbTepHATUBHBIE UCTOYHUKU SHEPTUH, THIPOIHEPTeTHKA, TEIUIO, TEPMOXOJIOUIbHAS YCTaHOBKA,
TeMIlepaTypa, HarpeBaemasi cpesa

Jaddoa Ameer A., Mahdi Mahmoud M., Hamad Karema A.

HpaxrTa ruOpuaTi KYH KOJJIEKTOPJIap cy10achbIHbIH THIMILIIriH Oaranay

Bepinren 3eprreyne Mpakrarbl KOpLIaraH OPTaHBIH CHIIATTAMaJapblH 3JIEKTPJIK, JKbUIy JKOHE IKCEPreTHKaJbIK
THIMJUIIK TYpFBICBIHAH Oaranay ychlHbUIFaH. 3eprrey 2022 >KpULABIH MaMblpbiHna barmanteiH Oip ailiMarbiHzaa
KYpri3ireH. MaHBI3ABI COT - KBUIY TAachHIMAJIaFBIIITBIH MACCANBIK TYTHIHYBl eCeOiHeH XYpeTiH (POoTORIeKTpIIiK
KOHJBIPFBUIAPIAH KbUTYAbI Oypy mporeci 00bIn TadbUIa bl. DKCIEPUMEHTTIK 3epTTEyJIep OKIIayJaHFaH XKarnaiaapaa
(oToranbBaHNKAJIBIK 3JIEMEHTTIH OCTIHEH JKbIITY SHEPTHSCHIH KYTHUTYbI KE31H/IE JKOHE CY CaIKbIHIATKBII KOH/BIPFBIHBI
KOJIIaHy apKpuIbl Xyprizinren. Hotmxkenep 0,2 Kr/c MaccanblK TYTBIHY Ke3iHAE KYHEHIH MakcHMalibl OpTalia sKaJlbl
THiMALUTTT 22% npeHreilinne TipkenreHiH kepcerTi. HoTmkecinae, OYKia XKyHeHIH THIMIUITIH apTTHIPY XOHE OTely
Mep3iMiH KBICKapTy YIIiH THIMAL KYH (OTORIEKTPIIIK JKBLTY XKYHeNIepiH jkacayra 00mabl.

KinT ce3nepi: KyH SHEpTrHsCHI, SHEPTHsI KIHE IKCEPTHsl, TMOPUITI KYH (POTOAIEKTPIIIK KOJUIEKTOPBI.

Jaddoa Ameer A., Mahdi Mahmoud M., Hamad Karema A.

Ouenka 3(peKTUBHOCTH cXeMbl THOPHIHBIX COJTHEYHBIX KOJUIEKTOPOB B YCJIOBHSAX HpPaKa

B sToM wHccremoBaHMM IpEACTaBICHA OIEHKAa XapaKTepUCTHK OKpyxkamomeid cpeapl B Mpake ¢ TOUKH 3peHUs
ANIEKTPUUYECKON, TEIJIOBOM WM dKcepreTmdeckoit addextuBHOCTH. MccnemoBanme mpoBomutrcs B mae 2022 roma B
cToimuHOM paione barmama. CymiecTBEHHBIM MOMEHTOM SIBISIETCSI TPOIIECC OTBOAA TEIla OT (hOTORICKTPHUECKHX
YCTaHOBOK, KOTOPBIH HMPOUCXOJHUT 33 CYET MacCOBOTO PacXoja TEIIOHOCHTEINsl. DKCIEPHUMEHTAIbHBIE MCCIIET0BAHUS
TIPOBOAMIINCH TIPH TIOTJIOMEHNUH TEINIOBOH SHEPTHHU C IMTOBEPXHOCTH (DOTOrabBAHNYECKOTO 3JIEMEHTA B N30JIMPOBAaHHBIX
YCIOBUSIX M C HCIIOJIb30BAHUEM BOJIOOXJIAXKIAEMON YCTAaHOBKH. Pe3ybTaThl oKa3aiy, 4To Ipu MaccoBoM pacxoze 0,2
KI/C MakCHUMaJbHasi cpelHss oOmast 3QeKTUBHOCTh CHCTeMbl OblIa 3adukcupoBaHa Ha ypoBHe 22%. B pesynbraTe
peKOMeHayeTcs, YTOOBI ISl COKPAIeHNs MepHoia OKYNaeMOCTH M JUIS MOBBIMICHUS (D (GEKTHBHOCTH BCEH CHCTEMBI
MOYHO OBbIIO pa3paboTaTh (G (HEeKTUBHBIE COJTHEUHbIE (POTOIIEKTPUUECKUE TEIIOBBIE CUCTEMBI.

KiaroueBble cJjioBa: coiHEYHAsi DHEPrHs, OSHEPrus M OKCEprusi, TMOPHIHBIA CONHEYHBIH (OTOIIEKTPUUECKUI
KOJIIEKTOP.

Theyoepzenosa AJK., /ltocembaesa A.H.,Tanawmesa H.K., Munvkoe JI.JI., Myxameopaxum A.P.

KypaMaJjbl KaJakmaJbl kel IHePreTHKAIBIK KOHAbIPFLICBIHBIH 23POANHAMUKAJBIK TapTy KYUIiH 3epTTey
Bepinren makanaia >keiIiH aybICIalbl JKbULIaMIBIFEl KaFIalbIHIA KYMBIC iICTEHTIH KOJICHEH aifHamy oci Oap kel
SHEPreTUKANBIK KOHIBIPFBICHI KapacThIppUIFaH. OChl MakcaTTa aifHajaMaibl Kypamalbsl Kajakiamapel Oap kel
SHEPTreTUKANBIK KOH/IBIPFBICEIHBIH MaKeTI kKacalbl. JKCIICPUMEHTTEP OapbICHIHIA IIHIMHIPTE KATBICTHI KO3FaIMaNThIH
KaJlaKIIaHBIH opHanacy Oypeimsl 0°-Tan 60°-ka neifin, 15° kaqaMMeH e3replii. Aya aFbIHBIHBIH KbULIaMIBIFEL 3-TeH 12
M/c-Ka JIeHiH e3repii. Aya aFbIHBIHBIH JKbULIAMIIBIFBIHAH Kell JHSPTeTHKAIBIK KOHABIPFBIHBIH aifHaTy XKHIJITIH 03repTy
OOMBIHINIA SKCTIEPHUMEHT HOTIDKEIepiHe Taaay Kypri3unai. KosraimaiTeiH KanakuiaHelH OpHBEI e3repreH kesae (0°, 15°,
30°, 45°, 60°) TapTy KYLIiHIH MoHI aya aFbIHBIHA KaTBICTHI TiKeJIeH MPOIOPIUOHAIIBI TypAe e3repei. Aya aFbIHBIHBIH
JKBUITAMIBIFBIHBIH JKOFapbUIaybIMEH JKEeJI JTOHFAJIAFBIHBIH aifHady >KHUTr CBI3BIKTHI TypAe eceni. Ko3raaMmaWThIH
Kanmakma 60° OypelliTa OpHANAacKaH Ke3Je, aya arblHBIHBIH MaKCHMAJIbl JKbUIIAMIBIFRI 12 M/c OonFaHma, TapTy
KymriHiH MoHi 2,06H xeTkeHi aHbIKTanabl. L{MunHAP MEH KO3FaIMaliThIH KaJlaKIIa CHSKTH KypaMailsl €Ki KeTepy KYIIiH
OIpiKTipinm KOJJaHy apKbLIbl TapTy KYIIiHIH apTybl OalKamanasl. AJIBIHFAH HOTIKENESpP KypaMalslbl KallaKIiajiabl >Kei
SHEPTreTUKANBIK KOHBIPFBICBIHBIH TOKIPHOCIIK YIATLICPIH jKacay Ke3iHae maiianel O0JIbIN TaObLIA b

Kiar ce3mepi: xen sHEPreTHKAIBIK KOHIBIPFBI, aFbIH KBUIIAMIIBIFB, KypaMaibl Kaiakma, T-1-M a’poIuHaMUKaIbIK
KYOBIp, TapTy KyIIi, aifHAITY JKHIJITi.
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Tneyoepzenosa A.2K., [tocembaesa A.H.,Tanawesa H.K., Munwvkoe JI.JI., Myxameopaxum A.P.

