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COUPLED ELECTROMAGNETIC AND THERMAL PROCESSES IN THERMAL INSULATION
OF INDUCTION CHANNEL FURNACES DURING CHANGES OF ITS DEFECTS CONFIGURATION
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The interrelated electromagnetic and thermal processes that occur during induction heating of metals in channel fur-
naces are investigated. A mathematical model and a technique for determining the size and shape of defects (leaks of
liquid metal) in the thermo-insulation material (lining) of such furnaces are developed on the basis of determination of
the regularity of the time variation of the inhomogeneous temperature distribution on the surface of furnace' body. Veri-
fication of the developed mathematical model was carried out by comparing the calculated results obtained with the
results of the experiment on an induction furnace for the production of high-quality copper rolled wire for the cable
industry. The regions of maximum temperatures on the furnace body and the maximum temperature gradients inside the
lining are determined, as well as the dynamics of their changes on the surface of the furnace during the experiment,
which lasts for more than 4.5 years. A relationship between the distribution of isotherms on the furnace body and the
location, shape and depth of penetration of liquid copper into furnace thermal insulation masonry was found. On the
basis of obtained relationship the hypotheses about the configuration of the currently existing defects were offered. The
application of the proposed technique makes it possible to control the change in the state of the lining of induction
channel furnaces and to develop recommendations for increasing their life time. References 15, figures 4, tables 2.
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Introduction. At present the study of the disturbed electromagnetic field and the associated thermal
and force effects on materials by means of mathematical modeling is a powerful tool for obtaining deeper
knowledge about interrelated multi-physical processes. To develop new industrial equipment and improve
existing one, the available information on the progress of physical processes and engineering intuition are
not enough. Modern research is aimed at both identifying deeper interrelated mechanisms and taking into
account previously unused material properties, which require the complexity of the real objects geometry at
the micro- and nanoscale [4, 5]. The development of computational methods makes it possible to supplement
and sometimes replace an expensive and sometimes impossible experiment with results obtained on mathe-
matical models. And more and more new products are developed by leading world companies on the basis of
such models [2]. Special attention is paid to interdisciplinary or multi-physical research [3, 6], in which the
processes are described by laws from different areas of physics and they are studied simultaneously, rather
than independently, as was done previously.

This class of problems also arises in the improvement of induction heating technologies. The phe-
nomena of electromagnetic induction have been successfully used for heating and melting metals for more
than a hundred years, and industrial equipment created for these purposes is continuously modernized [4, 8].
A lot of scientific research has been carried out, the results of which have been generalized in fundamental
works [1, 4, 5]. Despite this, the problem of prolonging the life time of expensive induction equipment for
the production of highly pure metal products, in particular electro-technical copper rolled wire (99.99 % pu-
rity), is still acute today. The leakage of liquid metal into thermal insulation materials of furnaces and induc-
tors is the main cause of their planned and emergency stops [12].

Although numerical methods, including one of the most used of them — the finite element method,
have developed rapidly in the past 20 years [1, 5, 7], the mathematical modeling of induction heating proc-
esses remains a task of increased complexity. This is due to the fact that the nonlinear properties of materials
(the magnetization curve of the inductor core and the temperature dependence of the electrical conductivity
of the metal) force the system of differential equations to be solved in the time domain, while the time con-
stants of the electromagnetic and thermal subtasks can differ by a 4-6 orders of magnitude [1, 13]. In addi-
tion, the objects under consideration have a complex three-dimensional geometry, and the sizes of their in-
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ternal elements in different coordinates can differ by more than an order of magnitude. Besides, the change
in their size or curvature often does not coincide with the change in the gradients of calculated values [9, 10].

Therefore, when solving many problems, you can not use a ready-made software product with pre-
programmed solvers and automatic finite element mesh construction, but it is necessary to make changes
based on specific features of the problem under consideration.

Such problems arise when analyzing the distribution of temperature inside the melt, in the lining and
on the surface of the body of induction furnaces, taking into account the occurrence of liquid metal leakages
into lining cracks, the configuration of which varies with time. An example of such a furnace is an induction
channel furnace of the UPCAST type [12], used for oxygen-free melting of high-quality copper and the pro-
duction of rolled wire for the cable industry. Structurally induction melting plant consists of a furnace and an
inductor, and, at present time, there is a significant difference between their life times. The predicted life of
the furnace is usually 3—4 years, and the inductor — 1-2 years. Consequently, in induction technology, there
is a planned 2—-3-fold inductor replacement with the same furnace [12].

