Ministry of Education and Science of Ukraine
Black Sea Universities Network

ODESA NATIONAL
UNIVERSITY OF TECHNOLOGY

International Oompeﬂﬂon of
S’fudem‘ Sclen’rlflc Works.,,

scn ENCE 30228
PKOO -PINGS

"0 g4 S}IIOMQ‘_W S

OPESA, ONUT 2022



Ministry of Education and Science of Ukraine
Black Sea Universities Network

Odesa National University of Technology

International Competition of Student Scientific Works

BLACK m@%ozz

Odesa, ONUT 2022



UDC 001.8(063)

Editorial board:

Prof. B. Iegorov, D.Sc., Professor, Rector of the Odesa National University of
Technology, Editor-in-chief

Prof. M. Mardar, D.Sc., Professor, Vice-Rector for Scientific and Pedagogical
Work and International Relations, Editor-in-chief

Dr. 1. Solonytska, Ph.D., Associate Professor, Director ef the M.V. Lemonosov
Technological Institute of Food Industry, Head of the jury of .«Food Science and
Technologies»

Dr. Yu. Melnyk, D.Sc., Associate Professor, Director of the G.E. Weinstein
Institute of Applied Economics and Management, Head ofthe jury of «Economics and
Administrationy

Dr. S. Kotlyk, Ph.D., Associate Professor, \Director of the P.M. Platonov
Educational-Scientific Institute of Computer Systemssand Technologies “Industry
4.0”, Head of the jury of «Information Technologies, Automation and Robotics»

Prof. O. Titlov, D.Sc., Professor, Head of the Department of Oil and Gas
Technologies, Engineering and Heat Power Engineering, Head of the jury of «Power
Engineering and Energy Efficiency»

Prof. G. Krusiry D.Sc., Professor, Head of the Department of Ecology and
Environmental Protection, Technologies, Head of the jury of «Ecology and
Environmental Protection»

Dr. V. Kozhevnikova, Ph.D., Associate Professor, of the Department of Hotel
and Catering/Business, Technical Editor

Black Sea Science 2022: Proceedings of the International Competition of
Student Scientifiec Works / Odesa National University of Technology; B. legorov, M.
Mardar (editors-in-chief) [ef al.]. — Odesa: ONUT, 2022. — 749 p.

Proceedings of International Competition of Student Scientific Works «Black Sea Science
2022» contain the works of winners of the competition.
The author of the work is responsible for the accuracy of the information.

Odesa National University of Technology, 2022.



Organizing committee:

Prof. Bogdan legorov, D.Sc., Rector of Odesa National University of
Technology, Head of the Committee

Prof. Maryna Mardar, D.Sc., Vice-Rector for Scientific and Pedagogical Work
and International Relations of Odesa National University of Technology, Deputy Head
of the Committee

Prof. Baurzhan Nurakhmetov, D.Sc., First Vice-Rector of Almaty
Technological University (Kazakhstan)

Prof. Michael Zinigrad, D.Sc., Rector of Ariel University (Israel)

Prof. Plamen Kangalov, Ph.D., Vice-Rector for AcademicfAffairs of “Angel
Kanchev” University of Ruse (Bulgaria)

Prof. Heinz Leuenberger, Ph.D., Professor of the Institute of Ecopreneurship
of University of Applied Sciences and Arts (Switzerland)

Prof. Edward Pospiech, Dr. habil., Professor of the Institute of Meat
Technology of Poznan University of Life Sciences (Poland)

Prof. Lali Elanidze, Ph.D., Professor of the Faculty of Agrarian Sciences of
Iakob Gogebashvili Telavi State University (Georgia)

Dr. Dan-Marius Voicilas, Ph.D., Associate’ Professor of the Institute of
Agrarian Economics of Romanian Academy.(Romania)

Prof. Stefan Dragoev, D.Sc., Vice-Rector for Seientific Work and Business
Partnerships of University of Food Technologies (Bulgaria)

Prof. Jacek Wrobel, Dr. habil.,, Rector of West Pomeranian University of
Technology (Poland)

Dr. Mei Lehe, PhiD: Vice-President of Ningbo Institute of Technology,
Zhejiang University (China)