HccienoBanue a’poAMHAMUYECKOl CHJIBI TACH BeTPOIHEPreTHYECKOH YCTAHOBKHM € KOMOMHHUPOBAHHBIMH
JIONACTAMM

B manHOI1 cTathe paccMOTpeHa BETPOIHEPreTHUECKasi YCTAHOBKA C TOPH3OHTANBHONW OCHIO BpalleHHs, paboTaromas B
YCIIOBUSIX IEPEMEHHBIX CKOpocTeil BeTpa. J{ist TaHHOW Liesin OBbLI M3rOTOBJIEH MaKeT BETPOIHEPreTUUECKOI YCTaHOBKU
C BpAaLIAIOMIUMHUCA KOMOWHHMPOBaHHBIMH JIONACTSAMHU. B XOzie BBINOJHEHUS IKCIIEPUMEHTOB YIOJl PacIONIOKCHHS
HETOIBIKHOM JIOMACTH OTHOCUTENIbHO HWIMHApa u3MeHsuics ot 0° mo 60°, ¢ marom 15 °.CxopocTh BO3AYLIHOTO
MOTOKa BapbHpoBasics, oT 3 no 12 wm/c. IlpoBeneH aHamu3 pe3ysbTaToOB SKCIEPUMEHTA 110 W3MEHEHHIO YacTOTHI
BpallleHUs OT CKOPOCTH BO3AYIIHOIO IIOTOKAa BETPOIHEPreTHYecKOoll YCTaHOBKU. I[Ipum M3MEHEHUM IOJIOKEHUS
HenoBmkHOU Jomactu (0°, 15°, 30°, 45°, 60°) 3HaYCHUE CHIIBI TSATH MEHSICTCS OTHOCHTEIBHO BO3IYIIHOTO MOTOKA
TIPSIMO TIPOTIOPIIOHAIBEHO. C POCTOM CKOPOCTH BO3AYIIHOTO ITOTOKA, YACTOTA BPAIIICHUS BETPOKOJIECa PacTeT JIHHEHHO.
Y CTaHOBIIEHO, UTO TPHU PACIOI0KEHNH HETIOIBIKHOI JIomacTy moj yriaoM 60 rpaaycoB, Ipu MaKCHMaJIbHONW CKOPOCTH
BO3IYIIHOTO TOTOKa 12 M/c 3HaueHus cuibl Tsru gqocturia 2,06 H. 3a cuer koMOMHHPOBAHHOTO HCIIOIB30BAHUS BYX
MMOIBFEMHBIX CHJI, TAKAX KaK IWJIMHIpPA M HEMOJIBIKHOM JIOTIACTH, HAONIOMAIOTCS TIOBBIIICHHBIC 3HAYCHUS CHJIBI TSTH.
[Tomy4yeHHBIE pe3yNBTATHI ABJISAIOTCS TOJC3HBIMH TIPU CO3IAHUH OIBITHBIX 00Pa3IloB BETPOIHEPT€TUIECKON YCTAHOBKU
C KOMOMHUPOBaHHBIMHU JIONACTAMHU.

KnwueBble cjoBa: BeTpodHepreTMdeckas yCTAaHOBKA, CKOPOCTh IOTOKAa, KOMOWHUpOBaHHas  JIONAcTb,
a’ponuHaMuieckas Tpyba T-1-M, cuiia TAru, 4actoTa BpaIieHus.

Epmaxanosea A.M., Kenxncezynoe A.K., Meitipoexoe M.H., Camconenko A. H, baiicepuxog b.

I bIHBI- K9HE apaMMATI IMOKCHATI KOMIO3UTTEPAiH PAINOMOJIIIPJIiri MeH AN3JIeKTPJIK OTKI3rilTirin 3eprrey
ApaMHI-3TIOKCHITI KOMIIO3UTTED ad’pOFapBIUTHIK 3aMaHayd amnmaparTaplblH KOHCTPYKLMSIAPbIHAA KEHIHEeH
Konmanputanel. Omap KepeMeT MEeXaHUKAJIBIK KaCHeTTepre ue FaHa eMec, COHBIMEH KaTap TOJNKBIHAApAbI TachkIMaliayFa
apHANFaH paguoMeNIip MaTepuaingap Ooxbin TaObUTambl. Bynm jkyMbicTa BakyyMIBIK HWH(]Y3UsS OiCIMEH apaMHUATI-
SMOKCHATI KOMITO3UT JKOHE HIBIHBITANIIIBIK PaAHOMONIIPIIK TTeH TUAJICKTPIIK OTKI3TIMITIKTI CABICTBIPMAIBI 3EPTTEY
KYPTrizy YIIIH >Kacamabl. 3epTTeNreH MaTepHaliapaelH pagwomennipiiri 1-6 [T xwimik amanma3oHelHDa O0cC
KCHICTIKTE emey omiciMeH OaramaHapl. PaanoMenmipiik HOTWXKenepi OOHBIHINA apaMUA-SMIOKCHIATI KOMITIO3HT
IIBIHBITANIIBIKKA KapaFaHOa AJICKTPMATHATTIK TOJIKBIHHBIH JKOFAIybIHA a3 YIIBIpaiapl. JIWAIEKTpIiK OTKi3TiMITIriH
eJey Ke3iHIe apaMUA-3MOKCHUATI KOMIIO3UT TOMEH opraiia MOH 2,874, ajn MIBIHBI TAIIBIKTa 4-K€ TCH EKEHJIrl
AHBIKTAJIJIbI.

KinT ce3mepi: apaMu-31OKCHATI KOMIIO3UTTED, IIBIHBITAIIIBIK, SMOKCHIATI IIAHBIP, PATHOMOJIIPIIK, KHULUIIK,
JUBJICKTPITIK OTKI3TIIITIK.

Epmaxanosa A.M., Kenowcezynoe A.K., Meiiipoexoe M.H., Camconenko A. H, baiicepuxos b.

HccnenoBanne paauonpo3pavyHoCTd U AMIIEKTPHYECKOH NMPOHNIAEMOCTH CTEKJI0- M APAMHIHBIX 3MOKCHIHBIX
KOMIIO3UTOB

ApamMHHO-3TIOKCHIHBIE KOMITO3UTHI IIHPOKO HCIIOJIB3YIOTCS JUISI M3TOTOBJIEHHMS B KOHCTPYKIHMAX a3POKOCMUYECKHX
COBpPEMEHHBIX amnmapaToB. OHM 00JaJar0T HE TOJBKO IPEBOCXOJHBIMU MEXaHHYECKHMH CBOMCTBAMH, HO M SIBIISIOTCS
paznuonpo3padHbpIMKA MaTepraslaMt JUIsl Tiepesiadd BoJH. B nanHO# paboTe ObUTM M3rOTOBIEHBI apaMUIHO-3TIOKCHIHBINA
KOMITO3UT M CTEKJIOIUIACTUK METOJOM BaKyyMHON HMH(Y3UH Uil NPOBEACHUsS CPAaBHUTEIHLHOIO MCCIIEIOBAHUS IO
PaauoONpPO3pAaYHOCTH M JIUDJIEKTPUYECKOH IMPOHHUIAEMOCTH. Panuonpo3padyHoCTh HMCCIEIOBAHHBIX MaTepHaIoB
OIIEHHBAJIaCh METOJIOM M3MEPEHHS B CBOOOJHOM MPOCTPAHCTBE B YAaCTOTHBIX auamazoHax 1-6 I'Tu. ITo pesympratam
PaHoNpPO3pavyHOCTH APAMHUIHO-OMIOKCHIHBIA KOMIIO3UT NPETEPIIEBACT MEHbIIIE TOTEPh JICKTPOMArHUTHOM BOJIHBI, YeM
B CTeKNOIUIacTHKe. [Ipy UW3MEpPEeHUH AMDIICKTPHUYECKOH MPOHUIAEMOCTH apaMUJAHO-3TIOKCHIHBIA  KOMIIO3UT
YCTaHOBJIIEHO HU3KOE CpefiHee 3HaueHue 2,874, Torna Kak y CTeKJIOTUIACTHKA OTpeesIeHO paBHoe 4.

