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DETERMINATION OF DISTRIBUTION OF INTRODUCED ENERGY
BY VOLUME OF ORE-THERMAL FURNACE

Purpose. Creation of a mathematical model of the process of energy input into an ore-thermal furnace and its
distribution in volume taking into account both the electrical and occurring thermal phenomena and the representa-
tion of the bath as a set of elementary components. The latter ones, due to electrical resistance, consume electricity
which is converted into heat, and then it is redistributed in volume through heat transferring. This will enable to ob-
tain 3D changing picture in the temperature field of the working space and to solve various issues and practical prob-
lems related to energy efficiency improvement in the process of obtaining ferroalloys and in the short power supply of
the furnace.

Methodology. The mathematical model creation is based on a real sequence of processes occurring in the furnace
working space and the continuous interconnection between thermal and electrical transformations. This approach
makes it possible to implement the description of the process in the form of an algorithm, whose calculated blocks are
constructed on the basis of the following methods: the theory of electric circuits; the description of the volume space
based on cylindrical coordinates; the analysis of the processes of heat removing in materials with different aggregate
state due to heat transferring.

Findings. A 3D picture of the temperature field in the furnace bath in the process is created, which in real time
allows determining the temperature state of elemental volumes and the moments of melt appearance in them as well
separating furnace zones, which require additional energy input to calculate the volume and dynamics of the finished
melt formation and the time of its discharging. Due to the information obtained about the physical condition of the
charge at any place of the furnace working space, it was possible to track the changing dynamics of the material sur-
face relief and to determine the place of the charge filling in dynamics.

Originality. A possibility of energy distribution in the bath of ore-thermal furnace in dynamics and calculation of
the temperature field in it was determined. A mathematical model of the smelting ferroalloys process where the rela-
tionship of electrical and thermal processes in the volume of the charge can be considered was proposed. All these
allow determining the indicators which affect the power efficiency melting.

Practical value. The use of the suggested model allows calculating the amount of energy input at any elemental
volume of the ore-furnace bath over a certain period of time, and solving the practical problems of power efficiency
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process.
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Introduction. Ferroalloy production is one of those
branches of industry, the future of which is associated
with the capabilities of the country’s energy base. The
energy intensity of Ukrainian metal products is almost
1.5 times higher than that of the world’s best producers
[1]. Steel production in Ukraine amounted to 33.2 mil-
lion tons last year, which is only 1 % higher than the
corresponding figure of the previous year. This proved to
be enough to save Ukraine the tenth place in the ranking
of world producers of metallurgical products [2]. The
increase in energy prices has sharply raised the question
of new energy-saving metallurgical technologies intro-
duction. The production of various types of steel is
closely related to the nomenclature of ferroalloys.
Ukrainian metallurgical plants are the main enterprises
of the industry, which according to their resource base,
technological processes, activity performances are very
heterogeneous [3]. Manganese ferroalloys, including
ferro-silicomanganese, for the tonnage of smelting and
specific consumption in the manufacture of steel in con-
verters and electrical furnaces occupy a leading place.
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The production of crude steel in the world is constantly
growing and currently stands at about 1.6 billion tons in
a year. In connection with this, the need for the steel-
making industry in manganese and other ferroalloys is
systematically increasing [4].

Ferroalloys are smelted in ore-thermal furnaces
(OTF) of various designs and capacities, electrical and
geometric parameters of which are determined by the
nature of processes occurring in them. In aggregates of
low power it is little noticeable. The similarity of electri-
cal modes allows using one and the same bath in differ-
ent cases. With the growth of furnace capacity and the
complication of their designs, as well as increased re-
quirements for product quality, it became necessary to
choose a technological unit which would take into ac-
count all the technological features of the production
being considered.

The technological processes occurring in the ore-
thermal furnace bath are energy-intensive and very di-
verse. Some of them proceed continuously, while others
function cyclically and require full melting of loaded
materials. The most important parameter of the furnace
is the electrical resistance of the bath, which depends on
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a significant number of factors: the resistivity of the
charge materials in it, the geometric dimensions, as well
as the number and parameters of the electrodes.