Dr. V. Kozheynikeva, Ph.D.; Associate Professor of the Department of Hotel and
Catering Business’of *Odesa,National University of Technology, Secretary of the
Committee



INTRODUCTION

International Competition of Student Scientific Works “Black Sea Science” has
been held annually since 2018 at the initiative of Odesa National University of
Technology (formerly Odesa National Academy of Food Technologies) with the
support of the Ministry of Education and Science of Ukraine. It has been supported by
Black Sea Universities Network (the Association of 110 higher education institutions
from 12 countries of the Black Sea Region) since 2019, and by Iseki-FOOD
Association (European Integrating Food Science and Engineering Knowledge into the
Food Chain Association) since 2020.

The goal of the competition is to expand international relations and attract
students to research activities. It is held in the following fields:

. Food science and technologies

. Economics and administration

. Information technologies, automation and rebotics
. Power engineering and energy efficiency

. Ecology and environmental protection

The jury includes both Ukrainian and foteign scientists. In the 4 years that the
competition has been held, the jury included scientists frem universities of 24
countries: Angola, Azerbaijan, Benin, Bulgaria, China, €zech Republic, France,
Georgia, Germany, Greece, Israel, Italy, Kazakhstan, lzatvia, Lithuania, Moldova,
Pakistan, Poland, Romania, Serbia, Slovakia, Switzerland, Turkey, USA.

At the same time, every year the geography has expanded and the number of
foreign jury members has increased: from46 jury members representing 25 universities
from 12 countries in 2018,£0'73 jury members of the 46 universities from 19 countries
in 2022.

More than a thousandsstudent research papers have been submitted to the
competition from both Ukrainian and foreign institutions from 25 countries: China,
Poland, Mexico, USA, France, Greece, Germany, Canada, Costa Rica, Brazil, India,
Pakistan, Israel, Macedonia, Lithuania, Latvia, Slovakia, Romania, Kyrgyzstan,
Kazakhstan, Bulgaria, Moldova, Georgia, Turkey, Serbia.

The'interest of foreign students in the competition grew every year. In 2018, the
students representing 15 institutions from 7 countries have submitted 33 works. In 2021
the mumber of submitted works increased to 73, authored by the students of 40
institutions from 18 countries.

The competition is held in two stages. In the first stage, student research papers
are reviewed by members of the jury who are experts in the relevant fields. In the
second stage of the competition, the winners of the first stage have the opportunity to
present their work to a wide audience in person or online.

All participants of the competition and their scientific supervisors are awarded
appropriate certificates, and the scientific works of the winners are included in the
electronic proceedings of the competition. Every year the competition receives a large
number of positive responses from Ukrainian and foreign colleagues with the desire to
participate in the coming years.
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ANALYTICAL STUDY OF THE THERMAL CONDUCTIVITY PROCESSES
AT CERAMIC SINTERING

Author: Marina Grechanovskaya
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Abstract. The analytical study of the processes of thermal conductivity at high
intensity heating of dense bodies, similar to clay and plastic materials, was conducted.
The conditions of applicability for the hyperbolic and parabolic equation of thermal
conductivity for the composition of mathematical models of high intensity heating were
explored. It was found that for the small Fourier numbers, the solution of hyperbolic
equation of thermal conductivity makes it possible to determine thickness of the thermal
layer and its change over time. Based on the example of manufacturing technical
ceramics, it was demonstrated that the possible heating rates are considerably below
the boundary rate, within which the velocity of heat propagation may be accepted as
infinitely high. The conclusion was drawn that in the course of construction of
mathematical models for the processes of thermal treatment in the technologies for the
production of technical ceramics and the products similar to them in the intensity of
heating, it is rational to take the thermal conductivity equation of parabolic type as the
basis. The analytical solution, which makes it possible to calculate temperature field
of the semi-restricted array under conditions of microwave heating, was obtained on
the basis of the equation of thermal conductivity with internal heat sources, taking into
consideration heat exchange with the environment. Results of computational
experiment testify to the correctness of the proposed dependency.

