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Purpose. To investigate the peculiarities of distribution of a non-stationary temperature field over the thickness of a multilayer
hollow cylinder under convective heat exchange conditions on its surfaces, taking into account the presence of internal (distrib-
uted) heat sources.

Methodology. In order to achieve this goal, a direct method of solving boundary value problems of the theory of thermal con-
ductivity was applied, which includes the application of the method of reduction, the concept of quasi derivatives, the method of
separation of variables, and the modified method of Fourier eigenfunctions.

Findings. The solution of the boundary value problem was obtained in a closed form, which allowed us to create an algorithm
for calculating the propagation of a non-stationary temperature field in multilayer hollow cylindrical structures under convective
heat exchange on its surfaces and the presence of internal heat sources. It should be noted that such algorithms include only:
a) finding the roots of the characteristic equation; b) multiplication of finite number of known (2 x 2) matrices; ¢) calculation of
defined integrals; d) summing the required number of members of the series to obtain the specified accuracy. Changing the third-
order boundary conditions to any other boundary conditions does not cause any significant difficulty in solving the problem.

Originality. A closed solution is obtained for the propagation of a non-stationary temperature field in a multilayer hollow cyl-
inder in the presence of internal sources of heat and convective heat exchange on its surfaces.

Practical value. Implementation of the research results allows us to investigate the processes of heating or cooling multilayer
hollow structures, taking into account the internal heat sources encountered in several applied problems. These are tasks that can
be related to the processes of cooling of thermal elements of nuclear power plants, changes in the temperature field during microar-

ray oxidation, heating of electronic components during the passage of electric current.
Keywords: thermal conductivity, non-stationary temperature field, hollow cylinder

Introduction. Research studies on heat exchange processes
in multilayer cylindrical structures, taking into account the
presence of internal distributed heat sources, do not lose their
relevance. Such tasks are widely used, as they are increasingly
encountered in various industries: construction, (the process
of evaporation of moisture when heated hollow concrete col-
umns), oil and gas industry (cylindrical tanks, oil and gas
pipelines), aerospace and energy industry (cylindrical ele-
ments in reactors of nuclear power plants) and in other various
fields of engineering as structural elements and machine parts.
So, for example, for oil and gas engineering, one of the mod-
ern tasks is to increase the reliability and durability of machine
parts by strengthening the working surfaces with micro-arc
oxidation, during which internal heat sources arise [1, 2]. In
the electrical engineering field, such problems arise when elec-
trical current passes through electronic elements of cylindrical
shape (capacitors, resistors, and others).

The main characteristic feature of such multilayer ele-
ments is the combination of various mechanical and thermo-
physical characteristics of the layers, which makes them more
sophisticated. However, this approach causes considerable dif-
ficulties in the development of analytical methods for their re-
search. Therefore, the development of new methods for the
research of multilayer, in particular, cylindrical structures is a
relevant problem of today.

Literature review. Numerous publications are devoted to
solving the problem of heat transfer. The basic methods for
researching the problems of determining the distribution of a
non-stationary temperature field in multilayered structures are
conditionally divided into three types: a) direct or classical
ones, based on the method of separation of variables [3];
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b) Laplace transform operation, using various kinds of integral
transformations [4]; ¢) approximate analytical and numerical
methods [5]. Thus, in [6] the distribution of the temperature
field in a multilayer hollow cylindrical structure with the in-
clusion of an internal heat source by the Laplace integral
transformation method is investigated. In the [7] a method is
proposed for solving the problem of thermal conductivity for
an arbitrary number of layers, but without considering heat
sources.

In recent years, multilayer hollow cylindrical structures
are considered in [8, 9]. The basis of these publications is a
direct (classical) scheme of research based on the method of
reduction, the concept of quasi-derivatives, a modern theory
of systems of linear differential equations, modified method of
Fourier eigenfunctions.

Unsolved aspects of the problem. Theoretically, analytical
methods should be applied to multilayered structures. How-
ever, in practice, the number of layers is usually limited to two
or three [7]. This is conditioned by the fact that the increasing
number of layers leads to cumbersome calculations. There-
fore, the problem of efficient analytical solution of the problem
of thermal conductivity in multilayer hollow cylindrical struc-
tures, taking into account the presence of internal heat sourc-
es, remains relevant.