KaioueBble cjoBa: apaMuIHO-3MOKCHIHBIA KOMIIO3UT, CTEKIIOIUIACTHK, SMOKCHAHAS CMOJIA, PaJNOIPO3PAvYHOCTD,
4acToTa, IU3JIEKTPUIECKas IPOHNIAEMOCTb.

Kanaovaee 3.7K., Ycunoe H.M.

I'paBUTAIUAIBIK TOJKBIH CHTHANIAPBIH HHGOPMALUSIBIK-3JHTPONUSIIBIK AHBIKTAY

GW rpaBHUTanMsUIBIK TOJIKBIHAAPBIHBIH JKYNTACKaH Kapa KypabiMiapaaH TaObutysl GW acTpoHOMHS JoyipiHIH
GactanysHbIH Oeurici Gomapl. JlocTypii Typae, SKCepuMeHTTIK JepektepaeH GW curHanjapblH aiy YIIiH FBUTIBIMA
TONTap KeJiCUIreH (UIbTPalusHBIH CTAHIAPTTHI OAICIH KongaHansl. TeopnsutblK KyTynepaeH Toic GW curHammapsiH
TaObyAbl KWBIHIAATATBIH OCNTUIl CHUTHAN Yiriaepi KoimaHsutagsl. COHBIMEH KaTap, KOJJAHATBIH OeNrisli CHrHAd
YIITiNepiHiH caHBIHA OalIaHBICTHI KeTiciIreH QUIBTPAIH ecenTey KYHBI oTe KOoraphl Ooubln kenemi. by makamama 613
TEOPUSUIBIK CHUTHANl I[1a0JMOHAAphIH KaxkeT erneiitiH GW CcHrHanJapblH aHBIKTAyAbIH JKaHa WH()OPMALMSIIBIK-
SHTPOMUSUTBIK OMICIH YCBIHAMBI3. Bi3miH omiciMi3MiH CEHIMAUITIH KepceTy VIIiH 0i3 MOAENbIACHTEH XOHE HAKTHI
JIepeKTepl KOoJIaHa OTHIPBHIN Tajnay »kacauslk. Ocel 3eprTey OapbichiHaa 013 mapTTel uHMopManus emmemi GW
CHTHaJIJapbIH aHBIKTAHTHIHBIH XKaHE OHBI KEJNICUITeH (QUIBTPALHs 9AiciMeH Oipre KoiaaHyFa O0MaThIHBIH aHBIKTAIBIK.
KinT ce3nepi: rpaBuTanMsuIBIK TOJKBIHAAP, HHPOPMAIUA-OHTPONHS, CHTHAIIAP B! aHBIKTAY, OCHCBI3BIK MTPOIIecC.
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Kanabaee 3.7K., Ycunoe H.M.

HNHdopMauuoHHO-3HTPONUITHOE 00HAPYKEeHHE CHTHAJIOB IPABUTALMOHHBIX BOJIH

OOHapy)XeHHe TpaBUTAIMOHHBIX BOMH GW OT mapsl CIMBAIONIMXCS YEPHBIX JBIP O3HAMEHOBAJO Hadamo 3psl GW-
acTpoHOMHH. TpaguIuOHHO A M3BJIcUeHHs curHamoB GW M3 3KCHEPHMEHTANBHBIX J@HHBIX HAy4YHbBIC KOJUICKTHBBI
UCIIONB3YIOT CTaHJAPTHBIM METOJ| COTJIACOBAHHOW (pHIbTpanuy. VCHoNb3yroTCsl CyIEeCcTBYIOMINE I1a0JIOHBI CUI'HAJIOB,
YTO 3aTPyAHSAET MOUCK curHaioB GW, BEIXOJAIIUX 32 paMKU TEOPETUYECKUX OXUJaHUN. boiee TOro, BEIUNCIUTEIbHAS
CTOMMOCTh COTJIACOBAaHHOTO (MIbTPa OYEHb BBICOKA, TaK KaK 3aBHCHT OT KOJHMYECTBAa HCIIOJIb3YeMbIX HI1a0yoHOB. B
JAHHOW cTaThbe MBI IpeAsiaracM HOBBIH MHGOPMAaIMOHHO-IHTPONUIHBIA MeTo] oOHapyxkeHuss GW, He TpeOyrommit
TeopeTrnyeckoro 0aHka mabIOHOB CUrHANOB. UTOOBI IIPOIEMOHCTPUPOBATH HAJISKHOCTH HAILETO METOZA, MBI ITPOBEIIH
aHaJU3 C UCIOJIb30BaHUEM CMOJCIUPOBAHHBIX U PEaIbHBIX JaHHBIX. B X01€ 3TOro nccienoBaHus Mbl yCTaHOBUIIU, YTO
Hama Mepa ycJoBHOW MH(popmanmu oOHapyxuBaeT curHansl GW M MOXET HCIOIb30BaThCA BMECTE C METOIOM
COTJIACOBAaHHON (DIITBTPAITHH.

KroueBble c10Ba: rpaBUTAIOHHBIC BOJIHBI, HHPOPMAIHA-OHTPOIHS, OOHApyKEHNE CUTHAJIOB, HEIMHEHHBIH Iporecc.

Iwuji P.C., Okoro R.C., Idajor J.A., Amajama J., Ibrahim A.T., Echem Ch.O.

Hurepusinpin IMO wmrarbiHAa TeJeAUJAap CUTHAJJAPBIH TapaTy KOJBIHAA OHIMALIIKTI Tajagay koHe
IIBIFBIHAAP MOJEJIiH J3ipJiey.