However, joint experimental studies by PJSC "Zavod Yuzhkabel"(Kharkov) and Institute of Electro-
dynamics of the National Academy of Sciences of Ukraine (Kiev) on the UPCAST US20X-10 installation
showed that the inductor replacement procedure significantly shortens the life of the furnace [14, 15]. Be-
cause of the temperature drop on the surface of the lining of the furnace from 1150 °C (the temperature of
the copper melt) to 300400 °C (the highest possible temperature when heating by gas burners after draining
the copper), new micro- and macro-cracks arise inevitably in the lining. After restart of the furnace with a
new inductor and old lining, liquid metal leaks out into lining cracks.

In addition, the method currently used for control and diagnostics of the furnace state is integral and
indirect method. It does not allow to indicate the location and size of the areas of incipient leaks [12], and as
a result does not allow to optimize the operating conditions of the furnace in order to slow down the destruc-
tive processes in thermal insulation and prolong the life of the operated furnaces.

The aim of the work is to develop a mathematical model and technique for taking into account the
relationship between the distribution of electromagnetic and thermal fields in the thermal insulation of induc-
tion channel furnaces with a changing configuration of defects in this insulation, as well as controlling the
change in the size and shape of the liquid metal leaks into thermal insulation and verification of the devel-
oped mathematical model by comparison with the results of an experiment lasting 4.5 years.

Physical-mathematical formulation of the problem. The problem of induction heating of a metal
consists of electromagnetic and thermal problems with strong mutual relations [5, 7]. Since the time con-
stants of the electromagnetic and thermal processes considered in this paper differ by 6 orders of magnitude
(period of electromagnetic oscillations is 2-107 s and duration of heating is 1.8:10*s), then, as in [1, 15], the
electromagnetic part of the problem was solved in the frequency domain in the linear approximation using
the effective values of the relative permeability .4 obtained from the magnetization curve, and the thermal
part in the time domain.

Electro-magnetic subtask. To calculate the distribution of the magnetic field and the current densi-
ties, the system of Maxwell equations with respect to the vector potential A was solved. The calculated

equations for various elements of the inductor and furnace were derived as in [7, 15] and have the form:
a) for copper melt in the inductor channel and in the furnace:

rot [L rot A]+ joc(T)A=0, (1)
Mo
b) for copper inductor buses: rot [L rot ;1] —J o =0, 2)
Ho
¢) for the steel core of the inductor: rot [ rot ;1] =0, 3)
Holey

d) for the lining mixture of the inductor, the four-layer brick masonry of the furnace, and for the water in the
tubes of the cooling system of the inductor and the furnace:

1 =
rot[—rot A]=0. 4)
Ho
Here jex[ is the current density vector in the inductor buses, o(7) is the conductivity of copper, which is a
function of temperature T and is described by the following equation:
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o(T) =1/[py(1+ (T =T, )], 6))
where po = 1.72-10"* Q'm is the electrical resistivity of copper, a = 3.9-10® K™ is temperature resistance coef-
ficient of copper, T,,,= 273.15 °K is the reference temperature.

The inductor is connected to a 50 Hz sinusoidal voltage transformer whose power is controlled
automatically depending on the data of the melt temperature sensor. Commutation is possible between 14
power levels from 33 to 616 kW, and the operating range is usually 80-400 kW. The computational domain
was three-dimensional and consisted of a volume both of an inductor and a furnace with a copper melt,
whose contact with the ambient air was described by the boundary conditions on their bodies. Equations (1)—

(4) were joined at the interfaces of the elements and supplemented by the Dirichlet conditions 7 - A=0 at
the boundaries of the computational domain.

Thermal subtask. To calculate the distribution of the thermal field in the lining of furnace and in-
ductor, the heat balance equation was solved as in [1, 7, 15]:

or
pCP E_v(kVT) zQeddy +Qwater' (6)
Here p, C, and k are the density, heat capacity and thermal conductivity of materials, Qcis, Owarer are heat
sources including eddy current heating of the metal Q.4 and cooling of the buses and lining when water
flows through the tubes of cooling system O,z
The heat rejection through the water was calculated according to the equation:

Qwater = Mcp (Tm - D/I/a (7)
where M, — water flow in kilograms, passing through the cross section of the tubes per time unit, 7}, — inco-
ming water temperature, V' — internal volume of the system pipes.

