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ABSTRACT

Context. The non-linear boundary value problem of heat conduction for a thermosensitive non-homogeneous strip-shaped ele-
ment of a radio-electronic system with a through inclusion has been solved whose analytical-numerical solution enables us to analyze
temperature regimes in the element.

Objective. Is to develop such a method of linearization of mathematical model of heat conduction which enables us to obtain an-
alytical numerical solution of the corresponding non-linear boundary value problem for determination of temperature field in ele-
ments of radio electronic devices, which are geometrically represented by a thermosensitive plate with a through inclusion.

Method. A linearizing function which enables us to partially linearize the initial non-linear mathematical model of heat conduc-
tion for a thermosensitive non-homogeneous element of a radio electronic system in the form of “plate-inclusion” structure has been
suggested. The introduced piece-wise linear approximation of temperature on plate-inclusion interfaces has enabled us to completely
linearize the corresponding partially linearized boundary value problem relative to the linearizing function. After this, it became pos-
sible to apply Fourier’s integral transformation to the obtained linear problem with respect to one of the spatial coordinates, as well as
to determine the linearizing function. The linear dependence of the coefficient of heat conductivity on temperature for structure mate-
rials with the use of the linearizing function has been considered. By solving the boundary value problem, the formulae for determi-
nation of temperature field in the “plate-inclusion” thermosensetive structure have been obtained.

Results. The obtained formulae for determination of temperature field in a thermosensitive non-homogeneous element of radio
electronic system were used to create the software which enables us to obtain distribution of value of temperature and to analyze
temperature regimes.

Conclusions. A mathematical model for the calculation for the temperature field in a “plate-inclusion” thermosensitive structure
is adequate to the actual physical process, because no jump of temperature at “plate-inclusion” interfaces is observed. The numerical
results for the chosen materials under linear dependence of the coefficient of thermoconductivity on temperature differ by 7% from
the results which are obtained for constant coefticient of heat conductivity. Prospect of further investigation will consider more com-
plicated geometric representation of elements of radio electronic systems.

KEYWORDS: temperature, heat conduction, nonlinear boundary-value problem, isotropic infinite thermosensitive plate with
insulated faces, through inclusion, perfect thermal contact, heat flow.

NOMENCLATURE K, is the part of the surface of the plate beyond the
28 is the thickness of a heat-sensitive isotropic with  jnclusion and is thermo-insulated:;
respect to its thermophysical parameters plate 5 Kih is the boundary surfaces of the inclusion;

2h is the length of a foreign through inclusion;
Q, is the domain of the inclusion; i
to the coordinates of space;
Q A(x,t) 18 the coefficient of heat conductivity of the et-
K_ is the boundary surface of the plate, the systemis  erggeneous heat-sensitive plate;
heated by a heat stream; heat stream, whose surface den- A (1) is the coefficient of het conductivity of the ma-
sity 18 g, = const; terial of the plate;

t(x,y) is the distribution of temperature with respect

. 1s the domain of the plate (beyond the inclusion);
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A (t) is the coefficient of het conductivity of the ma-

terial of the inclusion;
S, (¢) are the asymmetric unit functions;

9(x, y) is the linearizing function;

A is the Laplace operator in the Cartesian system of
coordinates;

¢, are the unknown approximated values;

8, (&) is the asymmetric Dirac delta-function;

§(§, y) is the transform formula 3(x, y);
& 1is the parameter of Fourier integral transformation;
n is the number of intervals in the partition ]_[;[ [ ;

K% are basic coefficients of heat conductivity of the

materials of the inclusion (m=0); and the plate (m =1);
k, 1s the temperature coefficients of heat conductivity

of the materials of the inclusion (m=0); and the plate
(m=1);

¢ is the dimensionleess temperature;

x",y" are the dimensionless coordinates of space;