Almost all OTFs are the objects of direct heating.
Heat energy is released directly in their baths as a result
of the active charge resistance to an electric current sup-
plied by means of coal or graphite electrodes. The latter
ones, of course, have some additional power, but it is
insignificant compared to electric and in fact does not
play a significant role in the energy balance of the smel-
ting.

Literature review. Modern electric arc and ore-ther-
mal furnaces are complex installations with variety of
electromechanical equipment. They consist of a power
supply (furnace transformer), a kiln (baths with elec-
trodes) and a short electrical network connecting them
together. Traditionally, the furnace working space is di-
vided into three main zones, which are characterized by
the nature of energy processes in them [5]. This is an
area of materials with relatively low electrical conductiv-
ity, an arc zone, and a zone where solid and liquid ma-
terials with high electrical conductivity are located. The
energy distribution between these zones characterizes
the specificity of a concrete process and a concrete fur-
nace.

Unlike arc furnaces, electric energy transformation
into heat in the ore-thermal furnaces occurs not only in
the arc, but also directly in those materials which are
melted. In the last decade, systems in the automated
control of technological processes are increasingly using
methods based on the direct analysis of phenomena
which are accompanied by the passage of electric cur-
rent through the conductive medium. This medium in-
cludes the charge for ferroalloys smelting. An important
property of such materials is their specific electrical re-
sistance. Its value, in other equal conditions, is deter-
mined both by the amount and by the granulometric
composition of the charge material components and it
increases with their temperature increasing.

Many scientists conducted mathematical modeling
of electric fields of three-phase ore-thermal furnaces,
and also developed a method for conducting theoretical
studies with the help of conformal reflections to deter-
mine physical fields in ore-thermal melting furnace [6].
Qualitatively, the electric field of furnace is sufficiently
illuminated, but available information is not enough to
calculate the power, electrical transformations and tem-
peratures at each point of the bath volume accurately.

In the famous scientific works by Armenskyi S.V.,
Markov A.V., Savkyn A.V. the distribution of electric
energy in analyzed objects is considered in sub-electrode
space only; however, from studies by Hasyk M. 1. and
Liakyshev N. P. it is clear that more than half of the heat
is released directly in the charge due to its electrical re-
sistance, and the amount of energy input, thus, at any
part of the furnace bath is significant and can be deter-
mined by the current magnitude and the results of the
heat analysis of the ionic processes taking place there.

Also, there is a need for further study of the interac-
tions between the parameters of power supply systems
and physico-chemical processes occurring in the fur-
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nace under various external influences, in order to in-
crease the efficiency of energy and heat and mass ex-
change processes [7].

Purpose. As it was noted in [8], one of the main steps
in developing complex model that would allow deter-
mining the energy distributions in the ore-thermal fur-
nace is to break down its working space into elemental
volumes and to determine the amount of energy input
into them at the expense of electric current. This allows
obtaining a temperature field over the furnace volume
and solving a large number of tasks related to the tech-
nological regimes and their energy efficiency.

Results. To determine the amount of electrical en-
ergy input in each elemental volume of the furnace, it is
necessary to determine how exactly the current in the
bath working space flows. The charge for smelting fer-
roalloys is the medium where currents flow along defi-
nite lines between the electrodes. It is reasonable to as-
sume that they will have an arc shape and will be di-
rected to the edges of the bath and to its center. They
pass or will pass between the ends of the electrodes to-
wards the bath bottom, respectively, in the horizontal
and vertical flats. This assumption is based on the scien-
tific works by Strunskyi B. M. and Dantsys Ya. B., where
lines (trajectories) of currents flow in the sub-electrode
space are depicted as lines directed from the electrode to
the OTF bath bottom and have an arc character.

To lay the arcs between the electrodes, it is necessary
to know their radius and coordinates. They are on a line
passing through the third electrode and are perpendicu-
lar to the shortest path between the two others. The ra-
dius and the Iength of each arc may be calculated using
formulas corresponding to well-known geometric de-
pendencies for finding different parameters of the circle.

The chain of the proposed bath breaking of the ore-
thermal furnace into elemental volumes is shown in
Fig. 1. Thanks to the given algorithm it is possible to syn-
thesize a simplified segment model of the furnace volume
in three-dimensional space, which in future may be used
as the basis for many calculations according to the work-
ing indications of the considered technological unit.