The heating of copper by eddy currents realizes a multi-physical connection between the electro-
magnetic and thermal parts of the problem and it is specified in the form:

Ouiy =E-J = ’0(T)A- 4", @®)

The system of equations (6)—(8) was supplemented by the conditions for convective heat rejection
from the inductor and furnace bodies using given heat transfer coefficient / according to the equation:

L w1, ©)
on
where T,,, is the ambient air temperature, » is the normal vector to the outer boundary.

Systems of differential equations (1)—(4) and (6)—(8) were solved using the finite element method in
the software package Comsol Multiphysics [2].

Features of mathematical modeling using the package Comsol Multiphysics. Despite the fact
that the software package used for mathematical modeling is one of the most modern tools and has many
opportunities and advantages, in order to solve the system of equations (1)—(9), it was necessary to change
the algorithms used (mathematical solvers). Iterative solvers, which are used in the package by default [2],
are based on the conjugate gradient method. Most often used method is the stabilized bi-conjugate gradient
method (BiCGStab). The main advantage of these methods is the use of much less RAM in comparison with
direct solvers, but the main their drawback is the lack of convergence in a number of problems with signifi-
cant nonlinearities and strong multi-physical connections (including our problem).

Therefore, instead of the iterative method, a direct solver was used, in particular MUMPS (MUIti-
frontal Massively Parallel Sparse Direct Solver) [2], based on the Newton-Raphson relaxation method and
LU-decomposition. Moreover, the advantages in the calculations algorithm, it can also use a hard disk in ad-
dition to RAM, creating a swap file. The coefficient of memory allocation for it increased from 1.2 to 2 in
order to support more massive simultaneous computations.

In addition, when solving a multi-physical task in a package, a segregated approach is used by de-
fault, i.e. each physical process within single iteration is considered sequentially, using as input the results of
solving the previous physical process [2]. After current iteration the input data is refined, approaching to the
solution, and all physical processes are recalculated sequentially, one by one. With strong multi-physical
connections of processes (including in our problem), this approach is inapplicable because it gives inaccu-
rate, and in some cases incorrect solutions.

Therefore, in describing the mutual relationship between the electromagnetic and thermal subtasks, a
fully-coupled approach [4], where all the physical processes within single iteration were considered simulta-
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neously (within the same matrix of coefficients), was used instead of the separate approach. Also, the re-
quirements for the relative error of the temporary solver and its fully interconnected part were increased ac-
cordingly by a factor of 10 (from 0.01 to 0.001) and a factor of 1000 (from 1 to 0.001), while the maximum
number of iterations was increased from 4 to 25. Thus, a stable convergence of the mathematical solver was
achieved and a numerical experiment on the calculation of the distribution of magnetic and thermal fields in
the lined inductor and furnace during the long-term process of heating the copper melt was performed.

To verify the developed mathematical model, the results of the calculation were compared with the
results of a physical experiment conducted over 4.5 years on the induction furnace of the industrial unit UP-
CAST US20X-10 at PJSC "Zavod Yuzhkabel".

Results of physical experiment. At present, diagnostics of the state of the furnace and inductor is
performed by monitoring the temperature changes AT of running water in the cooling system and active R
and reactive X resistances of the inductor. According to the technical documentation, the unit state is consid-
ered as normal if the difference in AT across all contours remains within 5 °C, and the resistance values lie
within the permissible limits: Rye,m min > R > Rperm maxs Xperm min > X > Xperm max. This diagnostics method is in-
direct one. It allows to answer the question "the furnace can or can't operate", but it does not provide an op-
portunity to assess the degree of deterioration in furnace characteristics, i.e. does not allow to reveal the loca-
tion and size of the leaks of liquid metal into thermal insulation materials, as well as the dynamics of change
of such leaks.