A(x) is the coefficient of heat conductivity of the

heterogeneous plate for the corresponding linear model.
INTRODUCTION

Composite materials, development of which is a liding
problem of modern materials science, have become espe-
cially valuable in radioelectronic device’s. The emergence
of new composite materials with improved physic-
mechanical performance will contribute to creation of
new technologies in air-space, naval, power-generating,
and electronic branches, in mechanical engineering, and
transport. Among the composite materials an important
place occupy structures with foreign inclusions, which are
widely used structures of microelectronic devices, in par-
ticular, in integral sensors for monitoring of temperature
and humidity, in light emitting elements for dynamic
LED-backlighting etc. Because the aforesaid structures
operate in a wide range of temperatures, their high per-
formances cause the necessity of considering and solving
of the problems which are non-linear due to the depend-
ence of thermophysical characteristics of the materials on
the temperature of the structure and on the conditions of
heat exchange, on the temperature of their surfaces; be-
cause the calculations of the temperature fields which are
performed on the basis of the linear mathematical models
of heat conduction processes do not always give us satis-
factory results [1]. Therefore, for creation of the most
adequate to actual process mathematical model, it is nec-
essary to take into account the dependencies of thermo-
physical characteristics of materials on temperature, on
density of surface heat fluxes, and on intensity of internal
heat sources; change of the shape of the body and possible
phase and structural transformations are also to be taken
into account [2, 3].

The object of study is the process of heat conduction
for an element of radio electronic devices presented by a

thermosensitive plate with a foreign inclusion.
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In order to create a non-linear mathematical model of
the process of heat-conduction in a thermosensitive non-
homogeneous element of radio electronic systems, theory
of generalized function has been used; and in order to
construct a numerical-analytical solution of the corre-
sponding boundary value problem, integral Fourier trans-
formation and methods of solving partial differential
equations were used.

The subject of study consists of non-linear mathe-
matical models of heat-conduction process and methods
of construction of numerical analytical solution of the
corresponding boundary value problems for thermosensi-
tive elements of radio electronic devices of piecewise-
homogeneous structure.

The purpose of the work is the development of such
a method of linearization of mathematical model of heat
conduction which enables us to obtain the analytical-
numerical solution of the corresponding non-linear
boundary value problem for determination of temperature
field in elements of radio electronic devices, which are
geometrically represented by a thermosensitive plate with
a through inclusion.

1 PROBLEM STATEMENT

Let us consider a heat-sensitive isotropic with respect

to its thermophysical parameters plate of 28 thickness

with thermo-insulated faces |z| =+8. The plate contains a
foreign through inclusion of 2/ length. The plate is refer-
enced to the Cartesian system of coordinates (Oxyz) with
whose origin is in the centre of the inclusion. In the do-
main of the inclusion O ={(x,~1,z):|x| <h,|y|<1|z| <8}

z|< 6} of
the plate, the system is heated by a heat stream, whose
surface density is g, =const, and the other part of the

of the boundary surface K ={(x,~/,z):|x| <,

surface of the plate beyond the inclusion and the surface
K, :{(x’],z):‘x‘ < o0,|] SB} are thermo-insulated. At the

boundary surfaces of the inclusion
Koy ={(£h,y.2):|y| < 1,|2| <8} perfect heat contact takes place
Ot,

fo=t,, A (1) P Xl(t)a_); for |x|=h (0 — for inclusion,

1 — for plane) (fig. 1).
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Figure 1 — Section of isotropic thermosensitive plate with for-
eign through inclusion by the plane z =0



e-ISSN 1607-3274 PagioenexrpoHika, inpopmatuka, ynpasminsas. 2018. Ne 3
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2018. Ne 3

In the given structure, it is necessary to determine the
distribution of temperature ¢(x, y) with respect to the co-

ordinates of space.

2 REVIEW OF THE LITERATURE

The determination of temperature conditions, both of
homogeneous and non-homogeneous structures, draws
attention of many researchers [4, 10].

In the work [11], a mathematical model of quasi-
stationary temperature field in a continuous cylinder of
rotation made of a composite material with non-linear
boundary conditions is developed; the dependence of
thermophysical parameters of material on temperature
being taken into account. The obtained analytical expres-
sions for determination of temperature fields enable us to
select the composition of composite materials for cylin-
der-shaped parts in order to increase there are service life.

One-dimentional (plane, cylindrically symmetric, and
spherically symmetric) non-linear problems of heat-
conduction are considered for a given flux of heat at the
origin of coordinate systems in the form of exponential
function depending on time. Approximation solutions of
the aforesaid problems have been obtained, and there are
convergence has been analyzed [12].