In Fig. 2, for example, the paths for such current
flow between the electrodes with the phases A and B are
shown.

To simulate the process of energy distribution in the
bath of ore-thermal furnace, it is also necessary to break
its internal volume into elementary components. There
are many ways to do it, but we choose and somewhat
change the method based on the system of cylindrical
coordinates which has been used successfully before, to
construct a dynamic temperature field model in an elec-
tric heat accumulating converter.

The geometric form of the ore-thermal furnace bath,
where the melting process takes place, can be shown as a
cylinder with height A and radius R. We split it into se-
ries of elementary volumes in the form of a sector with
sides AR, Az and an angle A¢, as represented in Fig. 3.
We place further calculation points in the geometric
centers of each separated elementary volumes.

We use the following sings: R, is the radius of the
bath; AV is the volume of the elemental sector; k is the
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Entrance

Values entering
A, Az, ARy, Ry, H.

no

360> Ag - j no )R,zm

yes j yes
Direct lines with Ry, length from the bath . . .
K b eNg The circles with radius AR, are drown
center point to the bath edges at an angle Ag R
. R from the bath centre point
from the previous line are drown

j=j+1 k=k+1

¢

Remove axially H. down to magnitude Az - i

Fig. 1. The algorithm of breaking into elemental volumes the ore-thermal furnace bath inner area

number of elemental volume behind the axis R; N, is the The meaning of the parameters Az and Ag can be
number of segments A of the cylinder’s volume break- calculated according to the formula

ing behind angle ¢; N, is the number of intervals Az of

the cylinder’s volume breaking behind the height H. of A@ =@;

bath filling with the charge; R, ¢, 7 are the coordinates N

of the center; At is the time interval.

-5
H
Fig. 2. The paths of current flow between the electrodes of Fig. 3. The partitioning of ore-thermal furnace bath into
phases A and B elemental volumes
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where N,, is the number of segments of the cylinder
breaking behind angle @; N, is the number of intervals
for cylinder breaking in height; H, is the height of bath
filling with charge.

Having assumed the constant value AV for each ele-
mentary volume, we define the intervals AR, along the R

axis
[AV N
AR, = Az"’ (Wk+1-K),
Tc-

where AV is the volume of an elementary particle; k is
the circle number along the axis R; N, is the number of
segments of the cylinder breaking behind the angle ¢; Az
is the size of the elemental volume at the height of filling
the bath with the charge.

The initial information for the algorithm is the val-
ues: A, Az, AR,, R, H., which are calculated according
to the formulas given above or which may be geometric
parameters of the furnace itself. The j, k, i variables act
as a counter-cycle to get over the next step. After com-
pletion of all cycles, there is an exit from the algorithm
for further calculations of electrical parameters and
quantities on the base of such OTF bath breaking.

So, if the elementary volumes are very small in size,
then through a large array of data, the speed of the nec-
essary calculations decreases. The division of the fur-
nace working space into a small number of specified seg-
ments can lead to inadequate model. Therefore, at each
particular case, this issue needs to be solved separately.

After determination of current paths spreading, us-
ing the proposed version of the OTF working space
breaking into elemental volumes, we obtain two-dimen-
sional images in the horizontal flat (Fig. 4) and in the
sub-electrode space (Fig. 5).

The charge in each single volume of elemental com-
ponent AV at a certain temperature has its specific elec-
trical resistance [9]. The average electrical resistance
can be calculated as

RR,q),z = pR,(p,z(t) : AV: (1)

where Ry, . is the average value of the electrical resistance
of the element; AV is the volume of the elementary part;
Pro,-(?) is the specific resistance of elementary volume.