To improve the diagnostic system, it was suggested to monitor not only the lumped parameters of the
system (impedance Z and the temperature difference AT), but also the temperature distribution over the in-
ductor and furnace bodies. For this purpose, a mathematical model and a technique for calculating the tem-
perature distributions both on the surface of their bodies and inside lining in nominal and emergency opera-
tion modes have been developed. According to the developed method, the control temperature measurements
are carried out regularly on the surface of the bodies of the inductor and furnace. If temperature distribution
is not non-uniform, the areas of maximum heating are detected. Then, using a mathematical model, a mutual
relationship between the distribution of the thermal field over the surface of the bodies and its distribution
within the linings is found. Thus, the location, shape and size of the metal melt leaks are determined from the
temperature isotherms on the furnace and inductor bodies. Using enumeration of possibilities of leaks con-
figurations, the configuration that gives the temperature isotherms in the model, which coincide with the iso-
therms measured experimentally, is defined.

By means of this technique, diagnostics of both the instantaneous state of the furnace and the dyna-
mics of state change is carried out. The developed model was verified by comparing the isotherms calculated
on the body with the real isotherms measured on the operating equipment. For this purpose, an experiment
with duration of 4.5 years (from 04.2013 to 09.2017) for measurements of the temperature distribution 7 on
the inductor and the furnace bodies was planned and carried out. The main attention was paid to the furnace,
since it contains the bulk of the melt (up to 10 tons). The furnace's body was divided into 72 control zones,
as shown in Fig. 1 (36 zones in the place were copper cathodes for melting are charged and 36 ones in the
place were the copper rolled wire is drown). In these zones the temperature 7 was measured with optical py-
rometer every 2 weeks.

The results of the final measurements in September 2017 are presented graphically in Fig. 2, and in
Table 1. Figure 2, a shows half of furnace's body in the cathode loading zone and Figure 2, b — in the rolled
wire drawing zone. Comparing the experimental results in Fig. 2, a and b, we note that higher temperatures
(both minimal and maximal values) are observed in the rolled wire drawing zone. If in the cathode charging
zone T, = 64 °C and Ti,,x = 152 °C, then these values in the rolled wire drawing zone are T, = 102 °C and
Tax =254 °C.

Table 1

Zone of cathodes charging (09.2017), 7,°C Zone of rolled wire drawing (09.2017), T, °C
xl [ x2 | x3 | x4 | x5 | x6 | x7 | x8 | x9 xl [ x2 | x3 | x4 | x5 | x6 | x7 | x8 | x9
z |95 |78 | 77 196 | 95|95 |98 | 65|95 | z1 [105]|105|110|110|102|105|130|110]| 115
z2 | 105 90 | 105|105|105]|105| 70 | 69 | 64 | z2 | 106|118 | 130|226 | 150|151 160|163 | 125
z3 | 105| 91 | 135|152 (124 |120| 79 | 80 | 68 | z3 120|148 {242 |215| 180|190 | 199 | 201 | 141
z4 1 95196 |91 |108| 90 | 88 | 83 | 82 | 79 | z4 | 140|200 |254 170|202 | 170|182 | 154|108
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It was revealed that during the long operation of the furnace, the average temperature on its body in-
creased significantly. For a furnace with a new lining, the temperature 7 on its body is 70—100 °C, and under
operating conditions, 7'< 132 °C is considered as normal temperature. After continuous operation of the fur-
nace for 42 months, 7 regions with 7> 200 °C (zones z2x4, z3x3, z3x4, z3x8, z4x2, z4x3 and z4x5) are ob-
served, and even T,,,. = 254 °C is achieved in zone z3x4.

A physical explanation for the appearance of these zones is the leaks of the metal melt through the li-
ning to the furnace body. Lining is formed by four layers of bricks, where first and second layers operate as
armor, which keeps the metal melt from leaks, and the third and fourth layers are used for a heat insulation pro-
viding a basic temperature drop of about 900 °C [12]. However, in the case of penetration of the melt through
the armor, the metal is actively absorbed because of the porous structure of the third and fourth layers of bricks,
and the irreversible degradation process of the lining is intensified with time. As a result, even droplets of liquid
copper may leak through the technological holes of the furnace body. If, at any place of body, a temperature is
300-350 °C, then such a furnace is considered unsuitable for operation and requires disconnection and re-
placement.