ChIMCBI3 JKEJTiHI JKOcmapiayia, XHUUIIKTepJi TaralblHIayda JKOHE TeJeauaap mapaMmeTpiepiH Oaramayga Tapary
MOJICTIbJICPIHIH MaHBI3ABUIBIFBIH achblpa Oarajay MyMKiH emec. KimMMaTThIK jkarnaiinap, FUMapaT KYPBUIBIMBI, JKep
Oezepi xoHe T.0. TYPFBICHIHAH €Ki OPBIHHBIH OipJieil 60Maybl Ke3-KeJIreH aiiMak YIIiH JKOJIJarbl IBIFBIHIApAbl OomKay
MOJICTIbJICPIH KOJJAHy KHBIHABIKKA coranpl. COHABIKTaH KOpIIaraH OpTaHbIH OapiblK HapaMeTpliepi  YIIiH
KOJIIaHBUIATBIH Tapally »KOJIBIHAAFbI IIBIFBIHAAPABIH OipbIHFall MOJENIH kacay MYMKIH emec. by 3epTreyaiH Herisri
MakcaTel - NTA 12 Owerri apHachHl YIIiH KOJNIAFbl MIBIFBIH YATICIH d3ipiey xoHe HurepusHelH VMo mTaThIHIAFHI
TaHnaixraH Oec OarbITTarbl KAaOBUIHAHFaH CHTHAN KyaTHIHBIH MOHIEpI HETi3iHAe OHBIH OHIMIUIriH Oaranmay OOJBIT
TaObitazpl. JKonmarsl MIBIFBIHAAPIBIH KOJAMIBI MOJEI CHTHAJI AEHTeil Typaslbl aJbIHFaH MAITIMETTEPICH ajbIHFaH
op6ip Ga3anbIK CTAHIWS YIIIH OJIIIEHTeH XOJI IIBIFBIHAAPBIHBIH MOHICPIH CHIHH Tajiay apKbUIbI skacanasl. JKoimarsl
IIBIFBIHIAPABIH YCHIHBIIFAH MOJENiHIH MOHZIEpi Oacka 3epTTeymIiiep o3ipJiereH >KOJJarbl IIBIFBIHIAAPABIH Oacka
SMIIMPUKAIBIK ~ MOJENbACPIHIH MOHJEpPIMEH, COHIAal-aK >KOJJIAFrbl IIBIFBIHAAPABIH ~ OJIICHIeH MOHJIECpiMEH
canbICTRIPbULIBL. HoTrkenep »oJiaarpl bIFBIHAAP/IBIH YCHIHBUIFAH MOJIeNi 3epTTenieTin opranarbl 12 NTA apHackiHBIH
OBeppu cUrHajl J>KOJNBIHAAFbl IIBIFBIHABI OOJKAy YIIH KaKChl JKYMBIC ICTEHTIHIH KOPCETTi, ajl OChl 3epTTeyle
eckepiyireH Oacka JocTypii smnupukaibik mojaensaep NTA 12 apHackinbiH OBeppH CHTHAI KOJIBIHAAFBI LIBIFBIHIbI
opTaria KBaaparThlK 63,65 jkoHE OJlaH KOFapbl IIamajaH KarejikneH apTTeipabl. CoHbIMEH KaTtap, HoTmxkenep NTA
Owerri 0a3ajblK TapaTy CTaHIMACBIHAH 18 IIAKBIPbIM apa-KallbIKTHIKTA HaIlap JKYMBIC ICTEMEHTIHIH KepceTeni.
anmel TYXKbIppIMAAp 3€pTTEy OpPHBIHAA >XOHE Oacka yKcac oOpTajlapAa TEeNeBU3MSUIBIK JKENHIH IepCHeKTHUBTI
apHaJIapbIH XKo0anay YIIiH naiaaibl.

KinT ce3aepi: >xoi MIBIFBIHAAPEI; TeJEUIAP; KOJIAFbI IIBIFBIH MOJIEN; KAOBUIAAHATEIH CUTHAN ACHI e, CBIMCBI3 JKeli

Iwuji P.C., Okoro R.C., Idajor J.A., Amajama J., Ibrahim A.T., Echem Ch.O.

AHATW3 TPOM3BOIMTEIbHOCTH M Pa3padoTKa MoJeJH NOTepb HA MYTH PACHPOCTPAHEHHS TeJeBH3MOHHBIX
curtayo B mirare IMO, Hurepus.

HeBo3MOXHO MEpeoneHUTh BaXKHOCTh MOJENEH paclpOCTpaHEHUs B TIAHUPOBAHUU OECIIPOBOJHON CETH, Ha3HAYEHUH
YaCTOT W OILICGHKE TEeJIeBU3WOHHBIX mapamMeTpoB. ToT ¢akT, 9TO HET ABYX OJUHAKOBBIX MECT C TOYKH 3PEHHUS
KJIIMMaTUYEeCKUX YCIOBHH, CTPYKTYphl 3/JaHUN, penbeda MECTHOCTH W T. M., JCNAeT HCIOJb30BaHHWE MOJIENeH
MPOTHO3UPOBAHUS MOTEPh HA Tpacce AJIs 000 00JacTH Ype3BbIUaiiHO CIOKHBIM. [103TOMY HEBO3MOKHO pa3padoTaTh
eVHYI0 MOJIeNb IOTEeph HAa MYTH PACIPOCTPAHEHUs, MPUMEHHUMYIO KO BCEM IapaMeTpaM OKpY)Kafomlehd Cpeisl.
OcCHOBHas el STOT0 HCCIICAOBaHU — pa3padoTaTh MOJETh NOTeph Ha myTh i kaHaima NTA 12 Owerri U OI[CHUTh
e¢ TPOM3BOJUTEIBHOCTh Ha OCHOBE 3HAYCHWI MOIIHOCTH IPHHSATOTO CHTHAja Ha IATH BHIOPAHHBIX MapIIpyTaxX B
mrare Wmo, Hurepus. [omxoxsimas Mojens moTepb Ha Tpacce ObUTa pa3paboTaHa MyTeM KPHUTHYECKOTO aHaJH3a
M3MEPCHHBIX 3HAYCHHUH IOTEPh Ha Tpacce M KaXKIoW 0a30BOM CTAHIUH, KOTOPHIC OBLIM M3BJICYCHBI U3 MOTYYCHHBIX
JAHHBIX 00 YpOBHE CHTrHaNa. 3HaueHHs pa3paboTaHHON MOAETH MOTePh Ha IMyTH CPaBHUBAIKCH CO 3HAYCHUSIMH IPYTHX
SMIMPUYCCKUX MOJIENICH MOTeph Ha IyTH, pa3pabOTaHHBIMH JPYTUMHU HCCIICOBATEIIMU, a TaKXKe C U3MEPCHHBIMU
3HAUEHUSMHU TIOTEPh Ha TYTH. Pe3ynbTaThl MOKAa3bIBAIOT, YTO MPEIJIOKEHHAas MOJENb MOTeph Ha Tpacce XOpPOIIo
MTOJIXOANT JUIA TIPOTHO3MPOBAHMA IOTEph Ha Tpacce curHaioB Oseppu kanama 12 NTA B uccrmemyemoii cpexe, B TO
BpeMsl KaK IPyTrue TPATUIIMOHHBIC SMITUPUICCKHE MOICIIH, IPUHSITHIC BO BHUMAHHE B 9TOM HCCJICIOBAHUH, 3aBBIIIAIN
rorepu Ha Tpacce curHanoB OBeppu kaHana 12 NTA co cpexnexBagpaTinyHON ommOKkon 63,65 u Beime. Kpome Toro,
pe3ysbTaThl oKa3eBatOT, 9T0 NTA Owerri mioxo paboTaeT Ha paccTOsIHUM 18 KHMJIOMETPOB OT 0a30BOM mepeaaronieit
ctaniuu. OOIKEe BHIBOABI MOJIE3HBI UL MPOCKTUPOBAHUS IMEPCICKTHUBHBIX KAaHAJIOB TEICBH3MOHHON CETH B MECTE
MPOBEACHUS MCCIICIOBAHUS U B IPYT'HX MOJAOOHBIX Cpeiax.

KiaroueBble ciioBa: ToTeps IyTH, TEICBUACHUE, MOJAEIh IOTEPh HA IyTH, YPOBEHb NPHHAMACMOIO CHUTHAJA;
BecnpoBoniHas ceThb
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Ilpiranos B.B.