Keywords: thermal conductivity, parabolic type, hyperbolic type, velocity of heat
propagation, microwave heating

I. INTRODUCTION

The application of methods of high-energy influence and their combining with
the traditional technologies of thermal treatment of clay and plastic materials sets the
aim of obtaining the assigned working properties and characteristics: the degree of
resistance to wear and cracking, resistance to the influence of high temperatures, and
the required mechanical and physical internal structure. Such materials find their use
in machine building, microelectronics, biomechanics, power engineering, as well as in
the aerospace and transport industry [1-3]. Heating in the microwave (MM MW) field
is also referred to intensive heating technologies [4]. The application of microwave
heating offers possibilities of developing fundamentally new technologies of creation
of promising ceramic, compositional and semiconductor materials [5]. The efficiency
of obtaining such materials depends on the special features of forming the temperature
field in a body, and obtaining data about it requires reliable mathematical models.
However, at present there is a problem, connected with the uncertainty of approaches
to the simulation of high intensity processes, in the first place, as a result of the
uncertainty of assumptions, made with the formulation of the differential equation of
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thermal conductivity. The concept of high intensity heating is used widely enough; in
the course of construction of models, the equations of both hyperbolic and parabolic
type are permissible, depending on the specific character of the heat propagation in
certain material.

Thus, the relevance of the subject matter of the study is predetermined by the
need of determining correct mathematical models of thermal conductivity for the
conditions of high intensity heating of material. Analytical solutions give the
opportunity to carry out computational experiments and, as a result, to obtain new
knowledge about the influence of a wide spectrum of parameters of the process on the
thermal state of the body.

II. LITERATURE REVIEW AND PROBLEM STATEMENT

The simulation of high intensity processes of heat propagation, in the course of
which the disturbance of linear connection between the heat flux and the temperatures
gradient is possible, presents special complexity [6—8]. Usually, while solving the
problems of thermal conductivity, differential equation is usually, used, in which a
temporal and spatial change in temperature is described by the equation of parabolic
form, however, with the description of high intensity processes, its application can lead
to obtaining incorrect results.

As was noted in [9], a certain type of isothermal surface corresponds to a specific
differential operator of thermal conductivity;, among which the operator of the
parabolic type is a special case. It is argued [9] that the attempt to obtain temperature
fields from the parabolic operator through "imposing" different initial and boundary
conditions led to the problem of paradoxes and incorrect problems.

The differential equation of thermal ¢onductivity of parabolic type, connecting
temporal and spatial change in temperature for the medium with variable physical
characteristics and the‘internal heat sources on the assumption that the velocity of heat
propagation is infinitely high, takes the following form:

pcg—t = div(Agradt) + q; (1)
T

In [10], the hypothesis of finite velocities of heat and mass propagation was
proposed./In the cases when a linear relationship between the heat flux and the
temperatures gradient is disrupted, density of the heat flux is determined by the
generalized Fourier "s Law (on assumption that thermo-physical characteristics do not
depend on temperature and there are no internal heat sources):

g =-wvi-1. 9L ()
ot

where 1, is the constant of time (relaxation time).

With an abrupt change of q, the reconstruction of the temperature field and the
gradient of temperature occurs with the displacement in time (t,). The velocity of heat
propagation is determined by expression:
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For example, for nitrogen 1,=107s, w,=150 m/s; for aluminum t=10"" s,
w,=1500 m/s.

The differential equation of thermal conductivity with regard to the relaxation
processes was obtained using the equation of heat balance and generalized Fourier ’s
Law:

ot 0%t 5
P Zlavi (4
ot Tr@tz vt ()

It is called the hyperbolic equation of thermal conductivity. The transfer to the
hyperbolic operator removes some incorrect solutions of classicaltheory of thermal
conductivity [11].