Using ways of current spreading in the OTF working
space and breaking the bath into elementary volumes on
the basis of the proposed method, it is possible to calcu-
late the amount of electrical energy introduced into
them for a certain period of time. To do this, it is neces-
sary to allocate a specific trajectory of current flow and
calculate its full electrical resistance. The latter can be
defined as the total resistance of all charge sections
through which the described current passes

Rt = z RR,(p,z H (2)

where R, is full electrical resistance of any trajectory of
current flow; Ry, . is the average value of the electrical
resistance of the element.
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Fig. 4. The ways of current spreading between three elec-
trodes in the bath working space, the volume of which
is pre-divided into elementary components
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Fig. 5. Ways of current spreading between the electrodes
of phases A and B in the sub-electrode space:

1 — electrodes; 2 — charge in solid state; 3 — elementary
volume; 4 — current flow paths; 5 — liquid melt

It is clear that in the given system of coordinate, it is
necessary to select only those elementary volumes where
the current passes and the resulting resistance is summed
up; and this resulting resistance is calculated for a spe-
cific temperature of the charge. As a result, the value of
the current spreading over the observed lines can be ob-
tained

I =—, 3

where /; is the current strength on the i way; U is the
voltage between the corresponding phases; R, is full
electrical resistance on the i path.

Consequently, having substituted expressions (1, 2)
in (3), we obtain the dependence for defining the cur-
rent strength along certain spreading trajectory

;o U
T PRl (DAY

where I, is the current strength on the i way; U is the
voltage between the corresponding phases; pg ,, .(7) is the
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specific resistance of elementary volume; AV is the vol-
ume of an elementary particle.

As a result, the amount of energy emitted in the ele-
mentary volume due to electric current over a time in-
terval At can be defined as

Qe(R,q),z) = Ii2 'RR,W <A, 4

where /; is the current strength on the i” way; Ry, . is the
average value of the electrical resistance of the element;
At is the time interval.

If, through one and the same elementary volume sev-
eral different trajectories of current spreading pass, then
the resulting value of the latter is determined as the sum of
components for each of them. Then (4) will take the form

2
Qe(R,cp,z) =XL) - RR,(p,z ‘A,

where >/, is the sum of currents for the i ways of spread-
ing, passing through the elementary volume which is
considered.

Thus, knowing the amount of energy emitted in each
elementary volume due to the passage of the electric
current through it, it is possible to obtain, with the help
of the appropriate algorithm, the temperature field of
the ore-thermal furnace bath in dynamics [10], the se-
quence of such calculation is presented in Fig. 6. Input
data in this case are those initial values of the following
charge parameters: specific density and electrical resis-
tance, coefficient of thermal conductivity, mass heat ca-
pacity, all of them are determined by the composition of
the charge and its temperature.

The definition of the introduced amount of heat at
the expense of electric current into each elementary vol-

ume is carried out for a certain time interval At. Know-
ing the lines of current spreading and its data in spread-
ing directions of the melting bath, and taking into ac-
count the elementary volumes on which the furnace is
divided, one can determine the energy that was allocated
in each of them by the (6), given above.

The next step is to calculate the value of the tempera-
ture of each elementary volume, which can be defined
by the formula for changing the heat capacity

_ At 4A
AJR,W = Cn(Rp.0P(R0.2) (t IT&P; - tR,Tw,z AV, %)

where c,, is the mass heat capacity of elementary vol-
ume; p is the specific density of the calculated vol-
ume; ¢%, t*"47 is the estimated temperature at the time
t and t+ At in the center of the elementary volume
(R, ¢, 2).

Taking into account the fact that AJg, .= Oer )
and since the change in heat capacity was due to the
transformation of electric energy into heat, (5) for cal-
culating the value of the temperature of the elemental
volume at the time t + At, it will takes the form

T+AT _ QE(R,Q’,Z) At
tR,go,z - c AV +tR,<p,z’
m(R0,2)P R B Rz
where t}{ﬁ; is the value of the temperature elementary

volume at the time t + At; 7, . is the value of the tem-

perature elementary volume at previous time t; Qg g,
is the energy emitted in the elementary volume due to
electric current in the time interval Ar.

At the same time, at a certain temperature the pro-
cess of coke combustion begins, which is accompanied

Entrance

The settlement

The calculation of each elementary
volume temperature taking into
account the processes of heat
transferring between them

The recalculate of the each

time checking

Determination of the introduced heat amount
through the electric current into each elementary
volume during the time At

!