Kypaeni tuHaMuKAJBIK JKYKTeMe Ke3inaeri TpudoTopantapabiH 0y3b11y MeXaHUKACBIHBIH epeKuIeTikTepi
Kypmeni muHaMHKambIK JKYKTeMe JKaFgaibiHIa yiKelnic Ke3iHmeri TpuOoTopanTapAslH OaillaHBICHIHBIH OY3BUTYBIHBIH
MEXaHUKachl KapacThIpBUIFaH. baimaHpic Ke3iHAe OeTTik KaOaTTHIH KaJbINITAaCy EpeKMICTIKTepiH ecKepe OTHIPHIIL,
YHKENICTIH Kyplenl TOpanTapblH, TO3Y KapKbIHIBUIBIFBIH MAaTeMaTHKAJbIK CHIATTay MYMKIHZAIN KOpCEeTiIreH.
TpuboropanTtapaelH OeTTik OepiKTIri MEH TO3IMALIITIH ecenTey oMiCi YCHIHBUIFaH JKOHE OCHI ©3apa ToYeNIUIIKTI
MPaKTHKAJBIK Oarajiay MBICAIAAPHl KOPCETUINeH. Op Typii JAWHAMHUKAIBIK JKYKTEMEJIepMEH YHKenic Ke3iHgie
OY3BUTYyIIBIH OCTTIK MOJENi, TPUOOCIEKTPIIK OMICIICH JKOHE OJJEKTPOH IIBIFY JKYMBICBIMEH OCTTIK KaOaTThIH
KYPBUIBIMIBIK KYHIHIH ©3repyi OOWbIHIIA TO3yFa TO3IMIUIIKTI Oaranay oicTepl YChIHBIIFaH.

KinT ce3nepi: To3yra Te3iMainik, TpuboTOpanTap, OETTik KabaT, KYpbUIBIMABIK KYH, )KYKTeMe.

Ivizanos B.B.

Oco0eHHOCTH MeXaHUKHU pa3pylieHns TPHO0Y3/10B NPHU CI0KHOM JHHAMUYECKOM Harpyske

PaccmoTrpena MexaHMKa KOHTaKTHOTO Pa3pyILICHUs TPHOOY3JIOB NMPH TPEHUU B YCIOBUSAX CIOXKHOTO TUHAMHUYECKOTO
HarpyxeHns. lloka3aHa BO3MOXXHOCTb MAaTEMAaTHYECKOTO OMFCAHUS CIOXKHBIX Y3J0B TpPEHHUS, HHTCHCHBHOCTEH
W3HAIMBAHMS ¢ YIETOM OCOOCHHOCTEH (POPMUPOBAHUS IOBEPXHOCTHOTO CJIOS MpH KOHTakTe. [IpencraBieHa MeToquKa
pacueTa MOBEPXHOCTHOM MPOYHOCTH M TOJTOBEYHOCTH TPUOOY3JIOB U MOKa3aHbI MPUMEPHI MPAKTUYCCKON OLICHKU ITOMH
B3aMMO3aBUCUMOCTH. [IpensokeHa MoJeNnb MOBEPXHOCTH pa3pylIeHUs NpPU TPEHUH C Pa3IUYHON JUHAMHYECKON
HArpy3kod, METOJbl OLEHKH H3HOCOCTOMKOCTH IO H3MEHEHHUIO CTPYKTYpHOTO COCTOSIHUSI TIOBEPXHOCTHOTO CJOS
TPUOOCHICKTPATBHBIM METOIOM M Pa0OTON BBIXOA JIEKTPOHA.

KuroueBble ¢ji0Ba: H3HOCOCTONKOCTbD, TPUOOY3IIbI, MOBEPXHOCTHBIN CIOH, CTPYKTYPHOE COCTOSIHUE, HATPYKEHHUE.

Kananuna A.E., Cenusepcmosa E.B., Hopaes H.X., /lepesanko H.A., Hujenro A.A.

Metana HaHoOeJIIeKTePiHiH JKaKbIH opicTeri HOHABIK OOAFBLIIUITAPAbIH KO3FAH KYiJIepiHiH blAbIpay
epekmeikTepi

Kymic HaHOOOIIEKTePiHiH SPTYPIi HOHIBUIBIKTAFbl OJIUMETHH OOSFBIITAPBIHBIH MOJICKYJIAIapbIHIAFbl JICKTPOHIBI
KO3FaH KYHAI Je3aKkTHBANMSIAYABIH MOJIEKyJaapaiblK IMpoIecTepiHe ocepi 3eprrengi. Ag HaHOOOIIIEKTEpiHiH
KaTbICYbIMEH KaTHOHIBI 1 )KoHEe aHMOHMBI 2 OOSFBILITAPIBIH ONTHKAIBIK THIFBI3IABIFEl ©3TepPMENTiHI KopceTireH. An
Oeiitapan 3 GOSFBILIBIHBIH XKYThUTy KaOineTiHiH mamamen 18% ecyi Oaiikanansl. Ag HaHOOOJIIEKTEPiHIH KaThICybIMEH
(iryopecueHIMsT KapKbIH/IbUIBIFbI aHHOH/IbI-KaTHOH IbI-OeiiTapan OosFbIITAp YIIIH ToMeHaeini. DinyopeceHusIHbIH
OMIp CYpy YaKbIThl OapibIK 3epTTENICTIH IOJMMETHH OOSFBIITaphl YUIIH MyJiieM esrepmeiini. diyopecueHIus
KapKbIH/BUIBIFBIHBIH €H YJIKeH ecyl aHHOHIbl Oosy yuiH Tipkenai. [lnasmMonablK HaHOOeJIIeK II€H OOSFbIII
MOJIEKYJIACHIHBIH 3JIEKTPUIIONBIIK ©3apa OpeKeTTeCy MOJedl apKbUIbl HOTIDKeNepAl Tanmay (JyopecueHIuns
KBUITAMBIFBIHBIH — TUIA3MOHJIBIK  KOFapbuiay Kod(GQHIHMEHTTEepiHIH Oeftapan-KaTHOHIbI-aHHOHIBl  GOSFBILITAD
KarJalblHOa TOMEHICUTIHIH KkepcerTi. [lonmmeTHH OOSFBILTAPIAH IUIA3MOHABIK HaHOOGJILIEKTepre dHeprus Oepy
KBUIIAMBIFBl OOSFBIITAPIBIH Kepi Ti30eTiHAe KeMHUIi, SFHH aHUOHIBI—KaTHOHIBI-OeHTapamn IMOJUMETHH OOSFBIIIEL.
Byn ¢uryopecrieHIns apKbUIBL BLABIPANTEIH OelTapan OOSFBIII MOJIEKYJIalap CAaHBIHBIH a3al0bIHa OKeJIe/.

Kint ce3aepi: nosmMeTnH OOSFBIIbBI, HOHIBUIBIK, JOKAJIH3AlMsIAaHFaH IUIA3MOH PE30HAHCHI, KyMic HaHOOeIIeKTepi,
IUIa3MOH KYIICHTINreH (GyopeceHIHs.

Kananuna A.E., Hopaes H.X., Cenusepcmosa E.B., /lepesanko H.A., Hujenko A.A.