An analytical solution of the non-linear problem of
heat-conduction has been constructed on the basis of inte-
gral method of heat balance [13]. In order to improve the
accuracy of the solution, the temperature function is ap-
proximated by high-degree polynomials. To determine the
coefficients of the polynomials, additional boundary con-
ditions have been introduced. It is shown that the intro-
duction of additional boundary conditions, as early as in
the second approximation, leads to considerable im-
provement of the accuracy of the solution of the problem.

In the work [14], numerical-analytical solution of the
non-stationary problem of heat-conduction for a hollow
sphere has been constructed; thermophysical parameters
of materials of the sphere being variable with tempera-
ture. In the particular case, a solution for a continuous
sphere has been obtained. On the basis of variational ap-
proach, a non-linear mathematical model of heat-
conduction process have been constructed for 2D-space
with a thin inclusion, this anable us to take into account
small thickness of a thick inclusion. For linearization of
the stated problem, the Newton-Raphson’s methods has
been applied. Discreatization with respect to temporal
variable has been carried out in accordance with interme-
diate point scheme. The Discreatization statement of the
problem is presented in the form of minimization of a
functional [15].

Investigations of temperature regimes for structural
thermosensitive elements of a piece-wise homogeneous
structure have been carried out in the works [16—19].

Article [20] solved a non-stationary problem on ther-
mal conductivity and thermoelasticity for functional-
gradient thick-wall spheres. Thermal-physical and ther-
moelastic parameters of materials, except for Poisson
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coefficient, are arbitrary functions of the radial coordi-
nate.

Axisymmetric stationary problem on thermal conduc-
tivity and thermoelasticity of the hollow functionally gra-
dient areas relative to the heat source was considered. The
solutions are obtained as functions from spatial coordi-
nates for temperature, the displacement component vector
and stress tensor by using boundary conditions for radial
and angular coordinates [21].

In paper [22], a thermoelasticity solution for steady
state response of thick cylinders which are subjected to
pressure and external heat flux in inner surface is pre-
sented.

A general solution for the one-dimensional steady-
state thermal and mechanical stresses in a hollow thick
sphere made of porous functionally graded material
(FGPM) is presented in [23].

The boundary value non-linear problem of heat con-
duction is determined below, the technique of its lineari-
zation and calculation formulae for determination of the
temperature field in a heat-sensitive plate with a through
inclusion which is heated by a heat stream concentrated at
a surface of the inclusion is given. Numerical analysis
under the condition of linear dependence of the coeffi-
cient heat conductivity on temperature is performed.

3 MATERIALS AND METHODS
In the given structure (in problem statement), it is nec-
essary to determine the distribution of temperature f(x, y)
with respect to the coordinates of space which is obtained

from solving the nonlinear equation of heat conduction
[24, 25]

0 o, 0 ot
a[?b(x,t)a]+a|:}\.(x,f)a:|—o (1)

with the boundary condition

do-0 & o @l
‘x‘—)w > ax ‘x‘_)oo 6)} y:l s (2)
ot
Ao (f)a— = —qoS_(h—|x|)
Yl y=i

where A(x,0) =L (()+[L () =k ()] S_(h—]|x|) is the
coefficient of heat conductivity of the heterogeneous heat-
sensitive plate; Ay (¢), A (7)—are the coefficients of hat

conductivity of the materials of the plate and the inclu-
sion, respectively;

17 C > 05
S, (€)=40,5F0,5, (=0, is the asymmetric unit func-
0, (<0

tions [26].
Let us introduce the linearizing function
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t(x,y)

[ [*0©-

t(=h.y)

1(x,y)
8= [ 2(QdE+S_(x+h)
0
1(x,y) ®)
M©]+S.(x—h) | [7» 0 (&) —M (C)] e,

t(h,y)

having differentiated which with respect to the variables x
and y, we obtain

ot 09
;\‘(t,x)a = a,

x(z,x)S—;:g—i+{[xo(z)—xl(z)}g—;}

*{[M(O*M(ﬂ]%}

Taking into account the expression (4), the original
equation (1), assumes the following form:

S_(x+h)— (4)

x=—h

S, (x—h).