The calculation of temperature value
of each elementary volume

¢

The checking of the
elementary volume compliance
temperature with the coke temperature
inflammation

elementary volume temperature

The calculation of the entered heat amount
into each elementary volume through
the coke combustion

Fig. 6. Block diagram of the algorithm for calculating the temperature field of the bath of ore-thermal furnace in dynamics
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by an additional heat release. This is taken into account
by correcting the formula

e _ Qiron T Ro2) 9 | ne

R0,z R,z
Cm( R,w,z)pR,np,zA VR,np,z

(6)

where mg, - is the mass of the deoxidase, which in an
elementary volume; g is the specific heat of coke com-
bustion.

Here, the fact is taken into account that the energy in
the elementary volume is introduced at the expense of
the current flow through the charge and the chemical
reaction of the breeze coke combustion during the
smelting of ferroalloys. Of course, the allocation of heat
of the latter is one-time phenomenon, so the calculation
(6) is used only when the value of the temperature of
coke inflammation is reached.

Due to the processes of heat transferring, heat which
is released in any elemental volume, disperses in the
OTF bath and therefore it changes the effective value of
temperature.

Therefore, the algorithm for calculating the temper-
ature field of the ore-thermal furnace bath over time in-
terval At consists of two cycles. Knowing the value of
elementary volume temperature after electric energy was
introduced into it (Block 7 and Block 2), one can carry
out the inspection of achieving the temperature of in-
flammation of coke. If it takes place, an additional input
of heat due to its combustion process must be taken into
account (Blocks 4, 5). After it the heat dispersion pro-
cess is simulated due to the heat transferring (Block 6)
and the current value of temperature is recalculated.

This is done by using the thermal balance equation
for particular elementary volume that corresponds to
the formula

Vi
A goe= >0,
I

where Oy, O, Ou, O, Ov, Oy stand for the amount of
heat that comes in or comes out of the elemental volume
in time At through the corresponding index surfaces;
AJg . 1s the thermal capacity changing of the latter. In-
dices i is the surface number of the elementary volume.

According to the Fourier hypothesis, the amount of
heat passing through the elementary volume that is in-
side the cylinder, on the side of the i surface, may be
represented as

0;=-\gradt,SiAt O, =—\,gradt,S;At

where A, is the equivalent thermal conductivity in the i”
direction; gradt, is the temperature gradient in the i di-
rection; S; is the area of the i” surface.

The initial information of the synthesized complex
model considered in this work is the values of elemental
volume temperatures calculated after the electrical,
chemical and thermal processes which occurred within
them through the time interval At. After this process fin-
ishes, everything starts from the beginning and the tem-
perature values for the next step are calculated. Thus,
calculating the temperature values at all given points of
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the ore-thermal furnace bath, in accordance with the
given algorithm, we obtain the temperature distribution
by volume at all intervals of the technological process
and get dynamic image of the furnace temperature field
changing during the ferroalloys smelting.

As a result, with the help of the given chain calcula-
tions, the dynamics of the energy input distribution by the
volume of the OTF bath is determined. This allows solv-
ing a number of technological tasks in order to increase
the energy efficiency of the processes being observed.

The presented algorithm characterizes the electrical
and thermal engineering processes occurring in the ore-
thermal furnace bath entirely. In this case, in contrast to
other similar calculations for the simulation of tempera-
ture distribution [11], simple calculation formulas are
used, and the charge electric resistance, which changes
with temperature increasing at each interval of time, is
adjusted.

Conclusions. According to the algorithm proposed
above, the ore-thermal furnace bath is represented as a
set of elementary identical volumes. This allows making
the necessary calculations for the consumed energy in
each of them.

It is suggested to assume that current trajectories
passing through the charge have the form of arcs which
are located between the electrodes centers and move in
direction towards the edges of the bath and to its center.
By simulating the paths of current spreading, it is pos-
sible to calculate the amount of input energy into sepa-
rate bath volume and into entire furnace working space
for a certain period of time. Repeating these calculations
for the following intervals of time At we obtain the dy-
namics of electric and thermal energy distribution in the
volume of the ore-thermal furnace bath.

The presented algorithm for calculation of the ore-
thermal furnace bath temperature field during ferroal-
loys smelting takes into account the important aspects of
this complex technological process. Namely:

- the heat introduction into the bath volume through
electric energy, because of the electrical resistance of the
charge materials;

- the allocation of additional heat of breeze coke
burning;

- the heat redistribution in the ore-thermal furnace
bath volume because of heat transferring.