At present, considerable attention is paid to the comstruction of mathematical
models of thermal conductivity on the basis of hyperbelic equation. In [12], the results
of studying solutions to boundary-value transferring problems for hyperbolic equations
were presented, in which the correctness of setting the task-with boundary condition of
I and III kinds was considered. Im [13], the accurate analytical solution of the
hyperbolic equation of thermal conductivity for the infinite plate with the boundary
conditions of the first order was obtained. It was shown that warming (cooling) of a
body is determined by the.motion of the front of shock thermal wave, at which the
temperature jump occurs. In this case, two sub—areas are obtained: in one of them,
temperature varies from the temperature on the wall to the temperature on the wave
front, in the other’one, the unperturbated, the temperature is equal to the initial
temperature. InJ14], the wave heat transfer in the linear and nonlinear media on the
basis of the law of'thermal conductivity is explored, which considers not only the first
and second derivatives of time of heat flux, but also derivatives of higher orders. This
made itpossible to pass over to the problem on the basis of parabolic equation with the
argument delayed in time.

In [ L5], thewsolution to the nonlinear equation of thermal conductivity, based on
the relaxation model of the heat transfer for quasi-stationary heating regime was
obtained, which made it possible to receive dependency for the maximum heating rate,
above which'it is necessary to consider that the velocity of heat propagation is finite:

7

= T -1,

dT 2
——(T,~-T;) ()

- 2
At a. -1V,

where V, is the linear rate of the surface (isotherm) motion, a; is the thermal
diffusivity the, T, Ty are the temperatures of the surface (isotherm) and the
environment, respectively.
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The thermal diffusivity may be determined from the ratio for the relaxation time,
given in [16]:

T, =3a, /v’ (6)

where v, is the speed of sound.
For evaluating the boundary rate of heating the material on condition that

T V2 <0,1-a, the following dependency was proposed [15]:

dr T-T

- —w "0 7
dt|,. 91, )

The relaxation time was evaluated by different authors, for different types of
materials, and it was established that its value lies within the limitsifrom 10~ s for gases
to 101 s for metals. The heating rate above 100 K/sfsreferred to asshigh.

With the essential dependency of thermo-physical and' electro-physical
properties on temperature, the analytical metheds of solving prove to be ineffective. In
this case, the solutions are obtained with the help of numerical methods. The drawbacks
of numerical methods are connected to thesfaet that, underlying them, there is an error,
connected with the replacement of the initial equations with approximating equations,
that is, an error of computational algorithm appears, furthermore, their use is labor—
intensive [17].

A separate problem of mathematieal simulation of the processes of thermal
conductivity is heating in the microwave field since here it is necessary to consider the
conversion of electromagnetic energy to the internal energy in the volume of a body.
At the same time, the technelogies of obtaining materials, based on microwave heating,
are becoming inecreasingly common [18-20]. Based on the application of theory of
generalized functions through reducing the problem of thermal conductivity for a
multilayer construction to the single-layer one with the variable (discontinued) physical
properties of the medium in the closed form, the accurate analytical solution of the
problem of'nen-stationary thermal conductivity with the internal heat sources varying
in time, wasobtained [21]. However, the proposed dependencies have their constraints
and may be used exclusively for the multilayer constructions at the assigned values of
internal heat sources.

As aresult of analysis of literature data, it was revealed that there is no certainty
in the selection of differential operator for the simulation of high intensity processes of
heating bodies and there is no explicit model, which describes the non-stationary
thermal conductivity of heating a semi-infinite array under the action of the microwave
field.

III. THE AIM AND THE TASKS OF THE STUDY

The purpose of the work is to build up mathematical models of high intensity
heating of dense bodies, the properties of which are similar to clay materials and
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plastics, used in the production of technical ceramics and different compositional
articles.

To achieve the aim, the following range of problems was to be solved:

— to analyze existing solutions of hyperbolic equations of thermal conductivity
and to estimate their applicability for calculating the high intensity processes of
production, in particular ceramics;

—to estimate the contribution of relaxation phenomena to the processes, the
intensity of which is limited by requirements for the production of ceramics;

— to obtain dependencies for calculating temperature during microwave heating
of a semi—restricted array for the boundary conditions of the III kind;

— to conduct computational experiment regarding the obtained dependencies for
the purpose of their verification.