x=h

AS+%{[LO(I)—MU)JS—;} S_(x+h)—
x=—h
0 ot ©)
—5{[7~0(1)—k1(1)}@} . S (x=h)=0,
2 2
where A = —+t is the Laplace operator in the
Ox oy

Cartesian system of coordinates.
The boundary conditions with the use of the relation
(3), are written as follows:

09 09
~ =0, 9§ x>0 = 0, — =0, (6)
W [y=t O | o0
09 ot
o ——{QO S7<h—\x\){(xo(z)—xl(o)d e S_(x+h)-
(7
{(xoo)—xl(z))?} S,
vz

The linearizing function (3) has enabled us to reduce
the nonlinear boundary value problem (1), (2) to the par-
tially linearized equation with discontinuous coefficients
(5) and to the boundary conditions (6), (7).

Let us approximate the function f(+4,y) in the form

of Fig. 2 to the expression
n—1
t(ih,y)le+Z(tj+l—tj)sf(y—y/), (8)
j=1

where y, € ]_[;[ [; Y <y, <<y 5 on is the number of
intervals in the partition ]_1; 1[ s ( j:ﬂ) are the un-

known approximated values of temperature.
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Having substituted the expression (8) into the relations
(6), (7), we obtain the following partial linear differential
equation relating the linearizing function

n—1

AS:‘Z(’]H _tj)[xo(tjﬂ)_}“l (tj+l)i|S—(h_‘x
=

8 (r=2;) (9)

with the boundary condition

09
= =—goS_(h=|x]. (10)
oy |y=—I
Here Si(g):% is the asymmetric Dirac delta-
S

function [26].

Having applied Fourier integral transformation with
respect to the coordinate x to the equation (9) and to the
boundary condition (6), (10), we obtain the following
ordinary differential equation with constant coefficients

1(+h,y),
l'll

rJ.’

-

T30 Vua d "y
Figure 2 — Approximation of the function t(ih, y)

d’S 5 [2singn &t B
e \/; : Do (ta =t )[Rt

= an
—7»1(t,~+1)]51 (v-3,)
with the boundary conditions
ﬁ zo’ﬁ :_\/Zq_o sin A€, (12)
dy |y=1 dy | y=-1 LIRS

where g= 1 j 9% g¢¢ 1s the transform formula
2n
9(x,y); & is the parameter of Fourier integral transfor-
mation; > =—1.
Having solved the problem (11), (12), then having ap-
plied the inverse to its solution Fourier integral transfor-
mation, we obtain the expression of the function 9
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© n-l1
S:i'([ésinh&cosx&{jz_l(tﬁl —fj)P\.o(fjH)_

ch&(y+l)

—7“1(’]41)}[ h2il

she(1-y; )=
@ché(y—l)

T de. (13)

—che(y=y;)S_(y-v; )1+

Having substituted the temperature dependence of the
coefficient of heat conductivity of the materials of the
plate and that of the inclusion into the relations (3), (13),
after some transformations, we obtain the system of non-
linear equations for determining the unknown approxi-

mated values of the temperature ¢;(;j = I,_n) .

For the given system, the unknown temperature field
we determine by means of the obtained nonlinear equa-
tion with the use of the relations (3), (13) after substitu-
tion into them the concrete expressions of the dependence
of coefficient of heat conductivity of the structural mate-
rials on temperature.

4 EXPERIMENTS
To solve many practical problems, the following de-
pendence of the coefficient of thermal conductivity on
temperature is used [27, 28]:

A=20 (1=kpt), (14)

where 10 .k

-k, are basic and temperature coefficients of

heat conductivity of the materials of the inclusion (m=0)
and the plate (m=1).

Numerical analysis of the dimensionless temperature
£ =MAot/(qph) is carried out for the following initial

data: material of the layer is VK94-I ceramics, the mate-
rial of the inclusion is silver, =10 is the number of inter-
vals in the partition |-/;/[;//h=1. In the temperature in-

terval [20°C;1230°C], the temperature dependencies of

the the coefficient of heat conductivity for the given mate-
rials are expressed as follows:

w 1
Ap() =13,67——(1-0,00064 — 1),
10 K &

w 1
Ag(t) =422,54——(1-0,00031—1¢), 15
0(® Km( < ) (15)

which is a partial case of the relation (14).
Let us express the temperature field for the corre-
sponding linear model from the following relation