With this algorithm it is possible to obtain a 3D pic-
ture of the furnace bath temperature field at any time,
that is, to trace its dynamics.
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Busnavyenns po3nojiy BBeJA€HOI eHeprii
3a 00’€eMOM pyAHOTEpPMIYHOI mevi
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Meta. CTBOpeHHSI MAaTeMaTHYHOI MOJIECI TIpOoLIeCy
BBEJIEHHSI €HEprii 10 pyIHOTePMIiUHOI I1edi Ta i po3no-
JIiJTy 32 00’€MOM 3 YpaxyBaHHSIM SIK eJIEKTPUYHUX, TaK i
TEIUIOBUX $SIBUILL, 11O BiIOYBAIOThCS B Hill i mpeacTaB-
JIHHSI BaHHM Y BUIJISIAI CYKYITHOCTi eJeMEeHTapHUX
cknagoBux. OCTaHHIMM, 3a PaXyHOK €JIEKTPUYHOIO
OITOPY, CIIOXUBAETHCSI €IEKTPOCHEPTis, 1110 MEePEeTBO-
PIOETBCSI B TEIUIOBY, a MOTIM TMEPEpO3MNOAiISIETHCS B
00’emi HuIsIXOM Terionepenavi. Lle B momanbiiomy
JACTh MOXJIMBICTh oTpuMatu 3D KapTUHY 3MiHU TEM-
MepaTypHOTo MoJjisi po6OYOro MPOCTOpy U BUPIilllyBaTH
MpaKTUYHi 3a7a4i 111010 MiABUILEHHS eHeproeeKTUuB-
HOCTIi SIK caMOro IIpoliecy onepxKaHHS (hepoCILIaBiB,
TaK i KOPOTKOI €JIEKTPUYHOIO MEPEXKi XKMBJICHHS T1eYi.

Metomuka. CTBOpeHHST MaTeMaTUYHOI MOJIelTi 6a3y-
€ThCS Ha peaJibHill MOCIiZOBHOCTI MPOILIECiB, 1110 BiIOy-
BalOThCS B pOOOYOMY TTPOCTOPI Medi, Ta HerepepBHOMY
B3a€EMO3B’SI3KY MiXK TETUIOBUMU Ta €JIeKTPUUYHUMU T1e-
peTBOpeHHSIMU. Takuii Minxia 1ae MOXJTUBICTb peatisy-
BaTU OIUC Y BUIJISIII aJITOPUTMY, PO3PAXyHKOBI OJIOKHU
SIKOTO MOOYIOBaHi 32 paXyHOK BUKOPUCTaHHST METOIB:
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i3 Teopil eJIeKTPUUYHUX KiJI, OIUCY 00’EMHOTO IIPOCTOPY
Ha 0a3i UWIHAPUYHUX KOOPAMHAT Ta aHaIi3y IPOLIECiB
nepeMillleHHsI TEIJIOBOI eHepril B MaTepiajiax 3 pi3HUM
arperaTHUM CTaHOM 3a paxXyHOK TeIlIornepenadi.

Pe3ymbrat. CtBOopeHa 3D kapTuHa Temmepartyp-
HOTO MOJIS1 y BaHHI Teyi 3a rnepediroM TeXHOJOTiYHOTO
Mpoliecy, 110 Ja€ 3MOTY B peaJbHOMY Yaci BUSHAYUTHU
TeMIrepaTypHUl CTaH eJleMEHTapHUX 00’ €MiB i MOMEH-
TU MOSIBU pO3IJIaBy B HUX. OCTaHHE Ja€ MOXKJIUBICTb
BUOUIMTA 30HU Medi, 110 MOTpeOyITh M0AATKOBOTO
BBEIEHHS E€HEeprii, po3paxyBaTh O0’€M i AWHaAMIKY
YTBOPEHHS TOTOBOTO PO3IUIaBY Ta Yac HOro BUITYCKY.
3a paxyHOK OTpMMaHOI iHdopMmalii 1momo GizmaHoro
CTaHY LLIMXTU B OyIb-SIKOMY MicClli poOOUYOro MpocTopy
Mevi CTaJlo MOXJIMBUM BiJICTEXXEHHSI TUHAMIKA 3MiHU
penbedy TToBepXHi MaTepially il BU3BHAYESHHS MiCIIsl 3a-
CUMNaHHS IUXTU B TUHAMILII.