IV.MATHEMATICAL METHODS FOR THE ANALYSIS OF
THERMAL STATE OF A BODY

4.1. Analysis of the non-stationary thermal conductivity of a’body based on
the model with hyperbolic equation

The study of the thermal state of a body was c€arried out with the use of the
dependencies [13]. Fig. 1 presents the graph of the change in the excess body
temperature at different values Fo./The following\designations were accepted:

: : a1, : . X . :
relaxation Fourier number Fo, = ——=+ relative coordinate & = 3 dimensionless excess

82
temperature
t—t
g=——La
tO - ta

where tgy't are the initial'and current temperatures of material, t, is the ambient
temperature.

The calculations were performed under the following conditions: Fo,=2,78-10"
. 8=0,06 maAt Fo of the order of 10° — 10, a substantial change in temperature at
thedborder of a body is observed, then the temperature curve begins to smooth out: in
these cases, the form of curves corresponds to the results, obtained by the known
dependencies, based on the differential equation of thermal conductivity of parabolic
type. The heat front at Fo=2,78-10 is limited by dimensionless coordinate £=0,97, at
Fo=2,78-1073 , the coordinate was displaced to the value £=0,92.
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Fig. 1. Change in excess temperature of the body © by dimensionless coordinate
E at different values of the Fourier number: 1 = Fo=2,78:10", 2 —F0=2,78-103, 3 —
Fo=2,78-102, 4 — Fo=2,78-10"

It appears that the applications6f thewequation of thermal conductivity of
hyperbolic type makes it possible to solve the problem of the Fourier small numbers.
At the Fourier small numbers, warming (cooling) of a body is determined by motion
of the front of the shock thermal wave, at which the temperature jump occurs.

Analysis of the need.to apply the hyperbolic equation of thermal conductivity
was conducted based on the calculation data of temperature when assigning extremely
high values of temperatures ofsthe heating surface: from 3000 °C to 4000 °C (for
example, during sintering of ceramics, the temperature does not exceed 1420 °C). It
was found that the heating rateunder these conditions is 2,6 K/s —3,8 K/s. At the same
time, in accordance,with dependency (7) for clay materials, the properties of which
were determined aceording to”[22], the boundary heating rate was 13185 K/s (the
melting/point of kaoliny (4800 °C) was accepted as T,, the starting temperature
To=20 °C). Thus, in the course of simulation of temperature field in the processes of
ceramics sintering, there is a possibility in principle to apply the thermal conductivity
equations of parabolic type.

4.2. Mathematical model of non—stationary thermal conductivity based on
parabolic equation with internal heat sources

When formulating the model, the following conditions were accepted. The layer
of material is considered as a semi-restricted array with the thermal insulation of lateral
surface at the initial temperature to. Inside the rod, there acts a positive heat source,
caused by the action of the microwave field, specific power of which is qy, W/m?>. The
heat exchange with the environment takes place according to the law of Newton —
Richman (boundary condition of the third kind). It is necessary to find the distribution
of temperature by the length of the array at an arbitrary moment of time. Mathematical
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record of this problem is represented as follows:

of(x,T) 4. o’t(x,T) L4

ot o’ cp ®)
t(x.0) =1, )
ot(0,1)
=0 (10)
0t(0,71)

o(t(0,7)—1,)=—A

o (11)

Here t is the temperature, x is the current coordinate, 1 is the time, a, A, c, p are,
respectively, the coefficients of temperature conductivity and thermal conductivity,
specific heat capacity and density of layer of material; o is the heat emission
coefficient, qy is the positive heat source.

It is accepted, that internal heat sources aresthe expeonential function of the
coordinate: q,=qvo-e ?*. Here g0 is the maximum specific eapaeity power of the positive
source, 7 is the coefficient of attenuation of electtomagnetic energy in the layer, m™.

By using the Laplace transform, solution (8) was’obtained with the conditions of
unambiguity (9)—(11):

- _1.\/;.(,E.\/;_Hi)
R '(‘AErfc XLk e,
Ay c-p-a o 2.J0a 1] a

’ x o g, la=2y) 1 | 1 (. ( x ) (e | (12)
Erfc(—Zw/E . a thr - 770 y_ﬁ [ Erfe 5 dos +e
Py

g X 1 ) X v-x/;{v-x/;wi) ( ¥ j
£ T YTt | E — |+ Vo) E N
”fC(Z. . Y Va T)] y(y+aj [ rfc(z’ a-t) e rfc StV r) }
A
qm A Gt “le,rx
+c-p-a-y2 (e 1) e 7 +T,

The obtained dependency enables us to calculate the temperature of a semi-
infinite array at different geometric and physical conditions, media and material.