Problem statement and its mathematical model. Let us con-
sider a multilayered cylindrical structure whose area is bound-
ed by radii = ry and r = r, and is divided into » layers. Each
layer is made of isotropic material and is endowed with its own
coefficient of thermal conductivity A, W/m - °C, specific heat
capacity ¢, J/kg - °C, and density p, kg/m®. In addition, the
layers of the structure provide for the presence of internal heat
sources g,, W/m? [10], while the temperature ¢, °C, depends on
the coordinate », m, and time t, sec.
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This formulation of the problem is reduced to solving the
differential equation of thermal conductivity [8]

c(r)p(r)at(r’r):la[rk(r)at(r’r)]+qv(r). (1)

ot ror or

We assume that there is convective heat exchange with the
environment on the outer and inner surfaces of the cylinder,
that is, there are boundary conditions of the third kind [9]

x?(ro,r) =ay(#(1,7) = wo(®)
" : )
_xa—i(rn,r) =, (t(rn,‘r) —\Vn(‘l:))

Also known at the initial time is the distribution of the
temperature field (initial condition)
i(r, 0) = o(r). (3)

Further, we will use the following notation [8]: 6; — char-
acteristic function of the half-open interval [r, r;, ), so, 6, =

1, 7, dr
= {0,:'2[[’;,2:1))’ t[”(r,r)zrk% — quasi-derivative, g(r, 1) =

_M(r7)

P
ristics of materials will be considered constant values for each of
the layers, so we will represent them as piecewise constant func-

n-l n-l1 n-1
tions A(r) =10 c(r)-p(r)=2"c;-p;-0;; 4,(r)=> 4,6
i=0 i=0 i=0

— density of heat flow. Thermophysical characte-

n-1
(P(r):z(pi el’ >\‘i7 Cis Pi» 4yi € R: 7\'[7 Ci Pi> 07 Vi :0”171'
i=0
By entering the notation of the quasi-derivative and multi-
plying the boundary conditions (2) by r, we obtain

(xorot(ro,r) -l (I'O,’l:) =W, (’C)
anr"t(r”,r)+t'1‘(r",r) = anrn\u"(r)'

In mathematical physics, the well-known method of re-
duction [8], which takes into account the inhomogeneity of
boundary conditions and is associated with the separation of
the quasi-stationary part. Therefore, the solution of problem
(1-3) will be sought as the sum of two related functions

tr, t) =u(r, t) + v(r, 7). 4)

Any function u(r, t) or v(r, t) can be chosen in a special
way, and then the other will be uniquely determined.

Function selection u(r, t) and mixed problem for v(r, 7). Ex-
ercise for function u(r, t). We define the function u(r, 1) as a
solution to a quasi-stationary boundary value problem

%(rku’), +q,=0; (5)

{(xorou(ro,r) —ul! (ro,t) S AN G

) (6)
cxnrnu(rn,r)+u“](rn,r):ocnrn\un(r)
0¥ 6u(r,r) a 6v(r,r)
where #=rA———= and also later on V!'=rA——~ —
.o or
quasi-derivative.

By entering vectors u = (u,
1

"7 q=(0 rg,)" and ma-

trix A= 7\ | we reduce the differential equation (5) to the
0 0
equivalent system of first order differential equations

u=Au-—q. (7

We also write the boundary conditions (6) in vector form

P-u(r, 1)+ Q- u(r,, 1) =T(), )
where P, Q and I'(t) have the appearance

a,n -1 0 0 oyl T
po| % . 0= : F(r): oo‘Vo( ) .
0 0 o,n 1 (X,,”n‘V,,(T)
By the solution of system (7) we mean absolutely continu-
ous in the interval [y, r,] vector function u(r) which justifies
this system almost everywhere except possibly the break points

of the coefficients c, p, A, g,.
At each interval [r;, r;, ) system (7) has the appearance

0 € 0
w=Au-q; A= rh g = . 9
0 0 "

For the corresponding (9) homogeneous system u; =A,u,
we will consider the known Cauchy matrix B,(r, s) which has
the following properties:

1) by the variable r, it fulfills the matrix equation

6B,.(r,s)
or

2) B/(s, s) = E, where E is the unit matrix.
By direct verification we make sure that

=AB,(r.s);

B,(r,5) LK) (10)
(r,s)= S
' 0 1
. .. 1 tdz
satisfies the conditions 1) — 2), where Ki(r,s) =—|—
For arbitrary k > i we denote Ay 2

df
B(rk";'):Bk—l(rk’rk—l)'Bk—Z(rk—l!rk—Z)'”Bi(rz'+l>rz')' (11)

The structure (10) of the matrix B,(r, s) allows establishing
the structure of the matrix (11), namely

k-1
B(nr)-| | 20
0 1

H]

A
however, B(rm T, ) =E.