Ax) 1(x, ) = % [ é{(xo —a)It +
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& kel ) L
+;(t,+1 tj)(—sh2§l she(l-y;)+
+(1=ch&(y—y NS (y—y DI[sinE(x + h) —sin (x — h)] +

, 2a,6hE =)

el cos&x sinEALdE,

The given expression enables us to obtain numerical
results represented in Fig. 3b for the considered structure
materials with the constant coefficients of their heat con-
ductivities

A, =13,4W/(Km), &, =419W/(Km).
The dependence of the dimensionless temperature f
on the special dimensionleess coordinate x =x/h and
y" =/ his shown in Fig. 3. Note, that the maximal val-

ue of temperature is reached in the domain of the action
of the concentrated heat stream, and at the edge k,, of
the inclusion, the satisfaction of the conditions of perfect
heat contact (no temperature jump) is observed; this is in
accordance to the considerate mathematical model.

The change in dimensionleess temperature ;" depend-
ing on the dimensionless coordinates ;" for x =0
(Fig. 4a) and on x* for y* =0 (Fig. 4b) is shown in Fig. 4.
The behavior of the curves indicates the adequacy of the
mathematical model to the actual physical process, since
at the surface of the inclusion the perfect contact is ob-
served (no jump in temperature).

e

Figure 3 — Dependence of dimensionless temperature ¢ “on

dimensionless coordinates X and Y for linearly variable (a)
and constant (b) coefficient of heat conductivity of materials of
structure

11
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Figure 4 — Dependence of dimensionless temperature ¢ " on di-
mensionless coordinates y* for x =0 (a)
and X for ¥ =0 (b).

5 RESULTS
Having taken into account the relationship (14), from the
expressions (3), (13), we obtain the formulae for determining
the temperature ¢ in the domain of the inclusion

t:L 1— l—k() ﬁ‘i‘gl N
7»0

ko 0

(16)

in the domain Q= {(x,y,z) : |x| >h, |y| <1, |z| < 6} of
the plate (beyond the inclusion)

=41 -2
ky M

(17)

Here

A
81: t 2—k0t——0(2—k1t) 5
}\«0 x=h

The formulae (16), (17) completely describe the tem-
perature field in a heat-sensitive layer with a foreign-
through inclusion (fig. 1).

The number of intervals n=10 in the partition ]_[; 1[

for the given thermophysical (basic and temperature coef-
ficients of heat conductivity for the materials of the plate
and that of the inclusion) and geometric (length and width
of the inclusion, width of the plate) parameters of the
structure enables us to perform calculations accurate to
e=10"
6 DISCUSSION

In the course of development and investigation of lin-
ear and non-linear mathematical models of heat conduc-
tion process for structures which are geometrically de-
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scribed by means of the presented piece-wise homogene-
ous structures, it is detected that the numerical results of
temperature field for the considered materials in the case
of constant coefficient of thermal conductivity differ by
7% from those for linear variable. This indicates that the
consideration of the dependence of thermophysical pa-
rameters on temperature of materials of structural ele-
ments of complex systems are important, since results
which are obtained with the use of nonlinear models are
more accurate. The conscideration of piece-wise homoge-
neous structure of elements of the object is also important
in the investigations presented; this makes the solving of
corresponding linear and non-linear boundary value prob-
lems considerably more complicated; but solution of such
problems describes temperature distribution in more ade-
quate way to the actual process.

CONCLUSIONS

The introduced linearizing function enables us to par-
tially linearize the original nonlinear boundary value
problem, and the suggested piecewise-linear approxima-
tion of temperature at the boundary surfaces of the inclu-
sion to completely linearize the equation and the bound-
ary condition. Due to this it became possible to apply
Fourier integral transformation to the obtained linear
problem relating the suggested function and to obtain its
analytical-numerical solution. The linear temperature de-
pendence of coefficient of heat conductivity of the mate-
rials of the inclusion and that of the plate is considered.
On the basis of this, the formulae for the calculation of the
values of the temperature in the considered “plate-
inclusion” structure are given. The obtained results for the
chosen materials under linear dependence of coefficient
of heat conductivity on temperature (Fig. 3a) differ from
the results obtained under the condition of constant coef-
ficient (Fig. 3b) by 7%. Their inconsiderable difference is
accounted for by the fact that the actual values of the tem-
perature coefficient of the heat conductivity for the con-
sidered materials are small.
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AHOTAIIIA