The study of the rate of penetration of the melt into the lining as the function of dynamics of the tempera-
ture change in the control zones of body was carried out. The results of the measurements are given in Table 2.

Table 2

Zone of cathodes charging (2014-2017), AT,°C Zone of rolled wire drawing (2014-2017), AT, °C

xl [ x2 | x3 | x4 | x5 | x6 | x7 | x8 | x9 xl | x2 | x3 | x4 | x5 | x6 | x7 | x8 | x9
zI |25 0 | 2 |18 0 | O 1 0 |24 | 2z1 |30 |45 |33 (2920 |18|39| 15| 5
z2 | 4 1 0O[0]0]0]0]|O z2 | 44 | 56 | 55 |107| 31 | 40 | 31 | 45 | 20
z3 |13 | 5 [ 4522 0 | 21| O 1 z3 149 | 60 | 99 | 88 | 65| 75| 71 |56 |24
z4 |25 (111 6 [ 13| 0| 0| 3 | 2 z4 | 48 | 91 [130| 95 | 80 | 50 | 81 | 55 | 37
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So after 42 months of continuous operation on the half of the furnace body in the zone of rolled wire
drawing, the average temperature increased by 58 °C (from 96 °C to 154 °C). The greatest increase in tempera-
ture in five zones was 130, 107, 99, 95 and 91 °C, respectively. Thus, in the hottest zone on the surface of the
body, the temperature increases at the average by 3 °C every month. While maintaining such dynamics
(without optimization of technological modes), it will soon accept inadmissible values for further operation.

Results of numerical experiment. To determine the configuration of internal defects of the furnace
lining by the surface temperature distribution, a numerical experiment was carried out. The leaks of metal
melt were modeled by three ellipsoids of rotation with semi-axes a, b and c, the centers of which were lo-
cated at a height z = 550, 650 and 750 mm from the bottom of the furnace (at the height of melt of 950 mm).
The coordinates of the ellipsoids centers in the xy-plane (which parallel to the bottom of the furnace) were
chosen in such a way that the temperature in three hot zones (z4x3, z2x4 and z3x8) on the furnace body
corresponded to the experimental data, namely, 254, 226 and 201°C. The main characteristic affecting the
maximum value of T is the penetration depth of the melt into the lining, i.e. defect size along the y-axis. Fig.
3, a shows the temperature 7 distribution in the furnace lining volume (top view), and Fig. 3, b represents the
distribution on the surface of furnace body (view from the side of rolled wire drawing). There are three melt
leaks that create the region with temperature 7> 200 °C on the body surface.
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According to the results of the simulation, it can be concluded that if the temperature at the furnace
body reaches 200-250 °C, the metal melt has passed through the first three brick layers and it is located in
the volume of the last fourth layer (Fig. 3, a). If the total thickness of the four brick layers is 275 mm, then in
our case the length of the largest melt "tongue" of the three ones is 250 mm, which corresponds to a maxi-
mum temperature on the furnace body 7., = 254 °C. This situation is extremely dangerous, since the dis-
tance to the furnace body is only 25 mm.
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Let us consider the change in temperature 7 (Fig. 4, a) and its gradient Gr (Fig. 4, b) in the volume of
the new lining of the furnace (curves 1) and in the presence of a melt leak in the old lining (curves 2). The
graphs are plotted along the normal line # to the side surface of the furnace body, which simultaneously passes
through the central axis of the largest of the three "tongues" of the melt. In the absence of melt leaks, the main
temperature drop of 900 °C occurs on the III and IV layers of the brick with a total thickness of 115 mm
(Fig. 4, a). The gradients of the temperature in these layers are Gy =9 °C/mm and Gry =26 °C/mm, which
corresponds to the normal operation of the furnace. When there are the metal leakages such temperature drop
occurs only on a part of the IV brick layer of 25 mm thickness, which leads to an increase in the temperature
gradient G by 4 times up to the value Gy = 105 °C/mm. Such high temperature gradients have an extremely
negative effect on the lining material and substantially reduce its life time.

The use of the proposed technique allows to carry out more accurate control and diagnostics of the
state of the lining of induction channel furnaces, and to create the basis for forecasting and recommendations
for increasing their life. Analyzing the degree of leakage of metal into the lining, it is possible to correct the
technological modes of furnaces, aimed at optimizing the production capacity and slowing the degradation
processes in thermal insulation.