It is established that at each of the intervals [r;, r;, ;) the
solution of the problem (5, 6) is represented as a vector func-
tion u(r, t), where the first coordinate is the desired function
u,(r, t), as the solution of equation (5) and the second one is its
quasi-derivative

w,(r,7)=B,(r,r,)-B(r,r,) Py +

+Bi(r,);)-iB(};,rk)~Zk+Jr.B,.(r,s)~qi(s)ds, (12)
k=1 p

where PO :(P+QB("H,"0))71 '(F_an:B(rn’rk)'Zk);
k=1

0 1

B,(r,s)_[l K,-(”S)} K.(r,s):%lni;

0 1 k=M T
4y k-1 e U
-]
7 —_| M 1] | =
= A
v,k— k
) 1(rk2_rk—l)
k=1Ln-1
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) qw{l(rz_,,z)_mnr}
A |4 2 .
B,(r,s)qds=—| " il i=0,n-1
.r|,-‘ ( ) %(rz—rf)

Formula (12) allows writing the solution of problem (5, 6)
in the interval [ry, r,,] using characteristic function 6, such as

u(r,r):gui(r,r)ei.
i=0

Boundary value problem for function v(r, t). Applying for-
mula (4) to equation (1) we obtain

ou(r, av(r,
cp ug;r)+cp Vg:T): .
zla[ﬂ(”)}qﬁw[ﬁ%“)}
ror or ror or

Because u(r, t) is the solution of problem (5—6), then
in (13) it should be taken into account that

10 au(r,t)
——| rA——=|+¢, =0. Therefore, we arrive at a nonuni-
ror or

form differential equation to define a function v(r, t)

CPWT):M{M 6v(m)]_

¢ au(r,r)'

o (14)

ot ror or

Regarding the function —cp in the right-hand side

8u(r,r)

ot
of (14), we consider it known because the function is known
u(r, ©) as a solution to problem (5, 6). Because the same func-
tion u(r, 1) is true of boundary conditions (6), so from (4) we
obtain boundary conditions for the function v(r, 1)

{aorov(ro,t) ~v(r,7)=0

a,r, v(rn,'c)+v[”(rn,r)=0. (15)

The initial condition for v(r, t) will look like

n-1

v(r,O) =f(r) = (p(r)—u(r,O) = Z[%(r)—u,.(r,o)]e,.. (16)
i=0
So, if the solution u(r, t) of tasks (5, 6) is known, function
v(r, 1) is the solution to a mixed task (14—16).
Separation of variables and the eigenvalue problems. We will
look for non-trivial solutions of homogeneous differential

equation
8v(r,r) 10 8v(r,t)
cpar—rar[’“ar} an

which satisfies the boundary conditions (15) in the form [§]
v(r,t)=e"- R(r), (18)

where o is the parameter, and R(#) is unknown function.

Substituting the right-hand side (18) into equation (17)
and boundary conditions (15) we obtain a quasi-differential
equation

(FAR') + wcprR =0, (19)

with boundary conditions

oty R(ry)— RU(ry) = 0, 20)
a,r, R(r,)+RY(r)=0

af
where R=rAR' — quasi-derivative.