Oco0eHHOCTH pacnaja BO30Y:KAeHHBIX COCTOSIHMI HMOHHBIX KpacuTeJeidl B OJM:KHeM IoJie MeTANIHYEeCKHX
HAHOYACTHIL

W3ydeHo BiMsAHWME HAHOYACTHI[ cepebpa Ha BHYTPUMOJEKYIAPHBIE IIPOIECCHl JE3aKTHBALMH  JIEKTPOHHO-
BO30Y)XKIEHHOTO COCTOSIHMS B  MOJIEKyJlax MoiduMeTHHOBBIX  kpacutenei (IIK) pasmuuHOd  MOHHOCTH.
IIpogeMoHCTPUPOBAaHO, YTO ONTHYECKAs MJIOTHOCTh ISl KATUHOHHOTO | M aHHMOHHOTO 2 Kpacurenell He M3MEHSETCs B
MIPUCYTCTBUM HaHowacTHLl Ag. Tornma kak Uil HEHTpaJbHOrO KpacuTelst 3 HaOIoJaeTcsi MPUPOCT MOTJIONIATEIbHOM
criocooHocTH 1ouTH Ha 18%. MHTeHCUBHOCTE (piIyOopecleHINH B MPUCYTCTBUM HAHOYACTUI Ag YMEHBIIACTCS B PSIY
AQHWOHHBI—KaTHOHHBI—HEUTPaNBHBIN KpacuTedab. Bpemst n3HU (iIyopecleHIUn NMPaKTHYeCKH He W3MEHSeTCs IS
Bcex wuccienyemblx I1K. HauGonpmmii HpuUpoCT HMHTEHCHUBHOCTH (DIIyOpPECLEHLIMH OBLT 3aperMCTPUpPOBAH IS
AHMOHHOTO KpacuTens. AHanM3 JaHHBIX C MOMOILBI0 MOJENU 3JIEKTPOAUNOIBHOTO B3aUMOJEHCTBHS ILIa3MOHHOM
HAaHOYACTUIIBI M MOJEKYJIBl KpacHTeIs I[OKa3al, dYTO KOI(QQHUIMEHTH IUIa3MOHHOTO YBEIWYEHHS CKOPOCTH
(dbnyopecuieHuu  yOBIBAIOT B TOCJEIOBATEIILHOCTH HEHTpalbHBIH—KaTHOHHBIH—aHUOHHBIA Kpacutenn. CKOpOCTH
nepenagn dHeprun oT IIK kx mrasmonasiM HY ymeHbmaroTcss B 0OpaTHOHM MOCIENOBAaTENBFHOCTH KpacHTENeH, T.e.
AHMOHHBI-KaTHOHHBIH—HeHTpanbHeIi 11K, DT0 MPUBOANT K YMEHBIICHHUIO YHCIIa MOJIEKYJI HEHTPaTIbHOTO KpacuTens,
pacmagaonmxcs myTeM (IyopeCcIeHIIH.

KuroueBble cj10Ba: NOTMMETHHOBBIM KpacHTelb, HOHHOCTD, JIOKAJIN30BaHHbIM MJIa3MOHHBIA PE30HAHC, HAHOYACTHUIIBI
cepeOpa, ycuiIeHHas MIIa3MOHOM (TyOpeCIICHIINSI.
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Cayneoexoe A.0., Kamobaposa K.T., Onaposa I.C.

KopnyckynanblKk aFbIHAAPABIH  KYPaMbIH TajllayFa apHAJFaH IIAFBIH KOFAapbl Ce3Till 3JIeKTPOHABI
CIEeKTpoOMeTp

JKyMbIc GeleKTepAiH eNIICHEeTIH SHePrHsIapbIHBIH KeH ayKbIMBIHAA KOPITyCKYJIalbIK aFbIHAAPAbIH KYPaMbIH Talaay
YUIH INaFbIH  OJIIIEMJI JKOFapbl CEe3rilll BJICKTPOHJBI CIIEKTPOMETPAIH TEOPHSUIBIK KypacThIpyFa apHaJiFaH.
CrnexTpoMeTp/ieri aifHaIbl SHEPTUsl TaJJIaFbIIbl SJIEKTPCTATUKAIBIK OKTYIIOJIBAI-IIMIIMHIPIIIK OpIiCKe HETi3/IeNreH XKoHe
YJIKEH TOFBIC apa-KalbIKThIFbIHA We. Cyii0aHblH TOFBICTBIK KAaCHETTEpl €CENTEeNreH, aclalThiH JKapbhlK KYIli MeH
XbIpaTy KaOuIeTTiniri Oaranmanapl. ¥CHIHBUIFAH aclall Fapbllll annaparTapblHa apHaJiFaH KOHABIPFBIIAP KEUICHIHIH
KypaMbIHJa IJIaHEeTaapaJiblK KEHICTIKTErl CTallMOHApJIBIK €MEeC aFblHJapAarbl 3apsyiTainraH OeJIeKTepIiH KYpaMblH
aHbIKTayFa MyMKiHJIIK Oepeni. Conpaii-aK, acnanTsl xobanay Ke3inae Oip-0ipiH COTTi TOJBIKTHIPATHIH OipHelle Tangay
omicTepiH (MBICANBI, MacC-CIEKTPOMETPUSUIIBIK SIICTEpPMEH) YilecTipy MyMKiHAiri Oap, Oy yimeciMai TammaysiH
JKOFaphl aKMapaTTBUIBIFBIH KaMTaMachl3 eremi. byn ypaic, omerte, OipHemre Toyenci3 Taimay oAicTepiH KaMTHUTHIH
FAPBINITHIK 3ePTTEY KeMICHASPiH Kypy Ke3iHae Oaitkamapl.

KinTt ce3mepi: 5JeKTpOHIBI CIEKTPOMETP, OSHEPrHsA Tajjay, OSHEprHs TaJJaFbllll, 3JICKTPCTAaTUKAJbBIK aiHa,
KOPITyCKYJIaIbI-ONTUKAJIBIK XKYiie.

Cayneobekos A.0., Kamobapoea K. T., Omaposa I'.C.

MaJjioraGapuTHblii  BBICOKOYYBCTBHTEJIbHBI  JJEKTPOHHBIN  CHEKTPOMETP JUIsl aHAJHM3a  COCTaBa
KOPHYCKYJISIPHBIX MOTOKOB

Pabora mnocBslmeHA TEOPETHYECKOH pa3paboTKe ManorabapuTHOrO BBICOKOYYBCTBHTEIBLHOTO AIIEKTPOHHOTO
CIIEKTPOMETpa TS aHAJIHM3a COCTaBa KOPMYCKYIAPHBIX IOTOKOB B IIMPOKOM JHAMA30HE U3MEPSIEMbIX SHEPTHil YACTHII.
3epKaJIbHBI DHEProaHaIN3aToOpP YacTHI[ B CIIEKTPOMETPE IOCTPOSH Ha OCHOBE DJIEKTPOCTATHYECKOTO OKTYMOJBHO-
LWJIMHIPUYECKOro TOJIsl M o0NamaeT OoybIIMM (OKYCHBIM paccTostHMeM. Paccuntanbl (okycupyromue cpoiicTa
CXEMBI, OLICHEHBI CBETOCHJIA M pa3pellaronias CrocoOHOCTh mpubopa. B cocTaBe komiuiekca 00opymoBaHMS IS
KOCMHYECKHX alllapaToB MPEUIOKEHHBIH  MpUOOp MO3BOJMTH OINPENENSTh COCTaB 3apsHKCHHBIX YacTHI[ B
HECTALMOHAPHBIX MOTOKaX B MEXKIUIAHSTHOM INpOCTpaHcTBe. Takke NPH KOHCTPYUPOBAaHWHM Ipubopa ecTb
BO3MOXKHOCTb KOMOMHUPOBAHUS HECKOJIBKHUX METOIOB aHAIN3a (HAIPpHMEp, C Macc-CIIEKTPOMETPHICCKIMH METOAaMH),
KOTOpBIE OyIyT YCHEUIHO JIOMOJHATh APYT APYra, 4To OyAeT oOecreynuBaTh BBICOKYI0 HHPOPMATUBHOCTE COBMECTHOTO
aHanu3a. JlaHHas TeHICHIMs HAOIIOAeTCs MPU CO3MAHHHM KOCMHYECKHX HCCIIEMOBATENBCKUX KOMIUIEKCOB, B COCTABE
KOTOPBIX, KaK MPABUIIO, BXOAT HECKOJIbKO HE3aBHCHMBIX METOJIOB aHAIH3A.

KiioueBble €JI0Ba: 3JIEKTPOHHBINA CIIEKTPOMETP, DHEPTrOAHAIM3, SHEPrOAHAIM3aTOP, JIICKTPOCTATHYECKOE 3EPKalo,
KOPIYCKYJIIPHO-OMTHYECKAs CHCTEMA.