Also, the information obtained is useful for more accurate prediction of the remaining time before the
emergency and makes it possible to prepare equipment and materials for a planned replacement of the furnace.

Conclusions. The interrelated electromagnetic and thermal processes that occur during induction heat-
ing of metal in channel furnaces are investigated. A technique and a three-dimensional mathematical model for
determining the location, size and shape of defects (leaks of liquid metal) in the thermo-insulation material (lin-
ing) of such furnaces by analyzing the inhomogeneous temperature distribution over the surface of their bodies
are developed. A relationship between the distribution of isotherms on the furnace body and the location, shape
and depth of penetration of liquid copper into furnace thermal insulation masonry was found. On the basis of
obtained relationship the hypotheses about the configuration of the currently existing defects were offered.

As a result of the planned experiment (duration 42 months), the temperature measurements in 72 con-
trol zones on the surface of the furnace body of industrial unit UPCAST US20X-10 for production copper
rolled wide were made. It was revealed that 7 regions with a temperature 7> 200 °C (instead of 130 °C re-
commended for the nominal operating mode) appeared in the course of its continuous operation, and in one
zone the temperature is reached 7,,,,= 254 °C. At the same time, the gradient of temperature G within the li-
ning increased by 4 times (from 26 °C/mm to 105 °C/mm). The dynamics of temperature increase is investi-
gated and the zones of its greatest growth, where AT reaches 130 °C, and the maximum rate of temperature rise
is 3 °C per month are found. This indicates the presence of several zones of metal melt leaks in the furnace li-
ning and requires of technological modes optimization to prevent the onset of emergency situations.

The use of the proposed technique allows to carry out more accurate control and diagnostics of the
state of the lining of induction channel furnaces, and to create the basis for forecasting and recommendations
for increasing their life.
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B3AUMOCBSI3b PACIIPEJEJEHUS JEKTPOMATHATHOI'O U TEILIOBOI'O MOJIEM

B TEPMOM3OJISIIUA UHAYKIIMOHHBIX KAHAJIBHBIX NEYEN

C UBMEHEHUEM KOH®UT'YPAIIMA BOSHUKAIOIIUX B HEM JE®EKTOB

M.A. Illep6a, kaHI.TEXH.HAYK

HNucturyT 3nekrponunamuku HAH Ykpaunsl,

np. [lobenasl, 56, Kues, 03057, Ykpauna.

E-mail: m.shcherba@gmail.com

Hccnedosanvl 83aumocesasanmvie d1eKmpoMASHUMHbIE U MEN108ble NPOYECcChl, 603HUKAOwue npu UHOYKYUOHHOM Ha-
2pese mMemanna 8 KaHanbhuix neuax. Paspabomana memoouka onpedenenus pasmepos u ¢opmul deghexmos (npomexa-
HUll HCUOKO20 MEMANNA) 8 MEPMOUZOTAYUOHHOM Mamepuaie ((pymeposke) maKux neuei nymem aHaiu3a HeoOHOPOOHO-
20 pacnpedenenus memnepamypvl no nosepxnocmu ux xkopnyca. Ilposedena eepuguxayus paspabomannoii mamema-
MUYecKoll Mooenu NOCPeoCmeoM CPAGHEHUs. C Pe3YIbMamamu SKcnepumenma onumensHocmyvio 3,5 200a Ha UHOYKYU-
OMHOUL NeYU NPOMBIUIEHHOU TuHUY Tumbs. Onpeodenenvl 001ACmU MAKCUMATbHLIX MEMNEPamyp Ha Kopnyce neuu u ge-
JUYUHBL MAKCUMATILHBIX 2PAOUEHIN08 MeMnepamypsl 6HYmpu QymeposKu, a makice OUHAMUKA UX USMEHEHUs. 60 8pe-
Menu. Ycmanoenena ceazb medcoy pacnpeoeneHuem uzomepm Ha Kopnyce nedu ¢ pacnonodjicenuem, opmou u enyou-
HOU NPOHUKHOBEHUS HCUOKOU MeOU 8 ee MEPMOUZOTAYUOHHYIO KUPNUUHYIO KIAOKY, d MAKdice COeNaHbl NPEeONON0HCEHUS
0 KOHGpueypayuu cyueCmsayiouux Ha OanHsili MomeHm oeghekmos. Hcnonv3oeatue npedniodicenHol MemooOuKy no3e0Jis-
em npogooums 6oaee MoUHyI0 OUAZHOCIMUKY COCTNOAHUA (PYMePO8KU UHOYKYUOHHBIX KAHATLHLIX neyell, c030a6as OCHO-
86l 0J1 NPOSHO3UPOBAHUSA U peKOMeHOayuli no yeeauyeHuio ux pecypca. bubn. 15, tabmn. 2, puc. 4.