Boundary value problem (19, 20) is a classical eigenvalue
problem where it is necessary to find the parameter value ®
(eigenvalues w;) in which there are corresponding non-trivial
solutions (eigenfunctions) R,(r, ®;). The properties of eigen-
values and eigenfunctions of this problem are studied in detail
and described in [8]. Just note that all of the eigenvalues w, are
positive and different, but eigenfunctions R,(r, ®,) are orthog-
onal with weight cpr [8], that is,

IRi (r,wi)Rj (r,mj)cprdr =0, i# .
Ty
Structural construction of eigenfunctions. By entering a vec-
1
r\ |, we reduce
—orcp 0
the quasi-differential equation (19) to the equivalent system of
first-order differential equations

tor R= (R, R")T and matrix A=

R'=AR. @1

Appropriate system at intervals [r;, 7;, ;) is written in the
form

1

~ ~ 0 —
R/=A;-R, A= rh; |, i=0n=1. (22)

~orep;, 0

In work [8] it is established that the Cauchy matrix
B,(r,5,0) system (22) looks like

- b, b
st 1)

7541 (B15) Yo (Bior) = o (Bor )Y (Bio5))

b1i1 = 5
2

b = TC(JO(Bi!s)YO(Bi’r)_JO(Bi’r)YO(Bi’S))_
12~ 27\7 )

b n}“iBins(Jl (Bi’r)Yl(Bi!s)_Jl(Bi’s)Y] (Bi’r))_

21 2 s

i OO 0)
where B; = %, and J,,, J; and Y, Y, are function Bessel

and Neumann zero and first order respectively.
‘We will seek non-trivial solutions R(r, ®) of system (21) in
the form [8]

R(r,o))z E(r,ro,co)-c, (23)

where

B(r.ry,o0) = By (.1, )0 + B, (r.r7,0) By (113, 0) 0 +...+

n
i=

+B, (r’rn—l’(‘o) B (’}:"i-pm)s

and C=(C,, C,)"—some non-zero vector.
Applying to equality (23) boundary conditions (8) (if
T'(r) =0), we will get

P-R(r,0)+Q-R(r,,0)=
= [P~]§(r0,r0,03)+Q-]~3(rn,r0,co)}-c =0.
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Because, B(ro,ro,w) =E, we come to equality

[P+Q-1§(rn,ro,m)]-czo. (24)

For the existence of a non-trivial vector C in (24), neces-
sary and sufficient condition is met

det[P+Q B(r,.1, )]:0. (25)

~ ar( p b
Let us denote B(Vn,ro,w)= 11((‘)) 12(03) .
by (m) b, (00)
Equation (25) is a characteristic equation of the eigenvalue

problem (19, 20) which can be written in the expanded form as
follows

o0 (ry0,b (@) + by(®)) + r,o,b (@) + by (0) = 0.

To find a non-trivial vector C = (C;, C,)7 we put o, in-
stead of ® into equality (24). So we come to vector equality

[ 3o, Yt e (o)
:[r”(xnbll(co?;+b21(cok) rnanbu(mk)1+b22(wk)}[2]‘[8}

which is equivalent to a system of equations

roC —C, =0
(rnonnb11 ((:),()4—b21 (cok ))-Cl + . (26)
+ (r,,ocnb12 (mk )+b22 (mk ))-C2 =0

Since the determinant of system (26) is zero, the system
has non-trivial solutions C#0 € R. Putting, for example C, = 1

we will get
I T
c( 1} |
%o

The ecigenvectors of the differential system (21) with
boundary conditions (8) have the form

1

R,d(r,mk) ﬁ( NARO) )-ﬁ(rl.,ro,cok)~ % , i=0,n-1,
1

where the first coordinate is the eigenfunctions R, (r, ®;) and

. . . . 1
the second one is quasi-derivatives R,E](r,cok) of relevant
eigenfunctions.
Development into Fourier series in its eigenfunctions R, (r,

n-1
o). Let g(r) = Zg,- (r)e,- be absolutely continuous on [, r,]
i=0

function, which has different analytical expressions gi(r) at
each interval [r;, 7;, ;). Function development g(r) in the Fou-
rier series on its e1genfunct1ons R (r, o) of tasks (19), (20) has
an appearance

g(r) = ngRk(r,cok )-
k=1
Where the Fourier coefficients g, are calculated by the for-
mula [8]

T

n-l
22,P,J

e wk>|| "

and | R,|]* — the square of the norm of eigenfunctions R,(r, w;)

R, r L0, )dr

||Rk (0 )"2 = S!,Cipi ,T r- R (r 0, )dr.

i=0 I

Building a mixed task solution for a function v(r, t). The
scheme of constructing the solution of this problem by the
method of eigenfunctions is described in detail in [8]. This so-
lution is represented as a vector function

T

\7 (r,r) = g SOt —je‘“’*("‘y)uk (s)ds .