Kunzenvounoe K.C., lucuuyvin B.M., Kapunoaee K.T., Tynezenoséa A.T., Annvicoea I.K., Mycaxanos /[.A.,
Kynycoexoe A.M.

YAG: Ce xepaMukacbIHbIH (GOTOMETPHUSJIBIK CHIATTAMACHLIH APTTHIPY: PaIHALMAJIBIK CHHTe3le KyHaipyaiH
peoJtiH 3epTTey

Hepuitmen OenceHmipiareH uTTpuit-amroMuHui rpaHateiHBH (YAG:Ce) kepaMuKaiblK yiritepi saeprusicel 1,4 MsB
JKOHE KyaT TBHIFBI3IBIFRI 23 KBT/CM® KyaTThl 2IIEKTPOH/IBI aFbIHHBIH OPICiH KOJIaHy apKbLIbl cHHTe3neni. Kepamuka
UTTPHIA, ATFOMUHHN JKOHE [IEPUN OKCHATEPIHIH apHalbl JalbIHIAIFaH KOCIAChIHAH KbICKA YaKbIT IIIiHIe — HeOapi Oip
CceKyHITa maiga Oosiapl. Panmanumsuiblk epic aFblHbIHAA KepaMHMKaHBIH CHHTE3 Ipoleci Kazipri Kkesie xkui
KOJIIaHBUIATBIH 9JicTepAeH TyOereini epekmeneneni. Tannanran nudpakuusisik cypertep YAG:Ce kepamukaiapbl
YIUiH OIBIHAAP OPBIHAAPHI J1a, MPOIOPIMSIIApE! Ja OOMBIHINA JKaKbIH colikec kemeni. CoHbIMEH Katap, opbip yiri la-3d
KCHICTIKTIK TON CHMMETPHSCHIH JoHeKkTi Typae KepcerTi. OCBH 3epTTeylne CHHTE3JCNTeH KepaMHUKaHbBIH
JIOMUHECTICHITHSI JKOHE KO3y CIEKTpJiepi 0acka omicTtepMeH naiibiHnanFaH kepaMukanblH Y AG:Ce cnekTpiiepiHe xoHe
YAG: Ce Herizinzaeri mroMuHOpOpIapra oTe yKcac. JIOMHHECIICHITUS JKOTAKTAPhI )KOFAPhl THIMILTIKTI KopceTei, aj
YIABTPAKYJITIH JKOJAKTAp/bIH KAPKbIHIBUIBIK KaTbIHACH 3€PTTENeTiH JroMHHOGOpiap yuriH aptypui. Kepamukaibik
CoyJieJIeHy/ll JIIOMUHECLCHIMsIFa TYpAeHAipy TuiMainiri emmenin, SDL 4000 >xone YAG-02 eHepkacinTik
JmroMuHOGOpaaps! yiiH caiikecinme 0,57 xane 0,48-re xxerri. CoHan-aK yariaepaiH KBaHTTHIK THIMIUIITIH apTThIpYFa
JKOFaphl TeMIIepaTypaja KYHIipy apKbUIBI KOJ JKETKi3yre OoNaThiHBI KepceTuimi. JKorapel TYpIeHIIpY THIMILTIr1
JFOMHHECIICHTTI KepaMHUKa CHHTE31 YIIIiH CHITaTTAJIFaH 9IICTIH XKOFapHhl QJICyeTiH aTal KopCceTei.

KinT ce3nepi: cuare3, Y AG:Ce kepaMHKachl, KYPBUIBIM, PaJHANHSIBIK CHHTE3, TIOMUHECIICHITH.

Kunzenvounoe XK.C., /lucuyvin B.M., Kapunoaee K.T., Tynezenoea A.T., Annvicosa I.K., Mycaxanos JI.A.,
Kynycoexoe A.M.

Yayumienue ¢(OTOMETPHYECKHX XapaKTepucTHK Kepamuku YAG:Ce: wuccieroBaHume poJjiH OTKHIa B
PaTHAlHOHHOM CHHTE3e

Kepamuueckre 00pa3ibl UTTPHUCBO-aIIOMHHHEBOTO TpaHarta, lerupoBaHHoro nepueM (YAG:Ce), ObUTH yCIHEIIHO
CHUHTE3UPOBAHBl C HCIOJBE30BAaHUEM MOIIHOTO IOJS AJICKTPOHHOTO MOTOKa ¢ 3Hepruedl 1,4 MbB W IUIOTHOCTBIO
mornHocTH 23 kB1/cM2. Kepamuka Ob11a chopMupoBaHa 32 KOPOTKHUH MTPOMEKYTOK BPEMEHH - BCETO 32 OJHY CEKYHJY -
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W3 CIICIUANIFHO TIPUTOTOBIICHHON CMECH OKCHIOB HTTPHS, allOMUHHA W uepus. [Iporecc paguamioHHOTO CHHTE3a
KEepPaMHKH B MOJIAX PaIHalliOHHOT0 TIOTOKA MPUHITUITHAIBHO OTIIMIAETCSI OT METOIHK, OOBIYHO MCIIOJIB3YEMBIX CETOTHS.
[Ipoanamm3upoBanHble ITUPPAKIAOHHBIE KAPTHHBI OJNM3KO COBIANAIOT C 33J0KYMCHTHPOBAHHBIMH [UII KEPaMUK
YAG:Ce, kak 1O TOJOXEHHIO IHKOB, TaK M IO MpomopimsiM. Kpome Toro, Kakaplii oOpasel MmocieIoBaTeIbHO
JICMOHCTPHPOBAJ TPOCTPAHCTBCHHYIO TpymmoByo cummerputo la-3d. CHekTpsl JIOMHHECICHIMH U BO30YXKICHUS
KEepaMHKH, CHHTC3UPOBAHHON B 3TOM HCCJICIOBAHWH, OYCHb MOX0XKH Ha creKTphl YAG:Ce kepaMuKH, MOJNy4CHHOMN
JIpyruMu MeTonamu, u JoMuHopopoB Ha ocHOBe YAG:Ce. I1070CH JIFOMUHECUEHIIMHA JTEMOHCTPUPYIOT BBICOKYIO
3¢ (GEeKTUBHOCTh, a COOTHOIICHUS WHTCHCUBHOCTEH YIBTPa(QUONCTOBBIX TMOJIOC BapbHPYIOTCS Y HCCICAYEMBIX
TIOMHHOPOPOB.  DPGEKTUBHOCTh MPeoOpa3oBaHUs M3IYy4YCHHS KEPaMUKA B  JIIOMHUHECUCHIMIO  OKa3aJiach
BIICUATIISIONICH, MOCTUTHYB Tokaszarened 0,57 u 0,48 ams mpowmsiiuieHHBIX TromuHOPopoB SDL 4000 u YAG-02
COOTBETCTBCHHO. bBBUIO Tarxke 3aME4eHO, YTO yBEIHUYEHHE KBAHTOBOW A(PQPEKTHBHOCTH 00pa3loB MOXKET OBITh
JOCTHUTHYTO C MOMOIIBIO BEICOKOTEMIEPATYpPHOTO OTKUTa. Bricokas 3¢dekTnBHOCTS peoOpa30BaHus MOTICPKUBACT
BBICOKHU TIOTEHITHAI OITMCAHHOTO METOa CHHTE3a JIIOMUHECIICHTHOH KepaMUKH.

KuaroueBbie ciioBa: cuates, YAG:Ce kepamuka, CTPYKTYpa, paaHalliOHHBIN CHHTE3, TIOMIHECIICHIINS.