AxTyanbHicTh. Po3B’s13aHO HeNiHilHY KpaiioBy 3amady TEIUIONPOBITHOCTI IS TEPMOYYTIMBOIO HEOJHOPIIHOIO eleMeHTa

PaioeNeKTPOHHOI CHCTEMH Y BHIVIALI CMyrM 3 HACKpi3HUM BKJIIOUCHHSAM, AHAIITUYHO-YMCIOBHH DPO3B’A30K SKOi Ja€ 3MOTY
aHaJli3yBaTH y HbOMY TEMIIEPATYpHI peXuMu. MeTta poOoTH — po3pobka MeToxy JiHeapu3alii HEeNMiHIHHOI MaTeMaTHYHOI MOJEINi
TETUIONPOBITHOCTI, KU 1a€ 3MOTY OTPHMATH aHAJTITHYHO-YHCIIOBHH PO3B’SI30K BiAIOBIAHOI HENiHIIHOT KpaifoBOi 3aadi sl BU3HA-
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YEeHHS TEMIIePaTypHOTO IIOJIS B €JIEMEHTI paioeIeKTPOHHNX IPHCTPOIB, SIKi TECOMETPHYHO 300pa’keHO TEPMOUYTIHBOIO INIACTHHOIO 3
HAaCKPI3HUM BKJIIOYEHHSIM.

MeTopa. 3ampornoHoBaHO JiiHeapu3ylody (yHKIIO, sKa Ja€ 3MOTy YacTKOBO JIiHEapH3yBaTH BHXIiJIHY HETiHIHHY MaTeMaTH4YHY
MOJIeJTb TEIIONPOBIAHOCTI Ul TEPMOUYYTIMBOIO HEOAHOPIAHOrO EIEMEHTa PaliOCICKTPOHHOI CHCTEMH Y BHUIVIAAI KOHCTPYKIIT
«IUIACTUHA-BKIIIOYECHH». BBeeHa KycKoBO-JIiHIiHA anpOKCUMALlis TEMIIEPATypH HA MOBEPXHSAX CIPSHKCHHS IUIACTHHY 3 BKIIOYEH-
HSM JI03BOJIMJIA MTOBHICTIO JIiHEApH3yBaTH BiAMOBIAHY YaCTKOBO JiHEAPU30BaHY KpaiOBY 3afady BiJHOCHO JIiIHEApU3yI0UOi (QyHKIIi.
[Ticnis pOTO CTAJIO MOXKIUBHM 3aCTOCYBATH 1HTETpaibHE NepeTBOpeHHsI Pyp’e 32 OJHIEI0 3 MPOCTOPOBUX KOOPAUHAT O OTPHMAHOT
JiHIHHOT 3a7a4i Ta BU3HAYMUTH JiHEapHu3yody QyHKIi0. Po3rsHyTO NiHIIHY 3a1eXHICTh KOe]illieHTa TeIUIONPOBITHOCTI BiJ] TeMIIe-
paTypH Ui KOHCTPYKIIIHUX MaTepialliB 3 BUKOPUCTaHHAM JiHeapu3ytodoi ¢yHkumii. [IlnsxoM po3B’si3aHHS KpaifoBoi 3amadi OTpH-
MaHO (HOPMYJIH JUIsl BU3HAYCHHSI TEMIIEPATYPHOT'O HOJIS B TEPMOYYTIMBIN KOHCTPYKLIT «IUIACTUHA-BKIFOUCHHS.

Pe3yabTaTh. I3 BUKOPUCTaHHAM OTpUMaHUX (HOPMYIT [UIsl BUSHAYCHHS TEMIIEPATYPHOTO MOJIsl y TePMOUYYTJIIMBOMY HEOIHOPIJHO-
MYy €JIEMEHTi paJioeJeKTPOHHOI CHCTEMH CTBOPEHO OOYMCIIIOBAJbHI HPOrpaMH, sIKi AalOTh 3MOTY OTPUMATH YHCIIOBI 3HAYCHHS
PO3MOALTY TEMIEPATYpH Ta aHaIi3yBaTH TEMIIEPATyPHI PEKUMU.