0

R, (roy) @7

where f; and u,; are coeflicients of development of the initial
. . Ou . .
condition f(r) and of the function . respectively into Fou-
T
rier series by the system of eigenfunctions Ry (r, ), the first
coordinate is the desired function v(r, t), and the second is its
quasi-derivative V,[”(",T)~

Given (12) and (27), we obtain the solution of the original
problem (1-3)

t(r,‘t)=

i

[ui(r,t)+vi(r,‘c)]6i.

Model example. Consider the problem of heating a four-
layer hollow cylindrical structure made of different isotropic
layers. At the initial time, the temperature of the structure and
the environment is 20 °C. The ambient temperature that washes
the outside changes by law y,(t) = 660(1 — e %% —0.313¢73%7) +
+ 20. The ambient temperature in the middle of the structure
is constant, and is 20 °C. Thermal characteristics of the design
for calculation: radii of layers — r, = 0.1 m, r, =0.15 m, r, =
=0.35m, r;=0.38 m, r, = 0.44 m; coefficients of thermal con-
ductivity — 45 = 0.76 W/m - °C, &, = 1.92 W/m - °C, A, =
=0.09 W/m - °C, A3 = 2.5 W/m - °C; specific heat capacity —
¢co=870J/kg - °C, ¢, =550J/kg - °C, ¢, = 1140 J/kg - °C, ¢5 =
=690 J/kg - °C; density — py = 1800 kg/m?, p, = 2500 kg/m?,
P, = 300 kg/m?, p; = 1600 kg/m?; the intensity of the internal
heat source g,y = 960 W/m>, ¢,, = 1150 W/m?; heat transfer
coefficients — oy =4 W/m?- °C, o, = 25 W/m? - °C.

The results of the calculations are shown in Fig. 1.

Consider the same structure which is heated to a temperature
of 1100 °C and placed in an environment that washes the inner
and outer surfaces of the structure with a temperature of 25 °C.
The coefficients of heat exchange are o, = o, =40 W/m?- °C. The
results of the calculations are shown in Fig. 2.
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Fig. 1. Heating of a four-layer cylindrical structure
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Fig. 2. Cooling of a four-layered cylindrical structure

The examples given are model examples that merely illus-
trate the possibilities of the proposed method.

Conclusions. The results obtained are directly applicable in
a number of applications. Task (1) and (3) describe the pro-
cesses of heat exchange (both heating and cooling) in multi-
layer hollow cylindrical structures, taking into account the
boundary conditions of the third kind and the presence of in-
ternal heat sources. Changing the boundary conditions to any
other (first or second kind) has absolutely no effect on the
scheme of solving the task.

The system of equations (7) and (21) is in a class of abso-
lutely continuous on [, r,] vector functions, which meets the
conditions of perfect thermal contact. In this connection,
when setting the initial problem (1—3), there are no conjuga-
tion conditions (equality of temperature and heat fluxes).
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Meta. BcTtaHOBUTH OCOOJIMBOCTI PO3MOIIIY HecTallio-
HapHOTO TEMIIePaTypHOTO IOJIs1 32 TOBLIMHOIO OaraTolapo-
BOTO ITOPOKHUCTOTO IIJIIHIAPA 32 YMOB KOHBEKTHUBHOTO Te-
IUIOOOMiHY Ha MOro MOBEPXHSIX 3 ypaXyBaHHSIM HasiBHOCTI
BHYTPIILIHIX (PO3MOAiIEHUX) JKepeJ Tera.

Meroauka. 3aujisg JOCSITHEHHSI MOCTaBJIEHOI MeTU OYjI0
3aCTOCOBAHO MPSIMUIT METOJ PO3B’sI3yBaHHS KPailOBUX 3a1a4
TeOpii TEIJIONPOBIAHOCTI, 110 BKJIIOYAE B ceOe 3aCTOCYBAHHS
METOIy PeayKllii, KOHLEMLil KBa3iMmoxiqfHuX, METOIy Bilo-
KpeMJIEHHsSI 3MIiHHMX i MoAu(iKOBaHOIO METOMIY BJIACHMX
dynxkiiiit dyp’e.