V. RESULTS OF ANALYTICAL STUDY OF THE TEMPERATURE
FIELD OF A SEMI-RESTRICTED ARRAY AND THEIR DISCUSSION
The analytical study of the temperature field of a semi-restricted array was
conducted with the variation in the following determining characteristics: the the heat
transfer coefficient o, the coefficient of absorption of electromagnetic energy vy, the
layer thickness x, initial temperature of material ty and the ambient temperature t,.
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Fig. 2 demonstrates the change in temperature by the depth of material.

105
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Fig. 2. Change in the temperature of materialit by the depthx: =100 s

The data were obtained for the following eonditions: &=20 W/(m?K), x=0,001
m, qvo=3-10° W/m?, y=35m™, t,=20° C, t,=20 °C. Itis,evident'that at a certain distance
from the surface, the intensity of increase in temperature is considerably lower than in
the layers, close to the surface, which/is connected to the attenuation of electromagnetic
energy by depth.

Effect of the heat transfer coefficient on the distribution of temperatures in the
material is demonstrated by Fig. 3. It can be"seen that the heat emission coefficient
exerts a substantial influénce on the layers, close to the surface. Low values of a lead
to the fact that in the layers; close to the surface, in which the attenuation of
electromagnetic energy is insignificant, the temperature grows substantially.

500+

400, \&

| Jz1
300+ \
| 4. 1

= 200 \\\\\

100 2 e

—_——
o

0 T i — )
L) 15 20 25 30 35 40
o, WM K)

Fig. 3. Effect of the heat transfer coefficient a on the temperature of material t:
=100s, 1 —x=0,01 m, 2 —x=0,021 m
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The absorption coefficient y produces considerable effect on the temperature of
material and on the uniformity of its heating (Fig. 4). The calculation shows that in
immediate proximity from the surface at values y<50 m™', temperature of the material
grows with an increase in vy, and in this case, this increase slows down. At y>50 Mm™!, a
drop in temperature is observed. At a larger depth of the array, an increase in y leads
to the monotonous decrease in temperature. This can be explained by the fact that at
the low values of vy, the influence of internal heat sources is more substantial than the
heat emission from the surface.

150 P i sczes

1204 /

290
6} 1 /
304 ,ﬂZ

EI{) 3 40 Sh 60 7 70 8D

v ML

Fig. 4. Influence of the absorption coefficient y on the temperature of material t
at =100 s: 1 —x=0,01'm, 2 —x=0,021 m

The effect of initialitemperature of the material and temperature of air on the
change in the temperature of array is shown in Fig. 5. The nature of change in the body
temperature correctly reflects the influence of the varied parameters.

180+
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1704
146,7-
© 60 £
. 146,4-
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1304+— : : : : 145.8 :
100 20 30 40 50 100 20 30 40 50
t,°C t,°C
0 a
a b

Fig. 5. Change in the temperature t of array depending on determining
temperatures: a — effect of the initial temperature of array to, b — effect of temperature
of air t,, =100 s, x=0,001 m

548



POWER ENGINEERING AND ENERGY EFFICIENCY

Analysis of results of the calculations allows us to conclude that the obtained
analytical dependency (12) may be recommended for calculating the temperature field
of dielectric material, in particular, for the production of technical ceramics, under the
effect of positive internal heat sources, for example, from the microwave
electromagnetic field.

VI. DISCUSSION OF RESULTS OF ANALYTICAL STUDY OF THE
PROCESSES OF THERMAL CONDUCTIVITY AT HIGH INTENSITY
HEATING

The calculation study of change in the temperature field in the material, the
thermo-physical properties of which corresponded to clay, carried out on the
dependencies, obtained on the basis of the hyperbolic equation of thermaleenductivity,
demonstrated influence of the Fourier numbers. It was revealed that at the values Fo,
commensurate with the relaxation Fo,, two areas are formed, which correspond to a
thermal layer and the layer, in which relaxation processes were not completed. It is
evident from Fig. 1 that the closer the value Fo to Fo,the more vividly these areas are
expressed. At a considerable disagreement, the nature of change in the temperature
curve becomes monotonous (Fig. 1, line 4).