HaykoBa HoBu3Ha. OTpriMaHa MOXJIMBICTb BHU3HA-
YeHHS PO3MOIiJTy eHepTii y BaHHI pyIHOTEpMiUuHOiI neyvi
B IMHaMilli Ta PO3paxyHKy TeMIepaTypHOIo MoJis B
Hiil. CTBopeHa MaTeMaTW4YHa MOJAEJb IPOLECy BU-
IUIaBKKU (pepocIuiaBiB, B $Kill ymeplile BpaxoBaHO
B3a€EMO3B 30K €JIEKTPUYHUX i TETUIOBUX MPOLIECIB B
00’eMi IIMXTU 3a MepediroM yacy Ta € MOXJIUBICTb BU-
3HAYCHHS ITOKA3HUKIiB, IO BIUIMBAIOTH Ha €HEpProe-
(EeKTUBHICTb MJIABKU.

IIpakTyna 3HauuMMmicTh. BuKopucTaHHS 3amporio-
HOBAHO1 MOJIeJIi 103BOJISIE pO3paxXyBaTU KiJIbKICTh yBe-
JIEHOI eHeprii 10 Oyab SIKOro eJeMeHTapHOro 00’emy
BaHHU PYIHOTEPMIYHOI Medi 3a IMEeBHUI MPOMIXKOK
yacy, BUpPIiLIyBaTU MpaKTUYHi 3aJaui eHeproeeKTuB-
HOCTi mpoLecy.

KmouoBi cnoBa: pyonomepmiuna niu, esexmpuuna
eHepeis, NUMOMUIL eNeKmpUYHUIL onip

Onpenenenne pacnpeesieHns BBeIeHHOM
JHEPrud B 00beMe PyJAHOTEPMHYECKON Meun

10. I’ Kauan, B. 0. Muwenio

3anopoxXcKuil HallMOHAIbHbBIN TEXHUYECKUN YHUBEPCUTET,
r. 3aropoxbe, YKpanHa, e-mail: m.vlad.u@i.ua

Ieas. Co3manue MareMaTUYeCKO MOIEIU IMpO-
Liecca BBOJa SHEPTUY B PyIHOTEPMUYECKYIO I1€Yb U ee
pacnpeneeHus TT0 00beMy C YUeTOM KakK 3JIEKTpUYe-
CKUX, TaK M TEIUIOBBIX SIBJICHUI, MPOUCXONSIIUX B
Hell, U MpeAcCTaBlIeHUs] BAHHBI B BUIE COBOKYITHOCTHU
SJIEMEHTapHBIX cocTasisonmx. I[lociennue, 3a cuer
SJIEKTPUYECKOTO COIPOTUBIICHMUSI, TTOTPEOJISTIOT 3JIeK-
TPOSHEPTUIO0, KOTOpasl TpeBpallacTcs B TEIIOBYIO, a
3aTeM IepepacripeiesIsieTCsI B 00beMe ITyTeM TeTUIOIe-
penaun. DTO B JaJbHEHIIIEM JACT BO3MOXHOCTD TTOJTY-
quTh 3D KapTuHy M3MEHEHUSI TEMIIEPATypHOTO ITOJIS
pabouero MpoCTpaHCTBA M pellaTh MPaKTUISCKUE 3a-
JIauy 110 TTOBBIIIEHUIO SHEProa(PHEKTUBHOCTHU KaK ca-
MOTO TIpoliecca ToIydeHUs (heppocIIaBoOB, TaK U KO-
POTKOI 3JIEKTPUYECKOMN CETU MUTAHUS IIEUU.