PesyabraTn. Po3B’s130K mocTaBiieHOI 3a7a4i OTpMMaHO B
3aMKHEHOMY BUIJISAI, IO JO3BOJIMJIO CTBOPUTH QJITOPUTM
PO3paxyHKy MOIIMPEHHST HeCTalliOHAPHOTO TeMITEpaTypHOTo
IOJIsT B 6araToIapoBUX MOPOKHUCTUX HUTIHAPUYHUX KOH-
CTPYKIIiSIX 32 YMOB KOHBEKTUBHOIO TEIJI000OMiHY Ha MOro
MOBEPXHSIX 1 HAIBHOCTI BHYTPIillIHiIX Jkepena Teruia. Bapro
BiI3HAUMTU, 11O A0 TAKMX aJITOPUTMIB BXOASTD JIMIIIE: a) 3HA-
XOIKEHHSI KOPEHIB XapaKTePUCTUIHOTO PiBHSIHHSA; 0) MHO-
JKEHHSI CKIHUEHHOI KiJIbKOCTI BiToMUX (2% 2) MaTpuilb; B) 00-
YUCJIEHHST BU3BHAYEHMX iIHTETPpaJliB; I') CyMyBaHHSI HEOOXiTHOL
KiJIbKOCTI WIEHIB PSIAYy JUISl OTPMMAaHHS 3aJaHOI TOYHOCTI.
3MiHa KpaliOBUX YMOB TPETHOTO pOIy Ha OyIb-SKi iHIII Kpa-
OBi YMOBU HE BUKJIMKAE XOAHMX iCTOTHMX TPYIHOUIIB Yy
PO3B’SI3KY MOCTaBJIECHOI 3a1ayi.

Haykosa HoBu3Ha. OTprMaHO pO3B’30K 3aa4i PO MOLIU-
pEHHS HeCcTallioOHapHOTO TEMITEPAaTYPHOTO TIOJIST B GararoIapo-
BOMY TTOPOXKHUCTOMY LIVUTIHIPI 32 HASIBHOCTI BHYTPILLHIX JKe-
pe Teria Ta KOHBEKTHBHOTO TETUIOOOMiHY Ha OT0 TTIOBEPXHSIX.

IIpakTHYHA 3HAYMMICTB. YTIPOBAKEHHS Pe3y/bTaTiB 10-
CIIKEHHST A€ 3MOTY IOCHIKyBaTH IIPOIICCH HarpiBaHHS
abo OXOJIOMKEHHSI 6araTolapoBUX LUUTIHAPUYHUX TTOPOXK-
HUCTUX KOHCTPYKUI/ 3 ypaxyBaHHSIM BHYTPILUHIX JXXepel
Teruia, 110 3yCTpiyaloThes y psidi NMpuKiIaaHux 3agad. Le 3a-
J1adi, 1110 MOXYTh OYTH ITOB’sI3aHi i3 TTpo1iecaMu OXOJIOMKEH-
HsI TETUTOBUIUTBHUX €JIEMEHTIB aTOMHUX eJIeKTPOCTAaHIII,
3MiHM TeMIIEpPaTypHOTO MOJISI TPU MiKPOAYTOBOMY OKCHUIY-
BaHHi, HaTPiBaHHS eJIEKTPOHHUX KOMITOHEHTIB IPU TIPOXO-
JIKEHHI €JIEKTPUYHOTO CTPYMY.
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MozenupoBaHie mponecca TemioooMeHa
B MHOTOCJIOHOM MOJIOM IWIHHApPE C Y4ETOM
BHYTPEHHHX MCTOYHMKOB TeILIa

P M. Tayui, O. IO. Ilazen, C. 4. Bosk, JI. B. Xapviuun

JIbBOBCKMII TOCYIapCTBEHHBIII YHUBEPCUTET 0€30IaCHOCTU
KU3HeAesATeIbHOCTHU, T. JIbBOB, YKpauHa, e-mail: opazen@
gmail.com

Ieas. YcraHOBUTH OCOOCHHOCTH pacIipeie/ieHUusl HecTa-
IIMOHAPHOTO TEMIIEPaTypHOTO TOJIST IO TOJIIMHE MHOTO-
CJIOWHOIO TOJIOr0 LIMJIMHAPA B YCJIOBUSX KOHBEKTUBHOIO
TeIJI000MEeHa Ha €T0 ITOBEPXHOCTSIX C YYETOM HAIMYMS BHY-
TpEeHHMX (pacrpenesieHHbIX) ICTOUHUKOB TEILa.