BucHoBkn. Po3pobieHa MaTeMaTH4Ha MOJIEIb PO3PAXyHKY TEMIEPATypHOTO MOJISL B TEPMOUYTIMBIH KOHCTPYKIIi «IIaCTHHA-
BKJIIOUCHHS» € aJICKBAaTHOIO JI0 peaJbHOro (Hi3sMYHOro MPOILECY TaK SIK HE CIIOCTEPIraeThCcs CTPUOKA TEMIIEPAaTypH Ha MOBEPXHAX
CIPSDKECHHS TUIACTHHH 3 BKIIOYCHHSIM. UHMCIOBI pe3yibTaTé Iuisi BUOpAaHMX MaTepialiB 3a JIIHIHHOI 3aIeXHOCTI KoedillieHTa TeIIo-
MIPOBIHOCTI Bil TEMIIEpaTypH BiJPIi3HAIOTHCS Bif pe3yNbTATiB, OTPHMAHUX JUIS CTANOro Koe(illieHTa TEIUIONpPOBiqHOCTI, HA 7%.
[epcrieKTHBY MOAANBIINX JOCII/UKEHb IHOJISITaTUMYTh Y PO3MVLII CKIAAHIMIMX I'€OMETPUYHUX 300pakeHb EIIEMEHTIB pajioesek-
TPOHHUX CHUCTEM.

KJIFIOYOBI CJIOBA: temmneparypa, TeIUIONPOBiIHICTh, HeliHIHA KpaiioBa 3a7aya, i30TporHa Oe3MexHa TepMOUyTIIHUBa IUIa-
CTHHA 3 TEIUIOI30JIbOBAHUMH JIMLEBUMH TIOBEPXHAMM, 4yXKOPi/lHE HACKpi3HE BKIIOYEHHS, 1/JealIbHUH TEIUIOBHH KOHTAKT, TEIIOBHH
TOTIK.
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AHHOTALUA

AkTyajabHocThb. [loyueHo penieHre HENMMHEHHON KpaeBo#l 3aJauM TEIJIONPOBOAHOCTH JJISi TEPMOUYBCTBUTEIBHOTO HEOJIHO-
POJHOIO 3IEMEHTA PaJUO3ICKTPOHHOM CHCTEMBI B BUJAE MOJOCHI CO CKBO3HBIM BKJIIOUCHHUEM, YUCICHHO-aHATUTUYECKOE PELICHUE
KOTOpPOI1 IO3BOJISICT aHAIM3UPOBATH B HEM TEMIIEpaTypHbIE pexnMbl. Llens paboTer — pa3paboTka MeTo/a IMHeapH3al[iy HEelTMHEH-
HOH MaTeMaTH4ecKod MOJEIH TEeIJIONPOBOAHOCTH, KOTOPBIA MO3BOJIACT MOJYYUTh YUCICHHO-aHAJUTUUECKOE PEIIEHHE COOTBETCT-
BYIOLICH HeIMHEHHON KpaeBol 3a1auu [yl OIpEeAEICHUs] TEMIIEPAaTyPHOrO MOJIs B MIEMEHTE PaJUO3JIEKTPOHHBIX YCTPOUCTB, KOTO-
pble TeOMETPUUECKN U300pa’keHbl TEPMOTYBCTBUTEIBHON MIACTUHON CO CKBO3HBIM BKIIFOUEHHEM.