Metomuka. Cos3gaHue MaTeMaTU4eCKOl Momelu
0a3upyeTcsl Ha peajlbHOU IOCIenoBaTeJbHOCTU TPO-
LIECCOB, TPOUCXOISIINX B pabodyeM IPOCTPAHCTBE
TIeYX, M HEIIPEPBIBHOM B3aMMOCBSI3U MEXKIY TETIIOBBI-
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MU U DJICKTPUUYECKUMM IMpeobpasoBaHusIMU. Takoit
TOAXO], 1aeT BO3MOXHOCTh peain30BaTh OMMCAHNE B
BUJIE JITOPUTMA, pacueTHbIe OJIOKM KOTOPOTO MTOCTPO-
€Hbl 3a CYeT WCIIOJb30BaHUS METONOB: M3 TEOPUU
AJIEKTPUYECKUX LIeTell, OomucaHusi OOBbEeMHOTO IpO-
CTpaHCTBa Ha 0a3ze LMJIMHAPUYECKUX KOOPAMHAT U
aHaJIM3a MPoLIeCcCOB MepeMeleHHUs TeMJI0BOI SHEPTUU
B MaTepuajiax ¢ pa3JIMYHbIM arperaTHbIM COCTOSTHUEM
3a CUeT Teruionepeiavn.

PesyabTatel. Co3nana 3D kapTuHa TeMIiepaTypHO-
TO MMOJIs1 B BAHHE TeUH 110 X0y TEXHOJIOTUIECKOTO IPo-
1ecca, 4To MO3BOJISIET B PeaIbHOM BPEMEHU OTpese-
JIUTh TEMIIEPATypPHOE COCTOSTHUE 3JIEMEHTAPHBIX 00b-
€MOB M MOMEHTHI TOSIBJIEHUSI paciiaBa B HUX. [lo-
cliellHee JaeT BO3MOXHOCTH BBIICTUTH 30HBI TEYH,
TpeOyIollre NOMOJTHUTEIbHOTO BBEACHUS JSHEPTUH,
paccuuTath 00beM U JUHAMUKY 00pa30BaHUsI TOTOBO-
IO pacriaBa U BpeMsl ero BbIMycKa. 3a cUeT MoJyvyeH-
HoW nHGOpMaUK 0 GU3NIECKOM COCTOSTHUU LTUXTHI B
J0060M MecTe paboyero MpOCTPaHCTBA MEYU CTajlo
BO3MOXHBIM OTCJIEXKMBAaHUE TUHAMUKU W3MEHEHMUS
penbeda MOBEPXHOCTUM MaTepuaia W OIpeeseHue
MECT 3aChITIKU IIIUXTHI B TUHAMUKE.
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Hayynasi HoBu3Ha. I[lonyyeHa BO3MOXHOCTb
onpeaeseHus pacnpeaesieHrs SQHEPruu B BAaHHE Py -
HOTEPMUYECKOU MeUur B AMHAMUKE U pacyeTa TeMIIe-
patypHoro mojisa B Heil. Co3gaHa MaTeMaTHYecKast
MOJIeJIb Mpollecca BBIMJIABKU (peppoCIiaBoB, B KO-
TOPOI BIIEPBBIE YUYTEHbI B3aUMOCBS3b DJIEKTpUYE-
CKMX M TEIUIOBBIX MPOLIECCOB B 00bEME IIUXTHI BO
BPEMEHU U UMEETCSl BOBMOXHOCTh OMpeaeeHUSI MOo-
Kazatejeil, BAMUSIOIIMX Ha 3HEProdaddeKTUBHOCTb
TJIaBKU.

IIpakTuyeckas 3nauumoctb. Mcrnosnb3oBaHue npen-
JIOXKEHHOM MOJIEJIM MO3BOJISIET PACCUMTATh KOJIMYECTBO
BBEIICHHOI 3HEPruu B JII000I 3JIeMEHTapHbI 00beM
BaHHbl PYAHOTEPMUYECKOUN TMeuu 3a ONpeaeaeHHbIN
MPOMEXYTOK BPEMEHHU, PELIaTh NMPAKTUYECKUE 3a1a4un
5Heproa¢GGEeKTUBHOCTH MpoIiecca.

KioueBble cioBa: pyoHomepmuueckas neuv, 34eK-
mputeckas 3Hepeusi, y0eavbHoe 3d1eKmpuiecKkoe Conpo-
muenenue

Pexomendosano 0o nybaikauyii dokm. mexH. HayK

M. C. Apumbawem. IJlama Ha0xo0xuceHHs pyKOnucy
04.03.18.

145