Thus, the solution of the hyperbolic equation of thermal eonductivity, given in
[13], makes it possible to obtain data for the small Fourier numbers and to determine
thickness of a thermal layer at different'moments of time.

By the proposed dependencies[13], obtained with with boundary conditions of
the first kind, the rates of heating clay semi-array for different surface temperatures
were calculated. The results show that the heating rates are considerably below the
boundary rate, at which theninfluence of relaxation processes should be considered.
Thus, when assigning the surface temperature t;=400 °C, the heating rate does not
exceed 4 K/s while the boundary, rate for the examined material is 13185 K/s.
Therefore, all existing.technological heating processes may be simulated on the basis
of the thermal conductivity equations of parabolic type.

The microwave technologies of the production of technical ceramics and
compositeimaterials are,of special interest. Due to a specific character of heating in the
microwave field, the possibility of obtaining materials with the improved operational
and /functional, properties emerges. However, there are difficulties of obtaining
analytical solutions of the equations of thermal conductivity due to the need for
considering the ‘internal heat sources and special features of conversion of
electromagnetic energy to internal energy. Solutions [10] are limited by the condition,
at which ambient temperature must be higher than the temperature of material, which
is rarely possible at microwave heating. There is a solution for the unrestricted plate
with boundary conditions of the third kind [18], however, similar analytical
dependencies were not obtained for the bodies of other form. This led to the need of
obtaining analytical solution in the explicit form for a semi-restricted array with
boundary conditions of the third kind. In the process of the model composition, we
made assumptions that ambient temperature, thermo-physical and electro-physical
properties (which are expressed in the value of the absorption coefficient y) remained
constant, and the initial temperature of array in all its points was identical. The solution,
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obtained with the aid of the operating method, demonstrates its workability when
conducting computational experiment. This allowed us to recommend it for the
calculation of temperature field of dielectric material when heating under conditions of
action of microwave field.

To refine the calculation results, the dependency of the absorption coefficient on
the temperature of material and its structural characteristics, changing in the process of
heating, should be established. Furthermore, the data on the coefficients of absorption
of electromagnetic energy are very limited, which does not allow making accurate
calculations for a wide range of materials. Obtaining these data requires conducting
separate experimental studies. Nevertheless, the main result of the performed work lies
in the fact that we obtained the dependency, which makes it pessible to receive
information about the thermal state of a body at its heating in thesmicrowave field and
to define influence of the determining regime parameters on the'heat exchange process.

VII. CONCLUSIONS

1. The analytical study of change in the temperature \field in material
demonstrated that at values of the Fourier numbers, commensurate with the Fourier’s
relaxation numbers, two areas are formed, which correspond to a thermal layer and the
layer, in which relaxation processes were not’completed.

2. The contribution of relaxation phenomena to the processes, the intensity of
which is limited by requirements for the production, for example, of ceramics, can be
disregarded. It was shown that the possible heating rates based on the example of the
production of technical ceramics are considerably lower than the boundary rates, above
which it is not possible to accept the hypothesis about the infinite velocity of heat
propagation. In the process/of construction efimathematical models, it is expedient to
take the equation of thermal conductivity of parabolic type as the basis.

3. Authors proposed a mathematical model of thermal conductivity of a semi-
restricted array underithe effect of internal heat sources for the boundary conditions of
the III kind in the differential form./As the result of its solution, we obtained analytical
dependencies for the calculation of temperature of the array at its heating under
conditionsof action of the internal heat sources, in particular, in the microwave field.

4. The proposed dependency for calculating the dimensionless excess
temperature makes it possible to obtain information about a thermal state of a body at
its"heating/in the microwave field and to determine influence of the determining
characteristics — ‘the heat emission coefficient, the coefficient of absorption of
electromagnetic energy, thickness of the layer, initial temperature of material and
ambient temperature — on the heat exchange process.
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