Mertoa. IIperioxeHo auHeapu3upyoLyto (QyHKIHIO, KOTOpas M03BOJSET YACTUYHO JMHEAPU3UPOBATh UCXOAHYIO HEIMHEHHYIO
MaTeMaTHIECKYI0 MOZENb TEIIONPOBOAHOCTH IJISI TEPMOTYBCTBUTEIBHOTO HEOLHOPOJHOTO IEMEHTA PAANO3IEKTPOHHOI CHCTEMBI
B BHUJE KOHCTPYKINH «ITaCTUHA-BKIIOUCHUE». BBeeHas KyCOUHO-TMHEHHAS aNNpOKCHMAIHS TEMIIEPAaTyphl Ha IIOBEPXHOCTSIX CO-
MIPSDKCHUS MJIACTHHBI C BKJIIOYEHUEM II03BOJIMIIA [IOJHOCTBIO JIMHEAPH3HPOBATh COOTBETCTBYIOLIYI0 YAaCTHYHO JIMHEAPU30BAHHYIO
KpaeBylo 3a/iady OTHOCUTENBHO JIMHeapu3upyomeil ¢pynkimn. [Tocie 3Toro crano Bo3MOXXHBIM IPHMEHNUTH HHTETPAIbHOE peodpa-
30BaHue Dypre 10 0HON U3 MPOCTPAHCTBEHHBIX KOOPAMHAT K IOJYyYCHHON JIMHEHHOH 3a/laue U ONpelesIuTh JIUHEApH3UPYIOLIYIO
¢dyHkImI0. PaccMOTpeHO TMHEHHY0 3aBUCUMOCTD K03((GHIMEHTa TeIUIONPOBOAHOCTH OT TEMIEPATYPhI JUIsl KOHCTPYKIMOHHBIX Ma-
TEpUaJOB C UCHOJIB30BAaHHEM JIMHeapu3upyomei GpyHnkuuu. [TyremM pemenus kpaeBol 3aadu HOJy4YeHb! (OPMYIIBI JUIs Olpeielie-
HHSL TEMIIEPATyPHOTO TI0JIsl B TEPMOYYBCTBUTEIBHON KOHCTPYKIUN «IIJACTHHA-BKIIIOUEHUEY.

PesyabTarbl. C HCIIOJIB30BAHUEM IOJIYYEHHBIX (OPMYJI Ul ONPEIENICHUs TEMIIEPAaTypPHOrO MO B TEPMOYYBCTBUTEIEHOM He-
OJHOPOIHOM >JIEMEHTE PaJHOIEKTPOHHONW CHCTEMBI CO3/IaHBI BEIYHMCIUTENBHBIE MPOrPAMMBI, KOTOPHIE MO3BOJIIOT TOMYIHUTh UH-
CIIOBBIE 3HAUCHUS PACIpeeIeHIs TEMIIEPATyPhl U aHAIM3UPOBATh TEMIIEPATYPHBIE PEXKUMBL.

BriBoasl. Pa3paborana mMareMaTnueckasi MOJeNb pacyeTa TEMIIEPAaTypHOTO IIOJISI B TEPMOYYBCTBUTEILHON KOHCTPYKIMHU «ILIA-
CTHHA-BKJIIOYEHHE) SIBISICTCS aJICKBATHOM K peaJbHOMY (PU3MUECKOMY IIpOIecCy TaK Kak He HaOJIoJaeTcs CKadka TeMIepaTyphl Ha
MOBEPXHOCTSIX CONPSDKEHHS IUIACTHHBI C BKIIOYEHHEM. UHCIIOBBIE pe3ysbTaThl A BHIOPAHHBIX MAaTEPHANIOB 110 JIMHEHHOW 3aBHCH-
MOCTH K03((HIMEHTa TeIIONPOBOAHOCTH OT TEMIEpPaTyphbl OTIMYAIOTCS OT Pe3yJIbTaTOB, HONYYEHHBIX JJIs IIOCTOSHHOTO KO3 dH-
LHEHTa TETUIOMPOBOJHOCTH, Ha 7%. IlepcrekTHBEl JanbHEHIINX HCClef0BaHNi OyIyT 3aKII09aThCsl B PACCMOTPEHHHU CIIOXKHBIX I'€0-
METPUYECKHX U300paXKEHHUH 3IEMEHTOB PaANO3IEKTPOHHBIX CUCTEM.

KJIFOUYEBBIE CJIOBA: temneparypa, TEIUIONIPOBOJHOCTD, HEIMHEWHAs KpaeBasl 3a7ada, H30TPOIHAsT TEPMOUYYBCTBHTEIbHAS
IUTACTHHA C TEIUION30JIMPOBAHHBIMHE JIMIEBBIMU MOBEPXHOCTSIMH, HHOPOAHOE CKBO3HOE BKIIFOUCHUS, HACATBHBIN TEIUIOBOH KOHTAKT,
TEIIOBOM MOTOK.
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