Metoauka. JI1sT TOCTMKEHMS TOCTABJACHHON 1IN ObLT
MpUMEHEH MPSIMOIl METOJI PeIleHUs] KpaeBbIX 3a/1au TEOpUU
TETJIONTPOBOIHOCTHU, KOTOPBIN BKJIIOYAET B ceOs MpUMEHe-
HUE MeToJa pPeIyKLMM, KOHLENLMU KBa3UIIPOU3BOIHBIX,
MeTo/la paslecHUs] TTEPEMEHHBIX U MOIU(MUIIMPOBAHHOTO
MeToma cOOCTBEeHHBIX (hyHKIMIT Dypbe.

Pesyabrarel. PelieHne mocTaBieHHON 3a1auM TTOIyYEHO
B 3aMKHYTOM BUJE, YTO IMO3BOJMJIO CO3[aTh aJrOPUTM pac-
YyeTa pacrpoCTpaHeHUsI HECTAIIMOHAPHOTO TeMIIEpaTypHOTO
MOJISI B MHOTOCJIOMHBIX TOJIBIX IMJIMHAPUYECKUX KOHCTPYK-
LIUSIX B YCIOBUSX KOHBEKTHBHOTO TEIJIOOOMEHA Ha ero Io-

BEPXHOCTSAX W HAJIWYMM BHYTPEHHUX HMCTOYHMKOB TEILIa.
CTOUT OTMETUTDb, YTO B TaKUE AJITOPUTMbI BXOIUT TOJbKO:
a) HaXOXICHHE KOpHEI XapaKTepUCTHUUECKOTO ypaBHEHUS;
0) YMHOXXEHME KOHEYHOTO YKc/ia M3BECTHBIX (2 X 2) MaTpHIL;
B) BBIUMCJICHNE OTIPEICIICHHBIX MHTETPaJIOB; T) CyMMHUPOBa-
HHME HEeOOXOOMMOTOo KOJMWYeCTBA WIECHOB psiaa sl Mojayde-
HUST 3aJaHHOW TOYHOCTU. M3MeHeHHe KpaeBbIX YCIOBHUIA
TPEThEro poja Ha JoOble Ipyrue KpaeBble YCJIOBUSI HE BbI-
3bIBACT HUKAKHUX CYIIIECTBEHHBIX TPYIHOCTEH B PEIICHUHN 10~
CTaBJICHHOU 3a1a4u.

Hayunas HoBusHa. [ToryueHo pelieHMe 3a1auu O pacipo-
CTpaHEHMU HECTAIlMOHAPHOIO TEMIEPATYPHOIO MOJISI B MHO-
TOCJIOITHOM TOJIOM LIVUIMHAPE TIPY HATMYUK BHYTPEHHUX MC-
TOYHHMKOB TeIJla 1 KOHBEKTUBHOTO TEMJI000OMEHA Ha ero Io-
BEPXHOCTSIX.

IIpakTHyeckas 3HayMMocTh. BHeIpeHre pe3yabTaToB UC-
CJIeTOBAHUSI MIO3BOJISIET UCCIIEA0BATh ITPOLIECChI HATPEBAaHMST
WJIW OXJIAXIEHUSI MHOTOCJIOMHBIX UJIMHIPUIECKUX TOTbIX
KOHCTPYKIIMI C y4ETOM BHYTPEHHUX UCTOYHUKOB TeTlIa, KO-
TOpbIE BCTPEUaAOTCS B psiie MPUKIIAAHBIX 3a1a4. DTO 3a/1a4u,
KOTOPBIE MOTYT OBITh CBSI3aHBI C MPOIECCAMU OXJIAXKIECHMS
TEIJIOBBIIESIONIMX JIEMEHTOB aTOMHBIX JIEKTPOCTAHLIUIA,
U3MEHEHUS TeMIIePaTypHOTO TOJISI TIPU MUKPOIYTOBOM OK-
CUIVMPOBAHNMM, HarpeBa 3JIEKTPOHHBIX KOMITOHEHTOB IpH
MPOXOXICHUM DJIEKTPUUYECKOTO TOKA.

KiioueBbie ciioBa: menionposooHocms, HeCmMAayuoOHapHoe
memnepamypHoe no.ne, noAbl YUAUHOD
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