Knrouegvie cnosa: >neKTpoMarHuTHOE 10J1€, MHAYKIIMOHHBIN HAIPEB, paclpe/iejieHue TeMIIepaTypbl, B3aHMOCBSI3aHHbIC
(MynpTH(U3UYECKHE) MTPOLIECCHI, TPEXMEPHOE MAaTEMAaTHUECKOE MOJIETUPOBAHUE, METO/I KOHEUHBIX AJIEMEHTOB.
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B?€[A€MO3B’H3OK PO3MOALTY EJEKTPOMATHITHOI'O I TEILJIOBOI'O MOJIIB Y TEPMOIZOJIALIT THIYKIIA-
HUX KAHAJIbHHUX ITEYE 31 SMIHOIO KOH®ITYPAIIIL JE®EKTIB, IO BAHUKAIOTH Y HIA

ML.A. lllep6a, kaH1.TEXH.HAYK

Incturyt eaexrpoannamiku HAH Ykpainu,

np. [lepemoru, 56, Kuis, 03057, Ykpaina.

E-mail: m.shcherba@gmail.com

Jlocniooceno 83aemMonos'sa3ami enekmpomMazHimui ma meniogi npoyecu, Ki 6UHUKAIOMb NPU IHOYKYIIHOMY HASPIGAHHI
Memainy 8 KananibHux nedax. Pospobneno memoouxy eusnauenus posamipie i gpopmu degpexmis (npomikaus piokoco me-
many) y mepmoizonayitiHomy mamepiaii (oymeposyi) maxux neueil WisiXom anaiizy He0OHOPIOHO20 PoO3NooiLy memne-
pamypu Ha noeepxui ixuvoeo xopnycy. IIpogedeno epugixayito po3pobreHoi mamemamuyHoi MoOexi WiAXoM nopis-
HAHHA 3 pe3yIbMmamamy eKxcnepumenmy mpueanicmio 3,5 poxy Ha iHOYKYIUHIN neyi npomuciosoi ainii iumms. Busna-
YeHo 00acmi MAKCUMATLHUX MeMNepamyp Ha KOpnyci neyi i 8enuduHu MaKCUMATbHUX 2padicHmie memnepamypu éce-
PeOuHi (hymeposKu, a maxoic OUHAMIKY IXHIX 3MIHU Y Yaci. Bcmanogneno 36'a30K Midc po3nooiiom izomepm Ha KOpnyci
neyi 3 po3smauily8anHHaM, opmoio i eIUOUHOIO NPOHUKHEHHsL PIOKOL MIOI 6 i mepMOI30ISAYItHY Yye2lsaHy KIaoKy, a ma-
KOJIC 3p06NIeHo npunyujerts Wooo KoHgieypayii icHyrouux na oanuti Momenm Oedexmis. Bukopucmanms 3anpononosa-
HOI Memoouxu 00360/5€ NposoOUmuU Oinbul MOYHY O0iAZHOCMUKY CMAHY (QymeposKu IHOYKYIIHUX KAHATbHUX nedel,
CMBOPIOIOYU OCHOBU OJ1 RPOSHO3YB8AHHSL | peKOMeHOayill w000 30inbutenHs ixuboeo pecypcy. bion. 15, puc. 4, Tada. 2.
Knrwowuoei cnosa: enexrpomartitHe IoJie, iHIYKUIHHNI Harpis, po3NOALI TeMIlepaTypH, B3a€MOIOB's3aHi (MyIbTH(I-
3WYHI) POIIeCH, TPUBIMipHE MaTeMaTHYHE MOJICTIOBAaHHS, METOJI CKIHUEHHIX €JIEMCHTIB.
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