Alper Pahsa

Teopusiablk OYpKy Kod((duuueHTiH ecenTey YyUIiH TNJIa3MaHBIH MaTepHAaJlJapMeH 03apa JpeKeTTecyiH
MOJIEKYJIAJTBIK-THHAMHKAJIBIK MOJIeJIb/eY.

CuHTe3 peakUMschl HOTHXKECIHIE AeHTEepUil MEH TPUTHHIIH €Ki >KeHUT sApochl Oipirim, Olp aybslp Teluil sIPOCHIH
Kypaiinpl. Anaiina eki oH sapo 0ip-0ipiH TeOexi. Exi siapo Oipiry YUIiH oJlap/bIH JKbUIIAMJIBIFBI ©T€ )KOFapbl 0OIybI
tuic. JKorapsl KbUIIAMJIBIK KOFaphl TeMIlepaTypaHbl Ourmipeni. Peakius yuriH saponapabiH Temmeparypadsl 100
muumoH °C ycran Typysl MaHpI3abl. by temneparypana D sxone T atomnmapsl miasma Ty3eni. Peakums xypyl yuuiH
IUIA3MaHbIH TEMIIEPATyPachIH CaKTay KepeK HeMece IIa3MaHbl CAIKbIHAAaTHay Kepek. Tokamak peakTopiaapsl MIa3MaHbl
MarHuT epiciHne ycrayra apHanradH. Ochlnaiia, IiIa3MaHbl CAJKBIHAATY PEAaKTOPIBIH KaObIpralapblHa COKTBIFBICY
apKpUIBl aNAblH anafgsl. Ilma3MaHbBIH THIFBI3ABIFBI MEH TEMIIEPATypachl PEakUUsHbl OacTay >KoHE Y3MIKCI3IKTI
KaMTaMachl3 eTy YIIiH Oenrimi Oip meHreline Oomysl kKepek. Peakus mporeciHme MarHuT OpiciHiH OpTachlHAH IIBIKKAH
OH XaHe Tepic nonaap TokaMak peaKTOPBIHBIH KaObIpFalapbIMeH opeKeTTeCIH, AeopMaysiHbl TYAbIpaasl. byn yaksIT
OTyiMEH IIIa3ManblK KaOBIpFaHBIH OY3bUIybIHA J>KOHE HEHTPOHIApAbIH KOpIIaFaH OpTara MIbIFApbUIybIHA OKEJemi.
[Ina3manbiH KaObIpFaMeH e3apa opekerTecyi Tokamak peKTOpiapblHla TEPMOSIPOJIBIK CHHTE3JIH Y3UIyiHEe OKeNeTiH
MaHbI3JIBl Macenenepiaiy Oipi Oonbin TaObuiansl. IlnasmanblK KaObIpFajarbl HOHIBIK KOPPO3MsFa €H Te3iMi
Mmarepuaiap rpadur, OepwiUIMi, aJIOMUHHMN >KoHEe BoJb(paMm Oosbin TaObLIagbl. By KymbicTa IUIa3MaHbIH
MaTepuaiMeH e3apa SpEKeTTeCyl TEOPHsUIBIK TYPFBIIAH 3epTTesielli, TEePMOSAPONIBIK PEeakTopla KOJIAaHBUIATHIH
KaObIpFa MaTepHaIapbIHBIH OPTYPJIl YIruiepiHiy (rpaduT, aTlOMUHUN XKoHE BOJb(paM) IUIa3MajblK dPEKETTECYIHCH
TYBIHAAFaH (PU3MKAIBIK XXOHE XUMUSUIBIK SPO3Hs MOJICKYJIAJIbIK JTMHAMKIKa MeH MoHTe-Kapiio onicTepiMeH 3epTTenreH.
Kiar ce3mepi: uazmMa, sposbIK CHHTE3, MOJIEKYJIANBIK AWHAMEKA, OYpKy ko3¢ durmenti, Monrte-Kap:o amici.

Alper Pahsa

MonekyasipHO-ITMHAMHYeCKOe MOJAEJMPOBAHNE B3auMMOJeHCTBHSI ILUIa3Mbl C MaTepHajJaMu JJs  pacyeTa
TeopeTH4ecKoro ko3g¢uumneHTa pacnblaeHus.

B pesynpraTe peakumu cHHTE3a /Ba JETKHUX sAApa ASHTEpHs W TPUTHS CIMBAIOTCS, 00pas3ys oJHO Ooee TsDKENoe sapo
renust. OJTHAKO /1Ba TOJIOKHUTENBHBIX S/Ipa OTTAJKUBAIOT APYT Apyra. YToObl cinuThes ABa sApa, OHU JOJDKHBI HMETh
OYEHb BBICOKHE CKOPOCTH. BBICOKast CKOPOCTh O3HayaeT BBICOKYIO TemIepaTypy. s peakuuu BaskHO, 4TOOBI sAzpa
coxpansum Temneparypy 100 mumonos °C. Ilpu 3T0it Temnepatype aromsl D u T o6pasyror riazmy. UtoOs! peakums
1a, HeoOX0IMMO COXPAHSTh TEMIIEpPATypy IJIa3Mbl WIIM HE OXJIAXAATh Iuia3My. ToKaMak-peakTophl IpeIHa3HaYeHbI
JUT yAep>KaHUs IUTa3Mbl B MAarHUTHOM MoJie. TakuM 06pa3oM, OXJTaxaeHHe IUIa3Mbl IPEIOTBPAIIACTCS 3a CUET yIapoB
0 CTEHKH peakropa. I[ITOTHOCTP W TemmepaTypa IUIa3Mbl JOJDKHBI OBITH Ha OIPENEIeHHOM YpPOBHE, YTOOBI
MHUIMAPOBATh PEAKIMI0 M O0ECIeYNTh HENPEephIBHOCTH. B mpolecce peakiuy ION0XKHUTENbHBIE W OTPHIATEIHHBIC
HOHBI, BBUICTAIOIIME W3 CpPEAbl MAarHUTHOTO TOJS, B3aUMOICHCTBYIOT CO CTCHKAMHM TOKaMaka M BBI3BIBAIOT
nedopmanuio. DTO NPHUBOAUT K PAa3pPYyLICHHUIO IIIa3MEHHOW CTEHKH C TE€YEHHEM BPEMEHH W BHIOPOCY HEHTPOHOB B
OKpY’Kalollyo cpeny. BzaumoselicTBre I1a3Mbl cO CTEHKOH SIBISAETCS OJHOW M3 Ba)KHEHIIMX MPOOJeM, BBI3BIBAIOIINX
NIpepbIBaHNE TEPMOSIEPHOTO CHHTE3a B PEKTOpax TOKaMakoB. Marepuanamu, HamnOojiee YCTOHYMBBHIMH K HMOHHOM
KOppO3uHM B IUIa3MEHHOH CTeHKe, sBIsIoTCS Tpadur, Oepwumii, amoMuHuH u Bosbdpam. B oaroil pabote
B3aUMOJICHCTBUE IIIa3MBl C MaTepualioM TEOPETHYECKH H3ydaeTcs, (pu3nueckas W XMMHUYECKas 3pO3Msi, BbI3BaHHAs
TUIA3MEHHBIM B3aHMOJICHCTBHEM Da3IMYHBIX 00pa3loB MaTepHaJIoB CTEHOK (TrpaduT, AIOMHHUE M BoJb(pam),
HCTIONIE3YEMBIX B TEPMOSJIEPHOM PEAKTOpPe, U Hcciienyercst MeToioM MonTe-Kapio ¢ MoeKyIsipHON THHAMHKOI.
KiroueBble cjioBa: I1a3Ma, SAEPHBIN CHHTE3, MOJIEKYJIIpHAs AWHAMHKA, KO(GGHUIUEHT paclbUIeHHs, MeToa MoHTe-
Kapuo.
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